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OPENING ADDRESS BY PASQUALE CASSELLA
CHAIRMAN OF STAB '90

Ladies and Gentlman,

I would firstly like to welcome you all, both personally and on behalf of the Organizing
Commitee and the department of Naval Engineering of The University «Fedenco II» of Naples.

I would also like to express my gratitude to all the interest in the matters that will be di-
scussed at Coference.

STAB 90 is the 4th Conference on the Stability of Ships and Offshore Vessels and follows
the three previous events held in Glasgow in the 1975, organized by Professor Kuo who has also
acted as the promoter of these conference, the second in Tokyo in 1982 and third in Gdansk in
1986.

STAB 90, I think, has two goals, which also are the same of those set by Prof. Kuo at the
first Conference in Glasgow: to stimulate further researches and studies on the various aspect of
ship stability and capsizing and to discuss the results of researches and studies carried out by lea-
ding international experts and accademic staff so as to find practical applications for theme.

The I. M. 0. has been working for many years now on the complex problems of possible
heeling actions on ships and on the stability characteristics for the ships.

Recent developments in seakeeping theory and experimental techiques along with the use
of powerful computers has made possible to adopt more realistic sability criteria. Nevertheless,
the level currently reached is insufficient: capsizing is still a frequent phenomenon, especially
with smaller ships such as fishing vessels and car ferries, with consequential losses of human life.
We must, therefore, move faster so as to make ships safer in the future.

I hope that the papers presented at STAB 90 will increase our actual knowledge of ship sta-
bility and capsizing mechanisms and, above all, suggest pratical applications for the knoledge ac-
quired so that we can define new and better stability criteria trough the I. M. 0. in order to re-
duce the loss of human life at sea.

Before 1 finish, I would like to express my thanks to the President of the Italian Republic
for the grant of the high patronage to the Conference and also to the Ministry of finance, the
Ministry of Defence, the Ministry for education, the Ministry for the Merchant Marine, the Mi-
nistry for University Education and Research, the Campania Regional Authority, the University
«Fedenco II» of Naples and the University Naval Institute for their Patronage.

I would also like to thank all the firms, Organizations, Shipowners and naval designer for
their help in making this Conference possible and I apologize to them for having perhaps been
so troublesome.

finally I would like to wish you all a pleasant stay in our city which, with its many negative
points, still has a charismatic and enchanting beauty.

Thank you.
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LATEST WORK OF THE I N T E R N A T I O N A L M A R i r i M E O R G A N I Z A T I O N

RELATED TO TH1-: S T A B I L I T Y OP S H I P S

F - PLAZA A N D V . Y - SEMENOV

ABSTRACT
One of the specialized bod ies of the Tnter-
nat ional Mar it line Organizat ion (IMO) - the
Sub-Committee on Stability and Load Lines
and on Fishing Vessels Safety (SLF) ~ is
inter alia entrusted to deal with matters
related to the intact and damage stability
of ships and other marine installations
within the scope of various IMO internal ton-
al convent ions, codes, guidelines and re-
commendat ions. Previous work of this Sub-
committee covering the period 1962 to 1986
has already been presented at STAB '82 in

Tokyo and STAB '86 i n Gdansk respect ively.

Since 1986 t h e O r g a n i z a t i o n has developed

fu r t her . s t a b i l i t y sl andards for sh ips , i".o~

b i l e o f f s h o r e d r i l l i n g u n i t s (MODUs) and sea-

going pontoons -

The m a i n a im of t h i s paper is Co o u t l i n e

the r e su l t s of the work ca r r ied out by the

SLF Sub-Committee s i n c e 1986 to date r e l a t e d

to s t a b i l i t y and t o give an insight into the

f u t u r e work of the I n t e r n a t i o n a l Mari t ime

Organizat ion in this regard.

I PREAMBLE

One of the main purposes of the Organiza-
tion consists of promoting the highest
practical standards of mar it ime safety and
navigat ion, and the Sub-Committee on Stab-
ility and Load Lines and on Fishing Vessels
Safety (here under referred to as SLF) in
its current, as well as in its previous,
work undertakes all possible e ffort to in-
corporate the latest achievement s related tc
both design and theoret ical areas into its
existing standards as well as in regulat ions
actually be ing developed. So far, intact
stability requirements and recommend at ions
have been developed for passenger sh ips,
cargo ships, fishing vessels, dynamical 1y
supported craft, mobile offshore d r i 1 ! i ng
units, offshore supply vessels, spec i a I
purpose sh ips and sea-going pont oons, thus
covering the overwhelming majority of tile
world's merchant fleet.

Standards of damage s t a b i l i t y wore in-
troduced for the first time for passenger
sh ips in the 1948 SOLAS Convent i on and re-
adopted by the I960 and 197/* SOLAS Conven-
tions [!, 2]- For some spec i fi c categor i cs
of sh ips, such as tankers, chem Ira 1 tankers

and gas carriers, IMO developed sets of re-
quirements and re commend at ions based on the
principle of prevention of massive spillage
of their cargo into the sea; the current
"state of the art" for other types of ships
is given below.

The detailed description or IMO's ac-
tivities related to the development of
stability standards within the period 1962
to 1986 was given in papers presented at
the Second and Third Internalional Confer-
ences on Stability of Ships and Ocean
Vehicles held in 1982 in Tokyo and in 1986
in Gdansk, respect ively. Th is paper summar-
izes the progress achieved by the 3LF Sub-
Cor.^ittee since 1986.

2 LATEST STABILITY STANDARDS ADOPTED 3Y IMO
2.I Intact stability:weather criterion for

fishing vessels having a length of 24
metres and over

As is known, the severe wind and rolling
rr i t erion (weather cr i I or ion) could become a
governing stability criterion for certain
types of sh ips and mar it ime ins'i allat ions,
depending on design features such as iarge



lateral projected windage area, shallow
draught, unconventional hull shape, etc-
On these grounds, weather criterion was
introduced in international stability re-
quirements for passenger and cargo ships,
dynamically supported craft and mobile off-
shore drilling units (MODUs). With respect
to fishing vessels in particular, the
Organization pointed out in resolution
A.562(14) "Recommendation on a severe wind
and rolling criterion (weath&r criterion)
for the intact stability of passenger and
cargo ships of 24 metres in length and
over", adopted in November 1985 [33, that
the requirements of the recommendation
could be applied also to fishing vessels
of 45 m in length and over in unrestricted
service. In the same resolution, IMO re-
quested its Members to review the adopted
parameters of weather criterion aiming at
their possible harmonization with Chose
for other types of ships and, in particular,
for fishing vessels under 45 m in length.
In pursuance of this task, the SLF Sub-
committee assessed the possibility of
applying the recommendation contained in
resolution A.562(14) to fishing vessels in
the length range of 24m to 45m and conclud-
ed Chat the approach given therein could be
valid for these vessels with some modifica-
tions as to the values of wind pressure
(which should take account of the wind
velocity gradient versus the distance "h"
between the centroid of windage area and
the level of the ship's waterline) and the
values of the so-called "rolling period
factor" ("C") which should preferably be
determined in an experimental way or, in
case of the absence of such data, be found
in the FAO/ILO/IMO Code of Safety for Fish-
ermen and Fishing Vessels, Part B [4] (for
vessels in the length range from 24m to
45m) or determined in accordance with the
equation C=0.373+0-023(B/d)-0.043(L/100)
for ships having a length of 45 metres and
over.

The corresponding values of the wind
pressure depending on the distance "h"
referred to above appear in the following
tab IP:

h(a0

P(N/m )

]

315.5

2

386.1

3

429.2

4

459.7

5

485

6 and over

504.2

The weather criterion as specified above

is covering all fishing vessels having a

length of 24 metres and over thus overlapping

with resolution A . 5 6 2 ( 1 4 ) regarding ships

having a length of 45 m and over, for which

both methods are the same. Since the app-

roach developed by the SLF Sub-Committee for

ships of 24 m in length and over is more

universal and therefore more preferable, it

is expected to be applied in conjunction

with a future protocol to the 1977 Torremo-

linos International Convention for the

Safety of Fishing Vessels, now being devel-

oped whilst resolution A . 5 6 2 ( 1 4 ) is expect-

ed to be incorporated in an intact stability

code for all types of ships covered by IMO

instruments currently being developed in IMO

as referred to in section 3 . i below, thus

superseding it in the future.

2 .2 Intact stability: application of reso-

lution A . 1 6 7 ( E S . I V ) to ships above IQOrn

in length

Aiming at the adoption of an international

standard for intact stability of passenger

and cargo ships above 100 m in length

(apart from the requirements on weather

criterion referred to in section 2 . 1 above)

the SLF Sub-Committee considered in detail

the possibility of application of resolu-

tion A . 1 6 7 ( E S . I V ) "Recommendation on ,in-

tact stabili ty for passenger and cargo

ships under 100 m in length" [5] Co these

vessels. Experience from the application

of resolution A . 1 6 7 ( E S . I V ) to passenger

and cargo ships having lengths of 100 m

and above showed that satisfactory results

could be achieved provided Chat the ships

are of conventional hull type and therefore

it was recommended to apply resolution

A . 1 6 7 ( E S . I V ) as a basic minimum standard Co

these vessels.

The need for special consideration to

be given to ships having non-conventional

hull types, like catamarans, has been em-

phasized and with respect to ships with un-

conventional geometric proportions resul t ing

from special operational features, such as
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offshore supply vessels and pontoons, spec-
ific criteria are applicable [6, 7]. For
ships involved in specialized operations,
like tugs and trawlers (e.g. those ships
the stability of which could be seriously
impaired by excessive external forces and
moments), special consideration should be
given to the application of a general
principle that such forces and moments must
not exceed dangerous limits. The restric-
tion of external forces and moments could
be achieved, for example, by the fitting of
"weak links" in Cowing lines or by other
means to prevent overloading to the satis-
faction of the Administration.

2.3 Intact stability: new requirements
for mobile offshore drilling units
(MODUs)

The IMO Assembly in 1989 adopted by reso-
lution A.649(16) the revised Code for the
Construction and Equipment of Mobile Off-
shore Drilling Units (1989 MODU Code) for
MODUs whose keels are laid or which are at
a similar stage of construction on or
after I May 1991 [8]. The new Code will
supersede the existing MODU Code contained
in the annex Co resolution A.414(XI) re-
garding these units.

Among other amendments reflecting the
progress achieved since the date of the
adoption of the existing MODU Code in 1979
there are two major changes relating to
intact stability, namely a provision con-
cerning the ability of a unit to withstand
a severe storm condition without the
removal or relocation of solid consumables
or other variable load, and an option per-
mitting the use of alternative stability
criteria instead of those given in section
3.3 of the Code.

The first provision referred to above
contains a relaxation allowing a unit to be
loaded beyond the point at which solid con-
sumables would have to be removed or relo-
cated in order to withstand severe storm
conditions, provided that the allowable KG
is not exceeded, weather conditions in a

geographic area of operation permit it and
any extra deck load in the unit is carried
well within the bounds of a favourable
•weather forecast.

The alternative intact stability criter-
ia referred to earlier apply only to twin-
pontoon column-stabilized drilling units in
severe storm conditions.* The stability of
the unit should meet the requirements of the
two criteria, the first being the capsize
criterion which is expressed by the relation
(area 'B'/area 'A')> 0.10 (see figure 1),
where
area 'B' is the reserve energy area under

the righting arm curve within
the range from
(9, + i - 3 5 0, ) to 0,,1 dyn 2

area 'A' is the dynamic response area under
the righting arm curve from
0, to (6, + 1.15 0, )1 1 dyn

0, and O are the angles of the first and
second intercepts of the right-
ing moment curve with the
100-knot wind moment curve, and

is the dynamic response angle due to
waves and fluctuating wind, de-
termined as a function of the
unit's main dimensions, the ver-
tical distance from the meta-
centre to the centre of buoyancy
of the unit in upright position
and the metacentric height which
gives the minimum restoring
energy radio 'B'/'A'.

dyn

Fig.1 Capsize criterion for MODUs: righting
_____moment and heeling moment curve.
* provided that some of their geometrical

parameters meet specific conditions indic-
ated in the annex to resolution A.650(16)
[9]
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The second criterion is the downflood-
ing one; it: is based on the. actual geo-
metric dimensions of the unit and its rela-
tive motion about static inclination due to
a 75 knot wind measured at the survival
draught. The initial down flood ing distance
DFD should be greater than the reduction
in downflooding distance RDFD at the sur-
vival draught, i.e. the condition
DFD > RDFD should be met (see figure 2)

Fig.2 Downflooding criterion for MODUs:
definition of downflooding distance
and relative motion

The value of RDFD is to be determined ana-
lytically as a function of the geometrical
dimensions of the unit and two variable
vertical distances, the first being the
difference between DFD and quasi-statico -
downflooding distance at 9 , the second be-
ing relative motion due Co waves about Q
in metres, caking accout of correlation
existing between these two distances and
uncertainties not taken into consideration
(such as non-linear effects, etc.)

In the future the Organization plans to
give further consideration to the alterna-
tive criteria of intact stability described
above, based on experience gained from
their application.

2.4 Damage s C ab i 1 iCy: flooding proCecCion of
passenger ships

A series of amendments to SOLAS 74 has been
adopted by IMO since 1986; a number of them
resulted from serious casualties which
occurred to passenger vessels (in particular
ro-ro vessels) and the corresponding amend-
ments are chiefly of an operational nature
(provision of indicators on the bridge sig-
nalling the closure of doors or ramps

ensuring the watertight integrity etc.).
However, the most important measure taken
within IMO regarding the damage stability
of passenger ships is the adoption of amend-
ments to regulation II-I/8 of the 1974
SOLAS Convention "Stability of passenger
ships in damaged condition", which entered
into force on 29 April I990[ 10] applicable
to all passenger ships. The new require-
ments significantly enlarge the range of
controlled parameters of a damaged passenger
ship as follows:
.1 the positive residual righting lever

curve shall have a minimum range of 15
beyond the angle of equilibrium;

.2 the area under the righting lever curve
shall be at: least 0-015 m-rad in the
range from the angle of equilibrium Co
Che angle corresponding to the progress-
ive flooding or 22 (for one-compartment
flooding) or 27 (for two or more
adjacent compartments), whichever is
less ;

.3 a residual righting lever is Co be ob-
Cained by means of calculaCing Che
momencs due to the crowding of passengers
the launching of survival craft or wind
pressure (whichever results in greater
values of G2) but in no case shall it
be less than 0.10 m,

and the required values of all three para-
meters should be met simultaneously (i.e.
none of these parameters could substitute
another) see figure 3.

The residual righting lever shall be
determined as:
GZ = (heeling moment/displacement)+ 0-04(m)

The heeling moment referred to in the
above formula for GZ shall be either a mo-
ment due CD Che crowding of all passengers
towards one side or a moment due Co the
launching of all fully-loaded davit-launched
survival craft on one side, or a moment due

2to wind pressure (120 N/m applied to the
projected windage area), whichever is
greater.
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Fig.3 Residual stability criteria for
passenger ships

9, - angle of equilibrium
Qy - angle equal to:

22 for one-compartment flooding
27 for flooding of two or more ad-

jacent compartments; or
angle corresponding to the progress-
ive flooding,
whichever is less.

New requirements were developed also
with regard to intermediate stages of
flooding. They envisage the minimum
GZ-value of 0.05m in conjunction with the
range of positive righting levers of at
least 7 .

A new provision regarding the maximum
permissible value of 15 of the angle of
heel after flooding but before equalization
was introduced in the text of regulation
II-i/8; to ensure consistency with
resolution A.265(VIII) with regard to un-
symmetrical flooding, the obsolete require-
ments of the existing regulation 11-1/8
were replaced with the provisions permitt-
ing to reach a heel of not more than 7°
for the case of one-compartment flooding
and not more than 12 for the simultaneous
flooding of two or more adjacent compart-
ments .

The SLF Sub-Committee at its 34th
session held in February this year gave
further consideration to the new residual
stability requirements and agreed that the
Administrations should be given some
further instructions aimed at the uniform

application of amended regulations 11-1/8
and II-i/20 which deal with watertight in-
tegrity of the ship's hull ensured by cargo
loading doors located above the margin line
and contain mainly operational require-
ments with regard Co these doors. These
instructions cover chose enclosed spaces
which are included in the damage stability
calculations and prescribe that these spaces
may have weathertight subdivision if they do
not submerge during any stage of flooding,
otherwise the subdivision should be water-
tight. With regard to spaces located above
the bulkhead deck it was agreed that they
should have watertight subdivision to the
extent required by amended regulation 11-1/8
in case they have been included in the
damage stability calculation. As an example
partial watertight bulkheads and their ad-
jacent structures should be constructed in
such a way as Co restrict progressive flood-
ing in the range of the required residual
stability. The watertight doors located in
the same area should meet requirements of
amended regulation II-1/15 for power-operated
sliding watertight doors with a number of
reasonable relaxations.

Besides that, a number of operational
measures aimed at ensuring appropriate in-
tact and damage stability parameters of
passenger ships have also been introduced
in SOLAS 74 (stability information for
masters; provision of a draught indicating
system; use of loading instruments such as
mini computers; use of effective systems
for the opening and closing of the doors,
ensuring the watertight integrity; and the
lightweight survey of ships, as contained
in further amendments to regulations 11-1/8
and 20 already dealt with earlier and also
in the amendments Co regulation 22 [10].

The methods of assessment of surviva-
bility of passenger ships after sustaining
damage are expected to be subject to
further research within IMO; such aspects
as survivability of damaged ships in waves,
which is still beyond the scope of the
above-described regulations, as wel] as
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investigation of other factors associated
with specific operational factors which
might affect survivability characteristics
deserve further consideration in the 1990s.

2.5 Damage stability: regulations on sub-
division and damage stability of dry
cargo ships including ro-ro ships

In May 1990 the Maritime Safety Committee,
the senior technical body of the Organiza-
tion, adopted a set of amendments Co the
1974 SOLAS Convention in the form of a new
part B-1 of chapter II-1 "Subdivision and
damage stability of cargo ships" [111.
These amendments are expected to enter into
force on I February 1992 and are to be ap-
plied Co dry cargo ships, including ro-ro
ships having a subdivision length of 100 m
or more. These new requirements are based
on the so-called "probabilistic concept of
survival", similar to that used in IMO
resolution A.265(VIII) [12] for passenger
ships, but it should be emphasized that the
probabilistic approach with respect to cargo
ships will appear in SOLAS for the first
time. The main principle of the regulations
could be expressed by the condition A>R to
be met by a ship, where
A is the attained Subdivision Index, deter-

mined as a function of the degree of
the ship's subdivision, parameters of
the initial stability, ship's main
particulars, permeability of spaces
assumed flooded and some other factors.
It is based on the concept of the prob-
ability of survival of the ship in
case of collision. Numerically, the
value of A indicates, in terms of
probability, the level of safety of
the ship breached as a result of
damage. The probability of survival
is the sum of the products for each
compartment or group of compartments
of the probability chat a space is
flooded, multiplied by the probability
that the ship will not capsize or sink
with the considered space flooded.

R is the Required Subdivision Index; its
value is obtained by means of the
following formula, depending on the

ship's subdivision length L :
i ' s

R = (C, -)- C^L ) , where1 2 s
C = 0.002 and C = 0.0009 are the empiric
coefficients determined in such a way as to
obtain the highest practical levels of the
attained Index A, based on the analysis of
a large number of existing ships. The value
of R does not depend on the ship's type.

The value of A should cover only those
cases of flooding which contribute Co the
value of A and should be taken over the
ship's length for all cases of flooding in
which a single compartment or two or more
adj acent compartments are involved. In a
case where wing compartments are fitted,
contribution Co the summation should be
taken at first for all cases of flooding in
which wing compartments are involved and, in
addition, for all cases of simultaneous
flooding of wing compartment(s) and adjacent
inboard compartment(s), assuming a rect-
angular penetration which extends to the
ship's centreline but excludes damage to
any centreline bulkhead. The assumed ver-
tical extent of damage is to extend from
the baseline upwards to any watertight hori-
zontal subdivision above the water line, or
higher. If a lesser extent will give a more
severe result, such extent is Co be assumed.
If pipes, ducts or tunnels are situated
within assumed flooded compartments, arrange-
ments are Co be made Co ensure that pro-
gressive flooding cannot extend to compart-
ments other than those assumed flooded. At
the same time, the Administration may permit
minor progressive flooding on condition that
its effects could be easily controlled and
the safety of the ship is not imparted.

The new regulations prescribe to have
on board ships reliable stability information
which includes a curve of GM min (or KG max)
versus draught and incorporates also data
reflecting damage stability requirements,
instructions concerning the operation of
cross-flooding arrangements and all other
relevant data and aids which may be necess-
ary Co mainCain sCability after damage.
The new regulations also prescribe that all
external openings below the final damage
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waterline which lead to intact compartments
(as assumed in the damage analysis) should
be watertight. They should have adequate
strength and should be fitted with indica-
tors on the bridge (with the exception of
cargo hatch covers). Any openings in the
shell plating below the deck which limits
the vertical extent of damage should be
kept permanently closed while at sea, but
when they are accessible during the voyage
they shall be fitted with a device which
prevents unauthorized opening.

The SLF Sub-Committee recognized the
need Co give further consideration to the
method to improve it on the basis of ex-
perience gained from its application.
Possibly some operational and design as-
pects of various types of ships could also
affect in certain cases the value of the
Required Subdivision Index (R) together
with the ship's subdivision length (L ),
which is the only parameter determining
R in the present regulations (i.e. the
possibility of a parametric study could be
envisaged for the purpose of the improve-
ment of the method).

2.6 Damage stability: new requirements for^
MODUs

A number of new requirements constituting
substantially stricter levels of safety for
column stabilized units were introduced in
the text of the 3989 MODU Code [8] referred
Co in section 2.3 above. These new require-
ments are as follows:
.] the angle of heel after damage (ver-

tical extent 3.0 m occur ing at any
level between 5.0 m above and 3.0 m
below operational draughts of the unit;
horizontal penetration 1.5 m) should
not be greater than 17 ;

.2 any opening below the final waterline
should be made watertight and openings
within 4 m above the final waterline
should be made weathertight;

.3 the righting moment curve after damage
referred to in .1 should have, from
the first intercept to the lesser of
the extent of weathertight integrity

specified in .2 and the second intercept
a range of at least 7 . Within this
range the righting moment curve should
reach a value of at least twice the wind
heeling moment curve, both being measured
at the same angle, as shown in figure 4.

Brtent of HHfhiiEtigilt
IntBgritJ-

Fig.4 Damage stability of column-stabilized
units: righting moment and wind heel-
ing moment curves.

In addition to the above requirements,
it was agreed that the unit should provide
sufficient buoyancy and stability to with-
stand, in any operating or transit condition,
the flooding of any watertight compartment
wholly or partially below the waterline in
question, which is a pump room, a room con-
taining machinery with a salt water cooling
system or a compartment adjacent to the sea,
considering that the angle of heel after
flooding should not exceed 25 ; any opening
below the waterline should be made water-
tight; and a range of positive stability
beyond the calculated angle of inclination
must be at least 7 .

At the same time the Organization, by
resolution A.651(16) [13], adopted an example
of alternative damage stability criteria
for column-stabilized semi-submersible units
which could substitute criteria specified in
the 1989 MODU Code. These criteria are:
- 1 the righting lever curve after damage or

flooding should, before the second inter-
cept angle, reach a value of at least
2.5 m (see fig.5); at least 1.0 m of this
righting lever should arise from enclosed
watertight volumes above watertight flats
positioned at or above the lowest contin-
uous deck;
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.2 the righting lever curve after damage
or flooding should have a positive range
of at least i0 between the first and
second intercepts^

.3 for the purpose of calculating the
righting lever curve, buoyancy may be
assumed from all spaces which are closed
in a manner specified in .4 below. If
the lower edge of any opening not closed
as set forth in .4 is submerged, the
corresponding space shall be excluded
from the buoyancy beyond the angle at
which this opening is submerged, but it
should be included up to this angle- Any
such loss of buoyancy should not cause
the righting lever to fall below 1.0 m
above the wind heeling moment curve
within the range of 10 specified in .2;

.4 any opening submerged before the angle
at which the righting lever required in
. 1 is reached should be fitted with a
remotely operated means of closure, in-
cluding those of a self-activating type;

.5 any opening submerged after the angle
in .4 and within the range specified in
.2 should be fitted wit-h means of clo-
sure required in .4 or an easily oper-
able weathertight means of closure-

A GZ curve including enclosed volumes
above watertight flats or above the
lowest continuous deck

B GZ curve excluding enclosed volumes
above watertight flats at or above the
lowest continuous deck.

Fig.5 Alternative damage criteria for
column stabilized semi-submersible
units: requirements for righting
lever curves.

3 CURRENT WORK ON INTACT AND DAMAGE
STABILITY

3.1 Intact stability: code to cover all
types of sh ips

At the present time, numerous internctional
conventions, codes, guidelines etc. contain-
ing mandatory requirements as well as recom-
mendations related to intact stability are
given in different formats although they
could be set forth in a more generalised
form, provided that specific design and op-
erational parameters governing one or another
way to specify stability criteria are clearly
indicated. As a consequence of this situa-
tion it was agreed that the SLF Sub-Committes
should develop an "all-embracing" code which
would contain both the mandatory and volun-
tary stability requirements contained in ex-
isting IMO documents as well as future stan-
dards yet to be developed by the Organiza-
tion. The future code should also contain
instruct ions on operational procedures to-
gether with comprehensive and explicit re-
quirements of a technical nature covering
all aspects of intact stability ensuring
safe operation of ships.
3.2 Damage stability: probabilistic concept

of survival to be applied to dry cargo
ships below 100 m in length

Since the amendments to SOLAS 74 referred to
in section 2.5 above [11] only cover ships
having a length of 100 m and over, 1110 under-
took to investigate the applicability of
the probabilistic concept of survival to
ships of lesser sizes in order to develop
possibly a uniform approach regarding vessels
of both size categories. Work on this item
as well as on the development of explanatory
notes to regulations on subdivision and dam-
age stability ot dry cargo ships, including
ro-ros, is now in progress within the
Organization.
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A CAPSIZING EXPERIMENT OF A SMALL FISHING BOAT
IN BREAKING WAVES

Shieesuke Ishida, Yoshifumi Takaishi

ABSTRACT

This paper deals with the capsizing of a small fishing boat in beam seas at zero forward speed. In a basin
four patterns of capsizing could be seen in concentric transient waves having a couple of crests, some of which
were so called spilling breakers. The maximum wave heights were comparable to the model breadth An optical
position sensing device was used to measure the ship motion free from disturbance by an experimental apparatus.
The contributions of KG, initial heel and initial position of the model relative to the wave to the rolling motion
and capsizing were also investigated.

As for the mechanism of capsizing it is clarified that the model was heeled over the stability vanishing angle
in a large amplitude rolling motion which was mainly excited by a non-impulsive wave exciting force. The spilling
breakers only gave her a small impulsive moment for capsizing, but they played a significant role in terms of
changing the conditions, i.e. heeling angle, angular velocity and so on, to encounter the following critical waves.
It is interesting to say that the breakers worked to prevent capsizing in some cases.

INTRODUCTION

It is well known that one of the major reasons
of maritime accidents is capsizing caused by a couple
of large successive (breaking) beam waves. In recent
research works on capsizing in beam seas it was re-
ported that capsizing could be caused by an impul-
sive overturning moment due to a sudden attack of
a breaking wave. For example, Dahle and Kjasrland
[1] reported that a research vessel {LOA = 34.7m)
was forced to heel over 80 degrees to capsize mainly
by a impulsive force of a breaker which worked on
the higher part of the ship side. On the other hand,
Hirayama and Yamashita [2] conducted an experi-
ment using a model of a fishing boat (LOA == 42m)
and concluded that a large impulsive overturning mo-
ment worked on the ship when the breaker pushed
up the weather side bottom of the ship. Other than
those papers, for example, Motora et al. [3] and Mor-
rall [4] reported more complicated capsizing patterns.

In spite of these efforts the mechanism of cap-
sizing in breaking waves has not been fully clari-
fied. Moreover, the hull shapes and ship length in
these papers were somewhat different from the ones
of small ships, those are less than or around 10 m
long and frequently reported to have capsized in the
record of maritime accidents. Being characteristic to
have a small draft and a large bulwark, those small
ships can have a peculiar capsizing mechanism. It is
of importance and of emergency to study the capsiz-
ing mechanism of those ships from the viewpoint of
sea safety. The purpose of this paper is to study dan-
gerous conditions for capsizing of small boats and to
grasp the mechanism of it.

^hip Research Institute, Mitaka, Tokyo, Japan

EXPERIMENT

Model Ship
The principal particulars and conditions of the

fishing boat model are shown in Table 1 and 2, re-
spectively. GM values were altered by moving dead
weights vertically. The characteristic of the stabil-
ity curves of all conditions, see Fig.l, was that GZ
value became negative over 39 degrees because of the
bulwark top immersion.

The body plan and the arrangement of sensors
are shown in Fig-2. Two spot lights on the mast were
traced by an optical position sensing device, which
was used not to disturb the ship motion. Accelera-
tion of vertical and lateral directions was measured
at the almost CG position. Two water level gauges,
one on the house side and one on the bulwark side,
and six pressure gauges were fitted on the weather
side of the model.

Experiment
The experiment was carried out in a tank of 50

m long, 8 m wide and 4.5 m deep, see Fig.3. The
model was set free abeam to the wave. The ship
motions, i.e. roll, heave and sway, were measured by
dn optical position sensing device, whose sampling
frequency was 60 H z . . Nine wave gauges, named
WG1, WG2, • • -, WG9 were arranged with 30 cm
distance along the wave propagation direction. The
initial position of the model ship was varied from
WG2 to WG6.

Waves
The signals to the flap type wave maker were

made with the Ohmatsu's method [5], which can gen-
erate waves of an arbitrary time history at a point
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under the assumption that linear theory is valid. In
this experiment wave time histories were intended
to have triangle shape at WG5- The duration time
T of the triangles were intended to be 1.5 sec., 2.0
sec. and 2.5 sec., each wave is called W1.5, W2 and
W2.5 hereafter. The amplitude of the flap motions
was controlled for the waves not to break before they
reached WG1 and to break after that position, be-
cause after breaking a wave shape gets distorted from
the intended one by a non-linear effect. The wave of
W2.5, however, didn't have a breaking crest because
of the capacity of the wave maker. We used another
wave for T—2 sec. named W2S whose height was
slightly smaller than W2, intended to have a similar
time history to W2 but not to break.

Fig-4 shows the time histories of the four waves.
Sharp crests, for example wave W2 at gauge WG2,
mean spilling breakers. Maximum wave heights of
W1.5, W2, W2S and W2.5 were 30 cm, 43 cm, 40
cm and 48.5 cm respectively. Those heights are com-
parable to the breadth of the model ship, that is
commonly said [6] to be the critical wave height for
capsizing.

CONDITION OF CAPSIZING

The result of the experiment, capsized or not
capsized, is shown in Table 3. The ship didn't cap-
size in the model conditions out of the table. Plu-
ral marks at the same column show that repeatabil-
ity was confirmed in critical conditions- When the
record of the wave gauge on the bulwark got over
the bulwark top, which didn't mean much shipping
water but some impulsive force, each mark has a flag.

From this table we can lead the following re-
marks:

1. The higher CG became, in the more various ini-
tial positions she capsized.

2. The difference of 30 cm, 1.82 m for the real ship,
of the initial position had much influence on cap-
sizing.

3. Without initial heel, capsizing didn't take place
in almost single-crested waves like W2.5 at
WG5, but in double-crested ones whose first
crest was breaking capsizing was easily occurred.

4. With initial heel, especially to lee side, the ship
was apt to capsize even with larger GM value.

5. The model only capsized to weather side in the
shortest wave W1.5 and in the heeled condition
to weather side. In both cases the water over
the bulwark top was measured.

6. Comparing the results in the wave W2 (with
breaker) and W2S (without breaker), it is in-
teresting to say that the model capsized only in
W2S in many conditions when she had initial
heel.

CLASSIFICATION OF CAPSIZING

The processes of capsizing seems to be classi-
fied to four patterns by the initial heel, the existence
of a breaker and the direction of capsizing like Table
4. We show the ship motion of each pattern here-
after with the record of pressure and lateral acceler-
ation. In the following figures symbols 4> , x and y
denote roll (positive to lee side), sway (weather side)
and heave (upward) respectively. The contribution
of the gravity acceleration is included in the record
of lateral acceleration, but that is not of importance
as long as impulsive phenomenon is concerned.

Pattern-A, Capsize to Lee Side without Initial
Heel

Fig.5 shows an example of the typical capsizing
pattern in this experiment. The model of the con-
dition C7 capsized to lee side after she encountered
the wave of W2 at the position of WG2. As shown
in Fig.4(b) the wave W2 at WG2 had two crests and
the first one was a spilling breaker. In Fig.5(a) the
ship is represented by a straight fine and are drawn
from the time 5' to the time E with frequency of 3
H z . The curve means the trajectory ofCG. Fig.5(b)
also shows the ship motion with the wave profiles
from the time S to E. When the rolling motion was
drawn on the ^ — d<p/dt plane the trajectory had a
spiral shape like Fig.5(c).

Seeing the capsizing sequence step by step,

1. Being bit by the first breaker the ship swayed to
lee side with little heeling angle-

2. In the trough the ship heeled to weather side.

3. Again she heeled to lee side swaying heavily on
the non-breaking second crest.

4. At last she capsized just after the wave train had
passed her.

At the moment or just before capsizing the wa-
ter surface was of almost calm condition and the
rolling angle was close to the static stability van-
ishing angle, 34 degrees. So, it is clear that capsiz-
ing was not brought about by a large impulsive mo-
ment directly but by a large amplitude rolling motion
which was excited in the wave train. From Fig.5(c)
also we can see the gradual development of the rolling
motion in one and a half cycle.

This kind of capsizing is apparently different
from the ones dealt by Dahle and Hirayama which
were mainly caused by a large impulsive moment. It
looks rather similar to the one of Morrall's experi-
ment, but we cannot affirm it because there is no
detailed description on the capsizing process in his
paper.

The pressure and lateral acceleration is shown
in Fig.6. The impulse of the breaker, evaluated by
the lateral acceleration, was about 0.3 kg • sec.. The
impulsive moment was supposed to be about 0.05
kg • m • sec. if we assume that the impulse worked
around the water line of the ship. This moment is
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rather small compared to the dynamic righting mo-
ment. But it is interesting that in W2S, which had
almost the same shape as W2 but no breaker, the
vessel did not capsize. Sadakane et al. pointed out
in their papers [7][8] that "the initial condition for
encountering the critical wave plays a significant role
for capsizing". In this case, too, the small impulse by
the breaker might change the condition to encounter
the second wave. Further study on this point will be
discussed later.

Pattern-B, Capsize with Initial Heel to Lee
Side

Fig.7 shows an example of Pattern-B. The
model of condition CL capsized to lee side in the
non-breaking wave W2S. Looking at the latter half
of the trajectory of CG and also the trajectory on
the phase plane, it can be told that the ship motion
before capsizing was similar to the one of Pattern-A.
But these two patterns made a remarkable contrast
because Pattern-B only occurred in the non-breaking
waves while a breaker was a necessary condition for
Pattern-A. In other words the condition to go into
the motion, which leads to capsizing in the end, was
different in these two patterns.

The ship motion in the same condition as Fig.7
but in the different wave W2, with breaker, is shown
in Fig.8. She did not capsize because of the effect
of the breaker. It is interesting that a small breaker
modified the ship motion to prevent capsizing.

Pattern-C, Capsize to Weather Side Being Hit
by a Breaker

Fig.9 and 10 show an example of Pattern-C
in the breaking wave W1.5 and the initial position
WG3. In this case the vessel had an initial heeling
angle to weather side, but even without initial heel,
e.g. wave W1.5, ship condition C8, initial position
WG2, the pattern of capsizing was almost the same
as shown in Fig.9.

The ship swayed with little rolling motion
like Pattern-A after the breaker, but after that she
rapidly heeled to weather side and in the trough the
bulwark top almost immersed. So she was heeled
further by the second wave to weather side, which is
the opposite direction to Pattern-A and B, and cap-
sized at the second crest. The trajectory in the phase
plane is characteristic to indicate a fast development
of the rolling motion leading to capsizing in a half cy-
cle, while in the previous two patterns it developed
gradually.

The acceleration and pressure show two im-
pulse, the first one by the breaker and the second
one in the trough. The magnitude of the first one
was about 1.3 kg • sec., which was about four times
larger than Pattern-A. However the impulsive mo-
ment was too small to make her capsize alone in
this pattern, too. Instead that moment is supposed
to have contributed to the fast development of the
rolling motion.

Pattern-D, Capsize to Weather Side Without
a Breaker

The typical pattern of weather-side-capsizing

was mentioned in the previous section, but that also
occurred without a breaker as shown in Fig. 11 and
12. In Fig-11 a phase plane is omitted because the
trajectory was similar to the one of Pattern-B.

In this example the experiment started at
WG5, where the first crest of W2S was small. It is
characteristic that the non-breaking second crest hit
the ship causing an impulse like Fig. 12. The impulse
was observed to push the vessel and to make it under
a kind of surf-riding condition on the second crest,
which seemed to lead to capsizing. In W2, which
had a deeper trough at around WG5, no impulse, no
surf-riding and no capsizing were observed.

As shown above and in previous sections, im-
pulse sometimes worked at the moment when the rel-
ative wave slope was large even if the crest was not
breaking. This kind of impulse also have a possibility
to have given much effect on the ship motion.

FURTHER STUDY ON THE
MECHANISM OF CAPSIZING

In this section the mechanism of capsizing will
be studied further using phase planes and a simula-
tion program, focused on Pattern-A.

Phase Planes
Ship motion which corresponds to Fig.5 is rep-

resented by two phase planes, i.e. y—<f> and ^—d^/dt,
in Fig. 13. The result in the same experimental con-
ditions but in the non-breaking wave W2S, leading
to no capsizing, is also shown in Fig.14. The effect
of the breaker will be discussed comparing these two
figures.

Every trajectory started from the origin be-
cause the model came across the waves in upright
condition. When she capsized, the trajectories went
out of the figures in plus ^ direction. The symbols
A, B, C and D denote the moments when the ship
was on the top of the first crest, in the bottom of the
trough, y = 0 on the front slope of the second wave
and on the top of the second crest respectively. Note
that this ship was so light that y, heave other, almost
agreed with the displacement of water surface.

In Fig.l4(a), without impulse, the trajectory
drew a straight line till point -B, the trough. So the
rolling motion and the heaving motion, or the water
elevation and the rolling motion, were in phase. We
could see the same kind of straight trajectories in
regular non-breaking waves [9], in which she didn't
capsize in upright conditions. On the other hand in
Fig.l3(a), it drew an oval because of phase difference
which was caused by the impulse. As a result the
condition to encounter the second wave, for example
the rolling velocity at point B, was changed from the
one in non-breaking waves.

Looking at the point C in Fig.13 the rolling
angle was almost zero and the rolling velocity was at
the maximum, moreover the wave slope was almost
at the maximum, so the rolling motion seems to have
been in a land of resonant condition. As a result the
rolling amplitude continued to develop in the second
wave and finally she exceeded the stability vanish-
ing angle. On the other hand in Fig.14 the model
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heeled to weather side at C, which means larger rel-
ative wave slope and larger moment to lee side than
Fig. 13. But the rolling velocity had not developed
enough to absorb much energy from that wave excit-
ing moment. So the growth of roll was limited in the
second wave-

Simulation
A simulation was carried out in order to con-

firm the discussion in the previous section. The only
unknown variable in the equation of motion was ^g,
the relative rolling angle to the wave slope (j>w For
evaluating the contribution from sway x and heave
y the experimental result was used because the pur-
pose of the simulation was to investigate the effect
of impulsive moment. The change of sway and heave
by the impulse was not considered at this stage. The
equation of motion was,

I^+M^+B^+W-GMf^]

-\-A^lAxCOS<l>-X+B^lBxCOS'^-X+Cs:lccCOS(f>-X\X\

-\-AylAy{4>a}cos<j)-y

=IM(t) (1)

where ^ denotes the rolling angle like,

(2)

and the coefficients 7^, A-^,, B^, and W are the mo-
ment of inertia, the added moment of inertia, the
linear damping coefficient and the weight of the ship
respectively. The fourth term means the restoring
moment and the experimental results (see Fig.l) was
used for it. The coefficients for the contribution
of sway and heave, from the fifth to eighth terms,
are roughly evaluated using Lewis form table and so
on. The lever of moment at the last term i/ig(^a) is
the horizontal distance between CG and the center
of buoyancy. I M ( t ) in the right hand side means
the impulsive moment. The equation was solved by
Runge-Kutta-Gill method with the time step of 1/60
second.

In Fig. 15 the calculated rolling motion and the
measured one was compared for an example in W2S,
the non-breaking wave. The wave slope was also
shown. The conformation between (a) and (b) shows
the validity of this simplified simulation.

The rolling motion of Pattern-A, presented in
Fig.5 and Fig.13, was calculated and shown in Fig. 16.
When impulse was not taken into consideration the
calculated time history of roll was far from the ex-
periment like Fig-16(b). When we added an impulse
of /Mi == —0.05kg • m • sec. (weather side, eval-
uated before) at the moment the breaker hit the
model, the motion became closer to the experiment
till the trough like Fig.l6(c), but she recovered in
the end. The reason for the recovery is not clear at
this stage, but we could recognize a small impulse
in Fig.6 when encountering the second wave. With
IM-i == —IM-i/2, which was temporarily added, the
ship capsized like Fig-16(d) and had a similar time
history to the experiment.

From the investigation above using phase
planes and simulations the capsizing mechanism of
Pattern-A can be explained as follows:

The impulse caused by the first spilling breaker
worked to modulate the ship motion. As a result she
encountered the second wave in a kind of resonant
condition in which she absorbed much energy from
the wave to develop the rolling motion- In the end,
heeling over the stability vanishing angle, she cap-
sized when the wave train had almost passed her.
Moreover, the small impulse which was measured
when running across the second non-breaking wave
might further the development of roll.

As for other patterns the capsizing mechanism
has not been fully studied. At this stage we can
only mention that the equation of motion (1) can-
not give a complete explanation for other patterns.
One solution might be including another roll-heave
interaction term because a rolling moment due to
relative heave in a inclined condition cannot be ne-
glected as Tamiya pointed out [10]. Moreover the
program should be improved to make it possible to
simulate heaving and swaying motions in order to
evaluate the effect of impulse to these motions.

CONCLUDING REMARKS

The shape of the model ship in this experiment
represented the ones of small ships and has charac-
teristics such as small draft, big bulwark and neg-
ative rightening arm when her bulwark immersed.
The experiment was conducted in four kinds of waves
varying the KG value and the initial position. From
the experimental results and the simulation we could
have following helpful conclusions to the safety of
small ships.

As for critical conditions for capsizing,

1. In wave trains having a few crests with the
heights of the order of the model breadth the
vessel frequently capsized. The higher the CG
was, the more frequently she capsized. The lim-
iting value of GM against capsizing was GM/B
= 0.18.

2. In the wave W2.5, the highest wave but with
small wave slope, capsizing seldom happened.

3. Without initial heel, capsizing didn't take place
in almost single-crested waves but in double-
crested ones. Receiving an impulse from a
breaker was a necessary condition for capsiz-
ing. The capsizing direction was mainly lee side
but rarely weather side in the short steep wave,
W1.5-

4. For weather-side-capsizing also an impulse by a
breaker was a necessary condition regardless of
initial heel.

5. With initial heel, especially to lee side, the ship
was apt to capsize even with large GM value.
Comparing the result in wave W2 (with breaker)
and W2S (without breaker), the mode! capsized
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only in W2S in many cases.

6. The difference of 30 cm of the encountering po-
sition to the wave had much influence on the
occurrence of capsizing.

As for capsizing patterns and mechanism,

7. The process of capsizing were classified'to four
patterns by the initial heel, the existence of a
breaker and the direction of capsizing. They
could be divided into two groups, one which
was characterized by a rapid growth of roll as
Pattern-C and the other by a gradual growth as
Pattern-A, B and D.

8. In any patterns capsizing was not caused by
a large impulsive overturning moment directly.
The ship capsized because she heeled over the
(static) stability vanishing angle at the last stage
of a large rolling motion. The moment which ex-
cited the motion could be explained mainly by
a wave slope and partly by a breaker.

9. Capsizing happened in or just after the second
wave. So the encountering condition to it, which
could be changed by the first wave, was a fatal
factor for capsizing.

10. Impulse was measured not only when a breaker
hit the ship but also when the relative wave slope
was large in a trough. The impulsive moment
was rather small compared to the riglitening mo-
ment of the ship, but it played a significant roll
as mentioned above. It is noticeable that im-
pulse acted to prevent capsizing in some cases-

11- Capsizing mechanism of most frequently seen
Pattern-A was investigated using phase planes
and a simplified simulation program. It was
clarified that being hit by the first breaker the
ship encountered the second wave in a kind of
resonant condition resulting in a large heeling
angle over the stability vanishing angle when
the wave train had almost passed her. More-
over the small impulse which worked when run-
ning across the second wave might further the
development of the rolling motion.

The waves used in this experiment should not
be called "freak waves" because the ships in ser-
vice can conceivably encounter the wave train of this
length and this height. So, this kind of capsizing se-
quence is supposed to be rather common in capsizing
accidents of small vessels. The authors are planning
to study the capsizing mechanism of other patterns
than Pattern-A and the characteristics of "critical
wave trains" through improving the simulation pro-
gram.
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Table 1 Principal particulars

L on (m)
B (m)
D (m)
d (m)

W (Kg)
GM (m)
Tr (sec)

SHIP
7.87
2.47
1.17
0.27
2500
0.69
3.41

MODEL

1.300
0.408
0.193
0.053 .
11.20
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Table 2 Model conditions

NO.
C1
C2
C3
C4
C5
C6
C7
C8
CL
CW

GM(cm)

8.19
7.74
7.30
6.85
6.40
6.40
5.96
5.51
8.07
8.07

Tl-(sec)

1.28

1.31

1.34
1.38
1.44
1.46
1.53
1.74
1.41
1.41

K

0.401
0.408
0.413
0.417
0.416
0.434
0.433
0.448
0.400
0.400

heel(deg)
0
0
0
0
0
0
0
0
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Table 3 Conditions of capsizing
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Table 4 Classification of capsizing
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NU^hRICMl- GInULnriO^ OF THE POLLING MOTTDN OF
A SHIP IN QUARTS RING SEAS

ho v.&, Pract.'owiak M.

ASS7 PACT

Tins pdper dpals wi th the numer ica l s imulat ion of the r o l l i n g m o L i o n
of a i^hip in quart&r [ ng seas. The roll --'sway mobi ons of a ship can be
described by di f f e ren t i a 3, equations wi th iioni inear damping , noni inear
t i fne -d&pend&nb r i g h t i n g ar«i f u n r U o n s and sway , roll exc i t ing fur fc - .b ions . The
numer ica l s imulat ion IE. real ised ran A r SM6-EMPAC w z t h the '^hip of 5'7'ffl length.

The- resulbs o-f si mu Livbi on ishow u=. i;
-When the f = i t a b i l i t y demands off 1MO are Kat i s f i ed,, the ^hip in loadad

candit ion is isa-fe b u t L n ba l l a sL condj. k i an ffiay be capsized?
--The mai n reasori of c:ap&i;'i ng is the e>;Ci t ing fnoiTient of wave in

bal 1 iftst condi t io f i . The- great d i sLance of gravi Ly centre of a %hi p above
exploi ta t ion wdl-eri .Lne caused this increase of exc i t ing moment;

"•The coup.1 K- o-f rc;l 1 -%way in bal last. condi ti on has no • in f l uence on shi p
capsi .•'-i ng.

The L-DncI usi ons ahow us the way c?f fu r the r - i n vest .i.ga Lion uf shi p
stabi 1 i fcy in • f o l l o w i n g and quartering seas „ especi a l l y -for snied I ships.

INTRODUCTION

The cap&i z. i n g of ship in quar ben ng
seaa i is st^ 11 actual . The '•ship fnay
suffer f rom caps iz ing c'aused by khe
pure loss of r ight 3 ng arm,parameti" ic
resonance or brcicichi ng- Lisual ly these
phenomena t-^ e pi cice togethe-r „ Ship
may dl '50 be c apsi zed becausfe; of
rol1"away coupl ing in conection wi th
pure loss of r ight i n g orffl ('5) „ T n
th is paper, the r a i l - s w a y couplJ nq
i n conec fcJ -o i - i wi th chanqe; o f n ghti, nq
arm is i n vest ig died by sa inn 1 at ion
of &hJ, p motion in quar tieri ng seasM

RJRMULATIOM OF THE: f ^ U i J A T I U N S

Systeffls of coordinates
Three systems of- coordinate's

are used (sef? f l g. 1) ;;
-systBin 0^^$ -fi>!ed to hhe

earth •s
-sy&fcem 6>;yz fi ̂ !ed to the shi p

and has the centre c:oi ncided wi th
the gravity centre of the ship fi i!

--sysl;-eni O^yS' [novi ng wi th stea-
dy for ward-speed V in relalion ws th
system 0|'9§ •

equations at ntobion
Eia&ed on the f u n d a m e n L a l p r i n " "

c ip le of r ig id body dynamics , the

equations dpc n bi ng Lhe f i v e degrees
of freedom moti on tal-;i ng .into '-on-
siderrf t ion nonlinear k&rm of daffi-
pi ng and noniinear , ti iw-dependent
term of r!. gh t ing rirrn are as fol lows;

"̂  =\,y + Y y y ^ Y y y + Y ^ $ +Y^(D + Y^ •<-
+ Y . 4 > + Y ^ + Y H ' + Y ( t )

mz = Z^2. + Z^z. +z^z + Z . e +Z-Qe +
+ ̂ e + z (t)

^^yy + ^y + Kyy+K^+K^K^
+ S^ +"rKAi<^"t' ^R^,^-*-^ (t)

V^ ^y + N y y - ^ N y y + ^ ^ +N^,4' +

+ N.4 +N.,y +N.,4'+Nyy + N (t)

T 0 = M_2:+ M_±+- M.z + M . e + M . e +y <- ^- z 0 y

+ M-e + M(t) ("n
8

where K^(0,t) =^1 l^+Al.cos(u>et+fc,)J

^ =a^L^)/2
AL = CL^ -t-cr)/^

^cr - right]niJ arm -- wave crest
amidship;

t-̂ . ~ righting arm-wave trough
am id shi p;

en c c'un t er f r equenc y;
£^ - phase any 3 e

* Associate head of Ship Mechanics Department , the Research and Design
I n & t i tute of Merhani cs.1 Engineem ng of Conin-iuni cab 3. on and rransport - Hanoi .

K * Associate professor ,Ship Hydromechanic Divis ion, Ship Research Inst i tute
Technical Urii versi ty of Gdansk .
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Witn supposi b (.on tnac in qsi^.. -
benng seas the most important (no
tion 1% the sway--rol 1 coupl ing, we
can reduce system L' 11 to 3

9 = •\y +A^y+A^<^+A^<j>+A^(}»+Y<^)

^ - r, y -^y ̂ 9 -^<i>)-^>^"^
where o C ^ ) := a<fr + b^

v

•i C4>) = cL •f-e^+.f^+ l̂wCa,^ +^)

NUrCRICAL H N A L Y S I S

Siniul ati on or 'ship is based on
pal i sh MS fi-'SJ wi rh mai n c naracte-
nsties in table Nr1.

Ca) en lotion of CJI fferential equa-
tion coeff i c icnts

ThR c-oyf-! icicnts in l/;J ^re
calculated as follows s

-linear COOT t'lcients are cal-
culated by known methods i n •shJ.p
hydrodynamics , e. g. program 1-ATAS
by the author (3') §

-non I i near dampiny r-net f ie f.ents
ar'p calcul <ated on the1 base of shi p
model tesb data f A ) ;

-n&nl znear coe-ffi dent's of
ngh Li ng arffl are Appro; im'3te*d by
l-i'-order polynomi dl on the bAsfc-' o-f
righting arm (."nrve's;

--coeff i c J, ents t-di- ing into c&n-
sider a hi on the J iif 1 uence of Ihe
chanqe of rights ng drm \.n waves dre
Lalculated ctccorcung to author ' %
proq>-Am <7) .

Soir-iR resiilts. of- si (md at ion
Sy&teffl f ^J i •5 high nnnl meiAr .

Th" resolul- ion i s rRalized on
mi c roc- offiFute-r ftsT ".R6 ^MF'AC wi t'-h
pr or-odiJre o-f resoii.ibi.oi-i o-t d 1. f re -
rent i al equal.), on MERSCJN^

Initial da La far &ifr>ul ation
Dcifr'd -for waves

i^isve he1? ght B H "= ^ m
Wdve length i ^ IC'U (i)
Angi e of headi ng; X "• "".'.O
31-tip spee?d s V == 1(.) I nc'i- s
L nc oun t er f r- equenc &£•• a

we -= t.i. '."51 1/s
nafe=! f-c?r shi p

9h)p in 1oaded oondition with
GM =• 0. 1.̂ 4 - y.6£J w

Ship in ba] 1 ast Londi fcion i-^i th
RM =- n.573 - 0.97 m (see tdbl n I"-"-'.) .

Ki ghl:3 ng dr fii curves in lorided
<and bal1d&t rondikions aee? f L g .4 ,5»

Res'11ts
Fi g. 6, 7,J £S ; Lhe- 11, die hi story

from the simulation
Pig.9,lU,11; Lhe' part L C ] p a L i o n

of different e^ci Id ng moiwnhs
Fig.l2;the1 final resul I", of the

sinn.tl at ion (^ee tabi. 6-a) .

Li.ii'iL.-US < Q^S

fhe following conr3 L'?'! ons are drewna
-When [MG stabi 11 (•-/ en ter i a

are i:=.ati ̂ f led .ship in bal 1 a^t con -
dition m-ay be- c.^p'3.3 zed , but shJ,p in
1 oaded condi t:] on i. s not cap'?i zed
(see f ig. l2) ;;

-Th^ infJuence of changes of
righbir'g e'ri'n in ^cive on roll ampli--
tucte 1'= not %Lgni f i c-ant when wave
1 ength i =s muc-h longer than 'ship
length . The de-c reasi ng of ^^s'A of
righting arm nob causes, the increa-
=-i nci cf rol 1 rirnplitude <&ee f ig .A,7 ,
Q ) ;

-Th^ inflsiEnce of sway' ori roll
is (lomLro-'/erfel al .. On the figures
'"'' -11 , par fci ci pab3 on of e'/ery kind
o? exciting rrfOfiiPnts in common f?;ici -
t^ : ;t^!0^l are ^howns

^ + a(^)+^^,t)-wCy,y.y)-K(t)=0<--^

damping functions
nghtinQ arnri funct ion;

(4>)
t)4^,t) -

w(y,9,y)- e>;f i -t-1 ng fflOfiien t of
Ofi ro
K C t )

9.̂-ol I
G'-- c 11. J ng (TtoriiGnt o f

nave1.
Cn Lirii, lai.=("- ( ondltion, Lhe (.-.oup-

ling of sway-roll is not very 1rirge
and not cflu's.es the ship to ccipsi.:";

- !he ma-in roa&nn of e- r tps t^ ing
of shi p is thh1 wavf-? exciting fflofiit^ntu
tn the cafee of IsaU i-"?! cond L Li on,
tins moiifont LS ^,4 i ifflps bKjyer than
the (.use- of loa'-ied condi tiorin l.arge
ell strince bPLwoen ceni-r e of gr avi ty
c>nd a'" t"-u'=i1 watrer l t .ne un still w-=iter"
O(-J cdsusc:11-. the i nrr erts i nq of thi s
fnc-ifTfi^nb.

Bes i cles,, in ball ast condi t ton ,
because ot Sfnall dra-f L, dflmping fKnc -
tion is sflie(3 l er fchan in loaded con-
dition,

ibm p in ballast condiU on may
bcs capsi^^d in ^uar her ing iaeas be-
c.-'mse of Lar -ae e^c L t. ing mome-nt of
waven The roi. 1 -i:-way coupl ing does nol
cause thiL' capsi zi ng" 11" J.S bhe parti-
cul ar cdse of Ms B--57, Wp (are unable
to be sure bhat it is true for a lL
cases.

rhe-se r- one] usion& defnand us
further invesLl'jdti on at tile |srob3 cut
of ship sfcabi1 •t ty in Quarter 1ng seas

Figure 1. Coordinate syabems
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0 -10 SO 30 40 SO SO 70 cf>(o)

Figure 2, Static and dynamic righ-
ting arm mrves.Loaded condition.

• GV: 0 97 ̂

Fi gure 3. Static. and dynamic ra gh-
t i ng arm curves.Bed 1 ash- condi t ion ,

Figure 5. Righting arm curves in
seas-Bal last condition.
Wave height H = 5m?
Wave length A == 100m;
Heading ang3 e? \ ̂  -30°!
Metacentnc height GM == 0.573m.

Figure 6» Runs of si fi-iul at. ion of shi p
behaviour in 5m high waves. Loaded
rondition.

^ - rol1 angiR;
•f- " r.i.gh-bing arm function!;

- -•" MI th changes in waves!;
—— without changes in waves;
Wave height H ^ Snt!;
Wave length \ = 100m;
Headi ng angle K, "= 30°i
Met acentric height bM ^ 0.35m i,

Figure 4. Righting arm curves
seas.Loaded conditlon.
Wave height H == 5m;
Wave length A, == lOOnii;
Heading angle \. --= 30°;
Metac-entric hei ght GM =- 0.35fn.
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Figure 7. Runs o-f s imulation of ship
behaviour in 5m high waves.Bal1ast
condition.

<? •- roll angles
—^ - r ight ing arm • funct ion;
——. with changes in waves?
—— without changes in waves?
wave height H ^ Sm?
Wave length X ^ 100m;
Heading angle X. == 30°?
Met acentric height CM == O n 573m.

Figure (?. Runs of s imulat ion o-f ship
behaviour in 5m high waves. Loaded
qpnditi on.
W>~ wave exci t ing momontg
Wfr>" sway e>; c i t ing moment?
Wave height H == Smii
wave length A == 100m?
Heading angle X. = 30°;
Metacentric height (3M ^ 0.35tn.

Figure 8, Runs of s imulation o-f ship
behaviour in 5m high waves.Ballast
condition.
^ ~ rol1 angles

f ~ r igh t ing arm •function!;
—- wi th changes in waves;
__ without changes in waves?
Wave height H st 5m;
Wave length A ^ 100m;
Heading angle 5^^ 30°;
Metacentric height 6M ^ O.^m.

Figure 10.Runs of s imula t - ion o-f ship
behaviour in 5m h igh waves.Sal 1ast
condit ion.
K(t>- wave excit ing moment!;
w(t)- sMay excit ing moment?
wave height H a:: 5m!
wave length A ^ 100m?
Heading angle 5^a: 30''i
Metacentric height Off :s: 0.573m,
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600 1000 4SOO (^)

Figure ll.Runfe of simulation of ship
behaviour in 5m high wavesu Sal 1 ast
c_ondi lion.
K(t)- wave e?>;ci ting moment;
W(t').-. sway exciting moment;;
Wave height H ^ 5ms
l^ave length >• ^ lOCKriii
Heading angle \, = 30'';;
Metacentri c height GM ^ 0.97(11 „

Fi gure 12, The results oi the
simula t ion ,

jgf "- no capsize <si inul « ) ;;
'91. - no capsize3 (model te'st);;
0- capsize ( s i fnu l . ) ?
• - capsize (model test).

TABLE-: 1
Main characteristics of ships

Name of

Length
Breadth
D^pth
Speed

TABLi-:' 2
Char actori sties in bal1ast

Name of

volume displacement
Draft aver.
Met acentric height

ship

between perpendiculars

D m 5»9"3
V k n n .10 ,,0

is-h i p

B-57

Lpp m 59.0
B m 9.9

condi tion

B-57

7 m3 690.0
d m 1.99
OM m 0 „ 64

Edi th

58.
9.
4.

10.

Edi th

645.
1.
0.

Terkol

6
65
95
0

Terkol

0
64
64
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TuBLE: :";
Characteristics in loaded condition

Name of st-up 5-57 Fciith Terkot

Volume displacement v m3 1566." 156J .0
Dra+t aver. d m 3.715
fietacentric. height i3M fn 0.65 0.65

TA£iLF 4
Dynamic righting arm curves in ballast condition

e30 (540 e40" e30 62 ma>' 4> < bz irf3>;) bM
m.rad m.rrtd (n.rad m (T)

B-57 0.067 f f .O^^ y.O:..T O.?l8 30 ').64
Edith Terkol 0.096 0.135 0.u39 0.32 27 0.64
IMD's demands 0,055 0,09 0.030 0.20 30 0.15

rABI h: 5
Dynatnic ' righting arfTi curves tn loaded condit L on

e3i,i fc?40 R40--P30 G^ma>; ^Osma^.' GM
(n.rrid fii-rad m.rad (B rrf

S-57 0. 107 0. 198 0.0'91 0.586 40 0 „ 65
Edith Terkol 0.055 0.09E3 0.043 0,29 46 ^.^5
IMQ's demand's 0.055 0.09 0.030 0.^0 30 0,1^

TAt'L C 6
Simulation results in ballasi: condition

GM £i--57 Model Edith TerFol
(m) Number o-f Number of Nurnber "t' NiimbBr of

simulations caps ise -B run^ capsi^e^

0.575 t I
0,64 1 1 5 2
0.70 1 1 3 2
0.75 1 3 3 1
0.80 1 1 - -
0.90 1 L - -•
0.97 1 0 6 0

XPfBL€ 7
Simulal-ion results in loaded condition

GM &--57 Model Edith fsv-i ol
(m) Number of Number 01' Number of Number of

simulations capsizes runs c.apsi^ps

0. 194 I 0
0.25 -„ - - -
0.35 1 0 - -
0.45 1 0 3 0
0.55 1 0 10 ^ 0
0.65 1 0 4 ' 0
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TASL^: 9
E x c i t i n g ampl i tude in relation wi th i n i t i a l metacentric height and

distance between ship centre of gravity and actual water 1 me

Loaded

condition

0.

Sal last

condt.ti on

0.
0.
0.
0.
0.

0.
0,
0.
0.
0.
('"1-

GM
<m)

194
350
430
550
650

573
640
7W
750
801:)
900
970

2
<

3,
3.
.̂1 •
-•«
'tr,

5,.
4.
4.
4.
4.
4.
4.

(3
m)

970
S14
714
614
514

213
573
513
463
413
31 3
243

C
<

0.
0.

"0 „
-0.
--0.

-/

1~\
& I

-1
A. «

'"?

2.
i-i
•?

IR
m)

235
099
001
101
201

223
583
523
473
423
-r ,̂-,

•-lC--r

Exc
amp

0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.
0.

iting
1itude

0267
0427
0536
0647
0757

1090
1120
1150
1180
1210
1270
1320
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SIMULATION OF CONTROL FUNCTIONS FOR SHIP STABILITY:
A OSER ORIENTED FLEXIBLE TOOL.

R.Molinari (*), C.Penno (#), C-Rezzoagli (#)

ABSTRACT

Ship stability requires flexible and reliable tools for the simulation of effects
produced by the control actions.

Stability problems represent a fundamental issue especially in semi submersible
vessels, where the variability of operating conditions covers a wide range of values.

A simulator has been developed in order to face two important problems. Viz
working out the expected changes in stability conditions as consequence of load, crane
and ballast operations and, on the other hand, obtaining an advice related to the
modality of ballasting operations to achieve the target condition.

A mathematical model has been developed to compute the vessel position with
respect to pitch, roll and heave; the displacement and the stability margin have also
been worked out.

The system checks if stability requirements are satisfied in the actual simulated
condition and analyses the hydraulic network system.

Three automation levels have been taken into account: manual, semi-automatic and
fully automatic level.

Great care has been taken in providing the system with a user-friendly interface.

INTRODUCTION

Design and control technology, applied to
offshore semi submersible vessels, has been
recently considerably innovated in order to
increase the operative time by allowing
transport of higher quantities of loads and
keeping the operativeness also in crit ical
sea conditions.

Operativeness can be increased by the
use of advanced automatic systems able to
control the six freedom degrees of movement
of the vessel, that is modelled as a rigid
body.

While a Dynamic Positioning System
handles the three horizontal movements
(surge, sway and yaw), the other degrees of
freedom (pitch, roll and heave) are
controlled by a Ballast System.

The. latter is the object of this study
and operates in order to maintain the
draught, heel and trim angles within
pre-defined user constraints.

This system monitors the values o£ the
controlled variables. In case of necessity,
it advices the user and, when the
automatic mode is switched on, this acts
the hydraulic ballast system. The Ballast
System verifies also the stability
conditions.

A ballast control system simulator has
been developed to support the user's
actions and relieve him of the heaviest
stability calculations.

(*) Ansaldo Industria, Geneva, Italy
(#) Ansaldo Ricerche, Geneva, Italy

Three automation levels (manual,
semi-automatic, automatic) have been
distinguished, according to the kind of
function requested by the user.

RESEARCH PROGRAM OBJECTIVES

The purpose of the present study is the
developement of an instrument aimed to the
automatic verification of stability
conditions and to the optimal loads
distribution.

Furthermore, other functions are
provided to simulate loading and ballasting
operations and their influence on stability
parameters.

This tool can be usefully employed by
an operator or by a designer who deals with
ballast strategies or hydraulic network
layouts.

An operator can use the simulator
off-line as a training tool, or on-line as
an advisory tool.

In the first case the operator can
become familiar with: ballasting
techniques, hydraulic network topology,
vessel's response to loading/unloading and
crane's operat ions.

In the second case, he can simulate an
operation before doing it and verify if the
results are really the expected ones.

A ballast designer can use the
simulator trying different automatic
ballast strategies in order to find the
best one. Besides he can verify if the
designed hydraulic network topology and its
conventional use, are suitable.
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The simulator provides several
functions.

Displacement and ship inclination can
be changed by:

- loading/unloading solid and liquids
weights

- moving cranes
- setting heel and trim angles' offsets due

to unknown forces
- act ing on the ballast tanks' content

(manually or .automatically).

The system has four operative modes:
heeling elements setting and three ballast
levels (manual, semiautomatic and
automatic).

In the "heeling elements setting"
mode, the open-loop vessel is simulated.

Menu choices allow to execute
loading/unloading operations, crane
movements, or select trim and heel offsets
due to unknown causes.

At the "manual level" the user can
open/close valves or start/stop valves and
pumps using cursor control on the graphic
display reproducing the vessel's hydraulic
network.

On the synoptic, vessel's response to
the chosen operation is shown, updating the
tanks' contents.

At the "semiautomatic level" the user
can choose tanks' level set-points - The
simulator acts on the hydraulic network
devices in order to achieve the required
configuration.

The network state evolution is
graphically displayed and, at every moment,
the user can stop the current actions.

The "automatic level" represents the
highest' automation level: the user can only
require certain values of draught, trim and
heel angles.

The program establishes which tanks
fill/drain and how much fill/drain them, to
obtain the selected draught, trim and heel
angles.

On the graphic display the user can
again control the hydraulic system
evolution, following the sequence of
operations chosen by the simulator * s
ballast strategies.

This sequence is the result of an
optimization algorithm.

Given a certain load condi tion
(including deck loads, deadweights, cranes,
ballast and various tanks), the vessel's
state is estimated, calculating heel and
trim angles, draught, total center of
gravity, stability margin.

In addition, other important
parameters are derived, in order to
simulate the behaviour of the hydraulic
ballast system, such as water level in the
tanks and valves' and pumps' state.

Transients due to crane's movements or
ballast operat ions are approximated by
subsequent steady conditions, coming
between the initial and the final stable
states.

Namely the evolution of the system is
descr ibed as a succession of intermediate
steady states, that correspond to a real
forces configuration. The static hypothesis
allows to consider null angular and linear
velocities in each state.

The static approach can be justified
by considering that the Ballast System has
to handle forces that are nearly t iroe
invar iant.

The sequence of such "photograms"
allows to verify stability condi tions
during the above mentioned operations, in
order to find at which step of cranes'
rotation or ballasting they are violated.

The dynamic response delays of the
vessel at the ballast control actions
permit to suppose that the controlled
system behaves like an open loop system.

That hypothesis comes true when a
transient produced by a certain new heeling
moment ends before the beginning of the
control reaction caused by the moment
itself.

On the basis of this feature a static
model is suitable.

A discrete event simulation has been
worked out - Heel ing causes can be set
simultaneously or separately, and the final
vessel's condition is generated.

Only cranes' rotations and ballast ing
operations are virtually split into
subsequent steps. In fact they are supposed
to need more time than loading/unloading
operations and, above all, they can be
interrupted, whenever a harmful situation
happens -

In the next paragraphs, some
theoretical aspects are pointed out.

THEORETICAL APPROACHES

A fundamental issue in the developement of
a Ballast Control System concerns the
vessel's model, which underlies the
functions regarding ship stability and
ballast operat ions.

The simulation model has been based
essentially on static criteria [1],[2],[3]:
only the static vessel's behaviour has
been reproduced, while dynamic transients
have been neglected.

THE MATHEMATICAL MODEL

The model used to simulate the vessel
static behaviour is simply given by the
mathematical equat ion representing the
e q u i l i b r i u m between the heeling moment and
the r i g h t i n g moment [ 1 ] , [ 2 ] , [ 3 ] ,

The d is t r ibut ion of loads can change
the pos11 ion of the center of g r a v i t y ,
moving iL away from the vert ical 1ine
pass ing th rough the center of buoyancy.
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A heeling moment is generated, making
the vessel to change heel and trim angles,
with corrections also of the draught as
side effect, until the buoyancy center and
the gravity center lie again on the same
vert ical line.

A loads' definition is requested as
precise as possible, specifying the weight
and the coordinates of each load.

A particular description is needed by
liquid loads, whose tipology can change in
dependence on the kind of vessel dealt
with.

The definition of the liquid's level
in a tank makes unique the other meaningful
variables related to that load, by means
of tables expressing such dependency.

Among those variables, the
longitudinal and transversal free surface
inertial moments are displayed. They allow
the extimation of the metacentric height
reduction, that affects the righting
moment.

In addition, the availability of the
even keel table and the cross curves table
is supposed.

In particular from the even keel table
the discrete definition of the longitudinal
and transversal righting arm has been used.
The cross curves table has provided the
correspondence of draught with
displacement and longitudinal and
transversal metacenter vertical
coordinates.

Given the coordinates of the center of
gravity and the displacement, whether the
righting moment is known, the values of
draught and of trim and heel angles are
uniquely determined.

Interact ion between pitch and roil
movements has been considered neglegible/
so that the extimation of the longitudinal
heeling moment can be superimposed on the
transversal heeling moment, and viceversa.

The heel angle p can be obtained
(fig.1) from the following geometrical
expression:

YG - 7B(0)

t g ( p ) = (l

where:
YG; transversal coordinate of the actual

center of gravity
ya( 0) : transversal coordinate of the center

of buoyancy at even keel
zy(p): vertical coordinate of the center of

gravity at the heel angle p
ZQ: vertical coordinate of the actual

center of gravity

The difference ẑ (p) - zg takes into
account the metacentric height due to the
free surface of liquid loads - More
precisely, the reduction has been added to
the real vertical coordinate of the center
of gravity.

RIGHTING MOMENT WHEN HEELED

FIG.l

The expression (1) can be r ewr i t t en ;

z y ( p ) * s i n ( p ) = ( 2 )

- ZG * s i n ( p » + (YG - y e t " ) ) * cos(p)

Note tha t z ^ ( p ) * s i n ( p ) is the a r m of
the r i gh t ing moment ( K N ^ ( p ) ) .

The hull intr insic characterist ics,
represented by the even keel table and the
cross . curves table, provide the value of
the r i gh t ing arm ( K M ) as a discrete
funct ion of the heel angle p:

K N 2 ( p ) = £ ( p »

The actual value of p is determined by
the intersection of the two curves K N _ [ ( p )
and K N z ( p ) .

REGULATOR

using the f u l l y automatic level of the
system, the user is only requested to
declare the desired values of draught and
of heel and t r i m angles-

This level aims at hindering only t ime
invariant moment and forces, act ing on the
vessel.

A control strategy of this k ind can be
applied to a ballast system, whose
operations are so slow that compensations
of brief deviations are unfeasible, or at
least useless.

Therefore the difference between the
set-point and the real values of draught
and t r i m and heel angles is integrated and
the result is compared w i t h a f ixed
threshold.

When the threshold is exceeded, the
suitable amount of ballast water for each
tank is allotted.
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The threshold's value must be chosen
so that it represents a good compromise
between the vessel's safety and
insensibility to time variant heel ing
moments.

To avoid that a meaningless deviation,
constant for a long time, produces an
unuseful ballast reaction, the mean error
is compared with another threshold, which
represents the minimum constant deviation
that has to be hindered.

Whenever the ballast allotment is
activated, the integral error is reset, so
that hysterical information is deleted,
after the generation of right control
act ions.

BALLAST ALLOTMENT

Ballast allotment consists in a procedure
that assigns the right amount of bal last
water to the tanks.

It is mainly used by the automatic
ballast system, but it can be very helpful
also as an advisory function.

It works out a suitable tanks'
configuration, in order to produce the
values of draught, heel and trim angles.

Changes of such variables are
translated in an equivalent heeling moment,
that the ballast system try to obtain by
moving or flowing in/out a suitable amount
of ballast water.

Then a new center of gravity is
calculated.

A linear programming algorithm (the
simplex method [4]) has been chosen to find
an optimal allotment of .the required
changes in tanks' water.

There are essentially two targets,
both regarding the center of gravity:

1) the whole change in ballast water must
be as close as possibile to the change
of displacement required;

2) the new center of gravity must lie as
close as possible to its ideal posit ion.

The following constraints are imposed:

a) in each tank the water amount must not
exceed the limits of full/empty tank;

b) ballast water must be allotted wi th
preference to pontoon (column tanks are
used only when pontoon tanks do not
allow to reach the target);

c) the horizontal distance between the
vessel's center of gravity and the
center of gravity of tanks' water must
be minimum, to avoid structural stress;

d) tanks' contents are preferably changed
if they have large free surface, as to
possibly reduce it.

To express linearly the b),c),d)
constraints, for each tank a penali ty cost
is computed.

To avoid numerical problems,
conversion factors are used. in this way
the algorithm deals with values, that are
homogeneous in magnitude.

HYDRAULIC BALLAST SYSTEM

The hydraulic network is represented by a
set of connections between single
ballasting devices and the'sea.

Moreover operational constraints are
provided, in order to allow the user to
execute only correct operations and to
permit the automatic system to select
feasible choices.

Add it ional features support the
graphic representation of the ballast
hydraulic system.

The network model consists in an
oriented graph (G=<N,L>) [5], where:

N = { arcs representing pipes };

L = { nodes representing sea chests,
outlets, tanks and all those points
in which two or more pipes are
connected };

The adjacence matrix represents all
the connections between the nodes and is,
in general, not symmetric.

If a pipe contains a valve/pump, its
ends will be considered connected only if
the device is open/active.

Further information are added,
establishing conventional constraints of
the hydraulic network exploitation.

They are used either for user's input
checking (manual level) or automatic path
retrieving (semiautomatic and automat ic
levels).

UNDETERMINED FORCES

A special problem arises dealing with the
real difficulty of defining the right
weight and, above all, the exact
coordinates of the center of gravity of
each load on board.

To cope with this aspect, the user has
been given the possibility to define the
real values of heel and trim angles, so
that the simulator can correct the computed
values.

This is done by adding two VJrtual
loads, that lie in symmetrical positions
with respect to the center of gravity. They
both have the same weight, with different
sign, so that they produce a heeling moment
equivalent to the moment that had been
neglected-

Although this compensation method
could be considered rough, it provides
efficient corrections of errors related to
unavoidable inaccuracy of the loads'
parameters definit ion.
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STABILITY CRITERIA

The following stability criteria have been
taken into account in order to check
stability conditions. They are synthetized
by the maximum allowable VCG curve, that is
obtained by taking the lowest values of a
set of curves referred to the following
principles:

1) the first interception between the
heeling moment and the righting moment
must not be less than 15°;

2) the second interception between the
heeling moment and the righting moment
must be greater than 30°;

3) the area under the right ing moment
curve must be greater than 30% in
excess of the heeling area from 0° to
30°, or from 0° to downfloading angle,
if it is less than 30°;

4) the righting arm must be positive over
the entire range of definition;

5a) the metacentric height must be greater
than 0.3 m. for temporary conditions;

5b) the metacentric height must be greater
than 1.0 m. for stationary conditions.

The 5a) and 5b) criteria are applied
to different vessel's conditions. The
vessel is supposed to stay at some
predefined draught (transit, survival and
operational); in this case the 5b)
criterion is used. On the contrary, during
passages between predefined states, the 5a)
criterion is applied.

SIMULATOR'S FUNCTIONAL OVERVIEW

An accurate friendly interface has
been developed, in order to simplify
parameters settings and ballast management.

Main stability values are continuously
displayed, using a clear graphic.

The user interface as well as the
program are menu structured. This structure
has been implemented as a finite state
automata [6].

In this way a high modularity level
has been achieved.

As consequence, the program structure
allows for an adaptable 'configuration of
the system, in case the vessel in question
were to be a different one.

Loads on board have been defined,
using three data bases, dedicated
respectively to movable solid, fixed solid
and fixed liquid loads.

The user can act on them directly.
List functions are provided to display

the act-ual values of the main simulation
parameters.

To lighten the data definit ion, a
special function has been given. It
consists in the possibility of using
predefined system configuration, that are
particularly significant for ship
stability. Moreover the user can store
critical configuration during the
development of real operations.

Afterwards,selecting these
configuration,the user can try new actions,
or execute them in a different order,
until the optimal sequence is achieved.

Effects of these operations on the
stability values are displayed in a window
that is present in all the menu pages.

A simulator has been implemented, using a
high level language (C) on personal
computer.

FIG. 2
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Moreover, an alarm window displays
warning messages when security levels, i.e.
heel and trim, draught or stability limits
have been exceeded,

An example of the clear graphics, used
in synoptic pages, is given in fig.2. It
shows the tanks inside the hull, their
contents and the actual values of draught,
trim and heel angles.

EXPERIMENTAL RESULTS

The simulation has been based on data
concerning the semi submersible vessel
Scarabeo 6, a drilling rig operated by the
oil company SAIPEM.

The hull is formed by two pontoos and
six columns. Each pontoon contains 15
ballast tanks, while 10 tanks are
distributted inside four columns.

The hydraulic network is fully
redundant in rder to improve the system's
reliability, in case of fault.

tanks are filled by gravity,
are used in all the other

Pontoon tanks are filled by gravity,
while pumps are used in all the other
operations.

The behaviour of the simulated system
is close to the real one that has been
observed on board, during sea-trials.

Experimental tests have been made on
the model, reaching vessels' configurations
in agreement with fcheorical documented
results, that have been worked out by the
shipyard [7]-
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CONCLUSIONS

The activity here presented follows the
general trend increasing the degree of
automation employed on board, freeing the
user from the heaviest jobs and supporting
him on his decisions.

The developed 'tool helps the user in
taking vision on the whole plant. Then he
can either simulate operations before the
real actions or control the operation's
effect on ship inclination and stability
parameters.

These possibilities give the system a
higher level of reliability, making easier,
at the same time, the user interaction.

On the other hand a ballast system
designer can take advantage from the
implementation of a vessel's mathematical
model, in order to compare different
ballast strategies.
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INFLUENCE OF MAIN FORM PARAMETERS ON STABILITY MARGIN OF
SHIPS ROLLING IN BEAM SYNCHRONOUS WAVES

1 2
Andrew Zborowski and Meti-n Taylan

ABSTRACT

The "bjective of. the paper is In
compare the statical and dynamical
stability characteristics of a dozen
of small vessels forms. For the pur-
pose of comparison a ship s t a b i l i t y
merit and a procedure to calculate it
have been proposed. The suggested
s t a b i l i t y merit is in a form of the
s t a b i l i t y margin which i n c l u d e s roll
motion responses in beam synchronous
waves. The app l i e d n o n l i n e a r roll. mo~
tion p r e d i c t i o n model introduces a
number of ship dynamic c h a r a c t e r i s -
t i c s along with the basic envi ronmen-
tal parameters into the conventional
statical stability approach. The
rolling arnpli Cude has been calculated
for the conditions for which the
forms analyzed meet the stability
standards. The analysis reveals how
any stability standards, particularly
the IMO criteria, may affect the sta-
b i l i t y marg.in of various ship design
alternatives defined by a given com-
bination of the main form parameters.

1.INTRODUCTION

One of the fundamental features of
the engineering philosophy widely ap-
p l i e d in naval a r c h i t e c t ure since the
field had fully emerged last c e n t u r y ,
is the known iterative approach which
i n v o l v e s various levels of sophisti-
cation in development of marine ve-
hicle design and p r e d i c t i o n of i t s
performance. The number of iterations
and sophistication of the a d o p t e d
methods depend on the type of ves-
sel, but first of all they are af-
fected by the a v a i l a b l e technology.
Nowadays the progress in research and
a p p l i c a t i o n of computers make it pos -
sible to develop and apply h i g h l y ad-
vanced approaches in design of ships
and more realistic p r e d i c t i o n meth"-
ods .

The i t e r a t i v e approach and ap-
p l i c a t i o n of differpnt l e v e l s of so-
p h istic a t î )n m~^ co mm on _i.n prelim i-
Professor of Ocean Engineering,
Florida Institute of Technology,
150 W. University Blvd. Melbourne,
Fl, 32901. U.S.A.

2 Doctoral candidate. Department of
Oceanography and Ocean Engineering,
Florida Institute of Technology.

nary design, in ship hydrodynami c s,
i-n structural mechanics, and are -jus-
tified by complexity of the ship and
the environment interaction- Fig.i
illustrates this point by emp-has i z i ng
the three levels: basic, standard (or
comparative) and advanced.

The most powerful tool will
probably be furnished by the advanced
level of sophi-sti cation once the r e -
sparch in progress p r o v i d e s us with
the v e r i f i e d methods of design and
prediction for particular a p p l i c a -
t i o n s . But even if it happens there
will always be a need for c o m p a r a t i v e
evaluation of the design in hand
against already existing d e s i g n s . Re-
alization of this need by n a v a l ar-
chitects over last century led to
the formulation of a number of useful
methods and procedures that helped
enhance the progress in marine tech-
nology and v e r i f y i n g new d e v e l o p m e n t s
before they could be implemented with
full confidence. There has been a
feed-back, p a r t i c u l a r l y between the
corn pa r a t i v e and a d v a n c e d method of
approaches, through which both have
been v e r i f i e d and improved.

It is b e l i e v e d that the impor-
tance of such a c ompa r a t i v e method of
approach should, also be emphasized

ship and marine vehi-
safety. The present
of, possibly, a num-

ber of ways by which such an approach
can be developed. The proposed way i s
looking for a comparative measure of
ship stability safety by which vari-
ous designs can be evaluated a gainst
each other and eventually against new
s t a b i l i t y criteria that wil l be de-
veloped in the future.

i n the field of
cles stabi1ity
work offers one

2.BACKGROUND

It is suggested that.a suit a b l e basis
for comparJ son of ship stability in
waves can be p r o v i d e d by the so-
called stability margin whi ch is
based on the righting and upsetting
moments balance [1].

In Fig 2, the s t a b i l i t y m a r g i n
is represented by the area As , and
the total upsetting energy is repre-
sented by the area A z • The ship's po-
sition with respect to the wind and
waves is shown in Fig.3, w h i c h ex -
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ity safety
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cept with a stand-
ard wave assumption

Time domain sim-
ulation in real-
istic sea con-
ditions

Fig.l Methodological breakdown of Naval Architecture approach

Fig.2 Definition of stability margin.

plains the basic terms of Fig.2. The
ship is poised on a wave of a maximum
slope, O<B> . Due to steady-state wind
of a speed Vw , the wind moment (with
the moment arm, lh ) causes the ship
to assume a static heel angle (t)s • The
ship rolls around this angle with the
amplitude <t>m . In the case of a gust-
ing wind, the wind moment will be
larger and the corresponding wind mo-
ment arm is Ig . The area A'BCD in
Fig.2 represents the total upsetting
ene rgy due to the gust ing wind and
waves (roll motion). The wind moment
can be calculated by one of many
methods available in the literature.
To calculate the wave effect, the
maximum rolling amplitude, <]>• . must
be known.

The method for calculating the
roll response suggested in [2] ap-
plies a nonlinear single-degree-of-
freedom equation for rolling motion
whi ch includes the nonlinearity of
the damping and restoring moments.
The equation derived in [2] is as
follows;

F i g . 3 S h i p ' s p o s i t i o n w i t h respect to
wind and w a v e s .

$ + bi0 + bz 4> H > | + 0),2 ^ + m3<t)3 +

m5<t) 5 = A o<. 01^2 Cos((Jlle t + 5) (1)

U s i n g this equat ion and the con-
cept of ro l l ing s t ab i l i t y i l l u s t r a t ed
in Fig. 2, a number of ship dynamic
and env i ronmen ta l pa rame te r s can be
included in to the analysis of ship
s t ab i l i t y s a f e t y in w a v e s , such as ;

- the actual ( n o n l i n e a r ) r igh t ing arm
c u r v e ,

- the ro l l ing ampl i tude (t>» w i th
respect to the wave s lope,

- the ship mass moment of i ne r t i a ,
I x x ,

- the added mass moment of i n e r t i a ,
SI,« .

- the damping c h a r a c t e r i s t i c s of the
hul l and appendages , b i , and bz ,

- the na tu ra l per iod of r o l l ,
T* = 2 -IT /0)* ,

- the wave per iod , T» ,
- the w a v e he ight , H w , and the wave

leng th , L w ,
- the wind speed, Vi, ,
- the gus t ing wind speed , V g , and
- the m a x i m u m w a v e s lope , o<.» .
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me solution to the equation (. 1}
has been found using the perturbation
method. The solution obtained pro-
vides the relationship between the
roll amplitude ^a , the encountering
frequency o-ie and the maximum wave
slope o<-a .

To find the roll amplitude l^a
the following parameters should be
known:

1.The restoring moment coefficients
m3 and 105 .

2.The added mass moment of inertia
Ix x to calculate

\= ———l2.2——__
I>x + SIzx

3.The linear and the nonlinear
damping coefficients bi and bz ,
equation.

4.The maximum wave slope, c<» . This
can be calculated with the given
wave height, H-, and the wave
length, L,.

2.1 Restoring moment

The restoring moment of a vessel is
equal to the righting arm (GZ) times
the displacement. The GZ-curve is an
odd function and therefore an odd or-
der polynomial has been used to rep-
resent it. Due to mathematical com-
plexity and the difficulties involved
in using higher order polynomials,
the roll motion model used in the
present study has been restricted to
a fifth order polynomial representa-
tion. Thus, the righting arms GZ-
curve can be expressed as

GZ <(> + C3 <1>3 + C5 <t>5 ( 2 ) Ci

It should be noted that appli-
cation of the quintic polynomial to
represent the righting arm curve has
also been reported in [3].

2.2 Hydrodynanic moments coefficients

The added mass moment of inertia and
damping coefficients were calculated
by the ship seakeeping characteris-
tics program (SSCP) which is a mi-

crocomputer adaptation of the kno-wn
ship motions program (SMP)[4]. The
way the SSCP output was used to come
up with the linear, bi , and nonlin-
ear, b2, damping coefficients for
equation (3) is discussed in [1].

2.3 Environmental data

The maximum wave slope °̂ B for equa-
tion (3) was calculated for a wave of
the period equal the ship's natural
period, Tw ^ T* (resonance condition)
using the following formula;

TTH.

where
H,, : the wave height
L» : the wave length

ship rolling period T» and
natural frequency (JO* are
in the output of the SSCP

The
the roll
provided
program.

The environmental data used in
the present study are depicted in
Fig,4 [5]. The figure was entered
with the calculated roll period and
the wave height, Hn and the so-called
wind stress factors UA were read off
for the maximum fetch.

A computer program WSTAB in Pas~
cal has been developed to calculate
the roll responses. The responses are
calculated for a range of encoun-
tering frequencies from 0.2 rad/sec.
to 2.0 rad/sec. with the increments
of 0.01 rad/sec.

2.4 Wind heeling moment

The wind heeling moment arm lh was
calculated using the following for-
mula

0.004 V,2 a A
!„ = -.—————————— [ft.] (3)

2240 A
where
A : projected sail area,
a : the lever arm from half

draft to the centroid of

Fig.4 Environmental data.
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the sail area,
V» : the wind speed

V, = (UA/0.71)o.81,
UA : the wind stress factor,

from Fig.4.

The gusting wind moment arm was
taken as Ig = 1.51h. Fig.5 summarizes
the whole concept of roll motion sta-
bility, and the stability margin, and
defines all the required parameters
to implement i t.

Fig.5 Concept of roll motion
stabi1ity.

2.5 Upper limit of the stability
margin

It should be pointed out that the ul-
timate purpose of the implementation
of the roll motion stability concept
is to arrive at the stability reserve
or stability margin that the ship,
which meets the IMO stability stan-
dards, possesses after external mo-
ments (due to wind and waves) are ap-
plied, area As in Fig.5. The upper
limit of the stability margin or the
maximum dynamic heel angle (referred
to as the critical heel angle), $c,
the vessel can theoretically be
heeled to, is evaluated using the
concept of dynami cal met acentric sta-
bility and depends entirely on the
GZ (<(>) curve. The way by which the an-
gle 4'c -Ls evaluated can be explained
by Fig.6.

3. CALCULATION OF STABILITY MARGIN
FOR SERIES OF FORMS

The stability margin was calculated
for twelve forms which were derived
from the BSRA trawler series [6] [7].
The original series of nine forms was
extended to include additional forms
S2. LZ , and JZ. These forms were de-

vfloprd in the process of optimiza~
tion of the trawler forms for good
seakeeping performance [8] [9]. Fig.7
depicts the spatial arrangement of
the geometrically related forms. As
it can be seen from the figure three
form parameters were varied, i.e. the
beam-draft ratio, the block coeffi-
cient, and the length-displacement
ratio. All the forms have the same
displacement A ̂  200 T, a constant
freeboard of Pb = 1.28 m, and the ra-
dius of gyration kxx = 0.35B. The
calculation of the stability margin
was carried out for a ship speed of
10 knots. Table 1. provides the main
parameters of the forms discussed.

Fig-6 Dynamical and critical heel
angi es.

"3.1 Calculation of statical
stability curve

Values of the righting arms KN with
respect to the keel were calculated
by the Ship Hull Characteristics Pro-
gram. SHCP [10]. The KN values for a
dispjacement of 200 tons are given in
Tab.2. Next, the maximum position of
the center of gravity KG»ax was eval-
uated to satisfy the IMO Stability
Standards.

Tab.l gives the KG,, a a values for
all the forms tested and Fig.7 shows
the effect of the form parameters on
KG. Tab.3 provides the charac-
teristics of the statical stability
arms G2(̂ )) for tested forms compared
with the IMO standards.

T a b . 4 i nc ludes the inpu t to
J W S T A B p rogram and the c a l c u l a t e d roll
responses (j)» f o r al l the fo rms
t e s t ed .

4. PRESENTATION OF RESULTS

It should be recalled that the ulti-
mate goal of the present study is to
assess the stability qualities of the
test forms as represented by their
stability margin the forms pos s P •a &
when rolling in beam synchronous
waves -

The stability margin has been
suggested as a measure of merit of
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Table 1 Hul1 form parameters

?hi

XF
XG
hO
W P
W S
WR
WQ
ZQ
ZP
I Z
JZ
SZ

p L
(

29
28
23
28
25
26
29
27
28
.!()

31
29

V P

m)

.01

. 2 6

.28

. 28

. 34

.80

. 72

. 76

. 96

.68

. 18

.81

B
( m )

4 . 9 7
5 . 2 4
5 . 5 5
5 .82
5 . 5 5
5 .40
5 - 12
'. . 88
5 .09
5 . 40
5 .24
5 . 52

(

i
2
2
2
2
')
2
-)
2
2
i
2

T
m)

.51

. 37

. 24

. 14

.50

. 4 3

. 31

. 46

. 58

. 19

. 13

.01

L

4
\
4
4
4
4
5
4
4
5
5
4

/7'"

. 8 5
- 8 5
.85
. 8 5
.35
.60
. 10
. 76
.97
.10
.35
.85

B

1
2
2
2
2
•>
2
1
1
i
2
2

/T

- 98
.22
. 4 7
.72
.22
.22
.22
. 98
. 9 7
. 4 7
. 4 7
. 75

0
0
0
0
0
0
0
0
0
0
0
0

CB

. 5 4 6

. 5 4 6

. 5 4 6

. 5 4 6

. 5 4 6

. 5 4 6

. 5 4 6

. 5 9 6

.522

. 5 6 4

. 564

.600

L

5
5
5
4
4
4
5
5
5
3

5
5

/ B

.70

. 38

. 10

. 86

. 57

. 97

.80

.70

. 70

. 4 9

. 91

. 39

i
•^
2
2
2
2
2
2
2
2
2
2

Kf-i
(m)

.344

. ' 4 2 9

. 5 4 2

. 6 7 6

. 5 7 3

. 4 9 3

. 3 7 4

. 2 9 8

.408

. 4 8 1

.420

. 5 6 0

AT
(m2

114
114
114
114
114
112
116
113
115
116
119
116

)

.2

. 2
, i
. 2
.2
.3
.2
.4
.5
.3
.8
.4

4
4
4
4
4
4
4
4
4
4
4
4

a
(m)

.297

.224

.163

. 111

.347

.283

. 167

.284

.315

. 104

.031

.017

(

6
6
6
7
6
6
6
6
6
6
6
6

T«
s e c )

.21

.56

.92

.28

.90

.72

.39

.07

.38

. 77

.60

.95

1
2
2
2
2
2
2
1
2
2
2
2

KG
f m )

.993

.078

.191

. 3 2 5

.222

.142

.023

. 947

. 0 5 7

.131

.069

.209

Note; constant displac ernent 200 Tons

Table 2 Righting arm KN for the test forms
10 20 30 50 70 90

(deg)

XF
XG
MO
WP
WS
WR
WQ
ZQ
ZP
LZ
JZ
SZ

0
0
0
0
0
0
0
0
0
0
0 . 4 2 3
0

.409

. 4 2 5

.444

.468

.449

.435

.415

.402

.420

.433

.448

0.
0.
0.
0 .
0.
0.
0.
0.
0.
0.
0 .
0.

820
852
892
939
902
874
831
807
6 4 2
871
849
897

1
1
1
1
1
1
1
1
1
1
1
1

.235

.281

.337

.399

.352

.311

.251

.218

. 2 6 6

.308

.278

.339

1 . 598
1 .635
1 .684
1 .734
1.713
1.666
1 .604
1 .575
1 .636
1 . 6 5 3
1 .621
1 . 6 6 5

1.871
1 . 8 9 3
1 .921
1 .951
1.973
1 . 9 2 2
1.858
1 .843
1 . 918
1 .888
1 .855
1 . 8 7 3

•>
2
2
2
2
2
2
2
2
2
1
1

.061

.058

.063

.071

. 140

.087

.024

.026

. 114

.030

. 9 9 6

.986

2
2
2
2
2
2
2
2
2
2
2 . 0 5 6 2 . 0 4 6
2

.171

. 142

.124

. 110

.224

.170

. 108

. 129

.230

.090

.020

2
2
2
2
2
2
2
2
2
2

1

.207

.153

.111

. 0 7 6

.233

.180

.120

.160

.271

. 0 7 9

. 9 8 3

2
2
2
1
2
2
2
2
2
2
1
1

.179

. 100

.036

. 9 7 9
, 100
.125
.069
.126
. 2 4 7
.006
. 9 7 5
.886

KM in me t e r s

Table 3 Characteristics of statical
stability curves for tested
forms compa red with IMO
s tandards

S e a

(n.-rad)

IMO

n . So.

..q.

XF
XG
MO
WF
MS
WR
HQ
20
7P
1,7
JZ
SZ

A

30
P
Gi-S^

I/

0 - 0 5 5

0 .056
0 . 0 5 7
0 . 0 5 7
0 - 0 5 7
0.057
0 - 0 5 7
0.056
0 - 0 5 7
0.056
0 .057
0.-057
0 .056

B

I"
r

/GZd6
iJ

( re - rdd)

O . O f O

0. 104
0. 104
0. 103
0 .098
0. 103
0.103
0. 104
0.107
0.104
0-105
0.104
0.098

C

f°

/G2cl(l
30

(m-raii)

0-010

0 . 0 4 a
0 .047
0 .046
0 - 0'. 1
0 . 0 4 6
0.046
0 . 0 4 7
0.050
0.04B
0.048
0.047
0.042

0

GZ...

(m)

0.200

0 .430
0 - 305
0 . 2 7 5
0 . 2 5 2
0 . 2 8 5
0 . 2 9 0
0 .310
0. 350
0 . 3 4 0
0 . 2 8 5
0.280
0 . 3 5 7

E

d@4

(deg)

>30°

50
4'.
40
35
42
43
46
50
52
40
39
35

0

0
0
0
0
0
0
0 . 3 5 1
0
0
0
0
0

F-

GM

(..)

. 35

. 3 5 1

. 3 5 ;
- 3 5 1
. 3 5 1
,-i'il
. 3 5 1

.351

. 3 5 1
- 3 S ]
.351
. 3 5 1

4 - 3 5 4 .60 4.65 S.1C 5.35

Fig.7 Effect of form parameters on
KG«af calculated to meet IKO
stability standards.

Table 4 Input to WSTAB program and stability margin

XF
XG
WO
WP
WS
WR
W Q
ZQ
ZP
LZ
JZ
SZ

0
0
0
0
0
0
0
0
0
0
0
0

^
. 8 7 9
.908
.903
.880
. 908
. 908
.908
. 8 8 4
. 8 5 2
.901
.903
.871

L

(

1

0
0
0
0
0
0
1
0
0
0
0

0*
1/s)

.01

.96

. 92

. 8 5

.92

.94

.99

.02

. 99

. 94

.96

.93

(

0
0
0
0
0
0
0
0
0
0
0
0

bi
1/s)

. 101
-107
. 114
. 124
. 114
. 110
. 104
.098
. 104
. 112
. 107
. 117

(1

0
0
0
0
0
0
0
0
0
0
1
1

b2
/ rad)

. 8 3 3
• & 7 1
. 8 5 6
.909
.800
.833
.887
.841
.820
.971
. 131
.047

^
( d e g )

115
92
76
6 5
85
86
95
117
120
78
80
60

(!

0
0
0
0
0
0
0
0
0
0
0
0

GM
(n)

- 3 5
.35
.35
.35
.35
.35
- 3 5
. 35
. 35
.35
.35
.35

(r

0.
0.
0 .
0.
0.
0.
0.
0.
0 .
0.
0.
0.

0<~»

ad)

108
109
110
110
110
109
106
109
107
110
109
109

(m

0
0
0
0
0
0
0
0
0
0
0
0

A * .
-rad)

.400

. 2 8 2

.205

. 153

.241

. 2 5 4

. 2 9 6

.408

.406

.222

.231

. 159

^
(d

17
17
16
15
17
17
16
17
16
16
15
15

•
eg)

.5

. 1

.8

.6

.3

. i

. 9

. 6

.8

.2

.3

. 1

(m

0
0
0
0
0
0
0
0
0
0
0
0

A,
-rad

. 2 6 8

. 166

.107

.071

.126

.147

.183

. 2 7 3

.253

. 121

. 129

.071

Note bi and b; are calculated for V 10 knots,
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the ship stability qualities. To ob-
tain the margin for a particular form
a number of static and dynamic fea-
tures have to be calculated along
with the envi ronmental charac-
teristics as defined in Fig,5 and
Section 2. These features and charac-
teristics can be grouped as follows:

1.The statical stability curve,

2.The hydrodynamic coefficients of
the rolling motion equation, i . e mo-
ment of inertia, and linear and non-
linear damping coefficients,

3.The roll exciting moment parameters
including maximum wave slope and,

4.The wind speed generating the syn-
chronous wave, and steady and gusting
wind moment.

The statical stability have been
already discussed in section 3.2. The
relevant features of the stability of
form and the statical stability curve
GZ((j>) for the forms analyzed are pro-
vided in the following tables:

-The position of the metacenter above
the keel. KM, Tab.l,

-The values of KM, Tab.2,

-The area under the G2 curve. A*,,
the angle of vanishing stability,and
the metacentric height GM, Tab.4,

-The areas under the GZ curve up to
30 and 40 degrees, the maximum
righting moment arm GZioaa and the
corresponding heel angle. Tab.3.

The effect of form parameters on
the position of initial metacenter KM
is shown in Fig.8. The added mass
moment of inertia SIxx , the linear bi
and nonlinear damping coefficients b2
from Tab.4 were plotted in Figures 9,
10, and 11 respectively to show how

they vary with the main form parame-
ters. The effect of the form pa-
rameters on the resonant wave height
H» is shown in Fig.12. The roll am-
pl itudes for the resonance condition
calculated by WSTAB program as dis-
cussed in section 2 are given in
Tab.4 and are plotted in Fig.13. The
stability margin As is provided in
Tab.4 and is plotted in Fig.14.

4.35 4-60 4.BS 5.10 5.35

F i g , 9 E f f e c t of fo rm parameters on
added mass moment of i ne r t i a
SI.x .

Fig.10 Effect of form parameters on
linear damping coefficient bi

4.35 4.60 4.B5 5.10 5.35

4.35 4.60 4.85 5.10 5.35

Fig.8 Effect of form parameters on
position of initial metacenter
KM. Pig .11 E f f e c t o t t-onn parameters on

nonl inear damp ing c o e f f i c i e n t
b2 .
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4.3S 4 .60 4 .85 5.10 5.3S

Fig.12 E f f e c t of f o r m pa ramete r s on
resonan t wave height H w .

1.B5 S.10

Fig.13 Effect of form parameters on
maximum roll amplitude 6>.

4.35 4.60 4.B5 5.10 5.35

Fig.14 Effect of form parameters on
stability margin As .

5. FINAL REMARKS

The paper suggests a measure of merit
of ship stability in waves in a form
of the stability margin. The stabil-
ity margin is the difference between
the ship righting energy .and upset-

ting energy due to wind and wave ac-
tion. The wave effect in the proposed
approach is ac counted for by an
uncoupled nonlinear equation of roll
motion which includes the non-
linearities of the damping and
restoring moments. The way to calcu-
late the terms of the equation has
been suggested.

The concept has been applied "to
a dozen of geometrically related mod-
els with varying the beam-draft ra-
tio, the block coefficient and the
length displacement ratio. The effect
of these form parameters on the stat-
ical and dynaroi cal character!sties of
the ship rolling in beam synchronous
waves has been calculated and results
presented in the paper. The present
study has shown that in the roll mo-
tion stability the righting moment is
the key fact.or affecting the ship
safety even in the resonance condi-
tion where damping and excitation are
assumed to play an important part. It
can again be concluded that the
possibility of capsizing as a result
of excessive rolling depends to a
large extend on the characteristics
of the righting moment. This con-
clusion applies both to beam and fol-
lowing wave situations. In the latter
case the variations of the righting
moment with a wave passing the ship
seems to have much larger effect then
the variation of other moments in-
volved in the ship motion process.
This has been shown by the recent
study by de Kat and Paulling [11].

The righting moment or righting
arms curve depends on the hull form
parameters and the vertical position
of the center of gravity KG. A ship
designer can consider for his design
various hull geometrical configura-
tions (defined for instance, by dif-
ferent combinations of B/T, CB and
L/71/3). In such a case the position
of the center of gravity, KG which
was calculated to meet the minimum
IMO stability requirements, provides
different level of stability safety
for. each variant depending on the
combination of the main form parame-
ters, Fig.14. For instance .the
application of the IMO standards to a
design of the same displacement and
freeboard but of different B/T ra-
tios, 2.0 and 2.75, results in a ver-
tical position of the center of grav-
ity 1.99 ro and 2.33 m, respectively.
In such a case the decision which
variant has been selected for the fi-
nal design is at the same time the
decision made on ship stability
safety. The IMO criteria differenti-
ate too much various design config-
uration which otherwise might be
equivalent from the intact stability
safety view point.
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ON SHIP STABILITY EN-KOOTE

SIZOV V., VOROBYOV Yu, , PERGAEV E.

v-

The hyd.rodynamj c problem
concerning- the ship stability during
its movement, in calm water was
studied by prof, V G,8isov [11, This
report deals with obtaining the
principal integral equation
determining pressure di strlbutloTi
over central longitudinal plane by
means of the potential acceleration
method and the ways to its
simplification were established.

Then E.V,Pergaev in the thesis
worked out under the guidance of
prof, Yu.L,Vorobyov extended this
solution for the case of ship's
movement on the following waves. He
raade use of a number of assumptions
further improved the principal
equation to the possibility of Its
numerical solution.

In the following report only the
case of ".hip s proceeding in califs
waters is studied- Let a ship
propagating in calm water with
constant, speed v having a small
angle of heel e , Then we add a
uniform flow with constant speed ~-v,
and the snip becomes stati onary. We
apply coordinate plane XOY on the
undisturbed liquid surface and axis
Y directed verficai iy downward Let
the surface of the ship in the
straight position is described by
t.he equation

± f ( x ,a ) ( t )

Assume the ship to he thin (so
called MichelJ-type hull). Due to
the heei the wateriine symmetry wi i i
he broken. Ordinates 1n the
direction of the listed side w i i i be

y f(1

and the opposite side
^ .-fd + e (3)

The velocity f ie ld disturbed by
the presence of the ship in the f3ow
w i l l be determined by the potential
function ^ ( x . y , ^ . ) . This function
should satisfy the Laplace equation
and the following boundary
conditions: on the free surface the
linearized condition

0, ( -S? ) (4)
S

which should be fulfilled when z= 0
on hull surface

,(5)
y •9 xC » x

be consi dered to be
:= + 0 and y = - 0
and the condition on

which w^11
fulfilled ̂  y
respectively;
the infinity
-<s^-»-0 when < X-' + y" + a-" «=̂ . (6)

Taking advantage of the
express!ons (2) and (3), the
conditions (5) may be expressed in
the form

q(x,a) + w(x,z)^ (7)
y=±0

where the items express
a^^)_ ., , M.
-a^ - 2 v - (8)v

T[_ ^.-^)-
2. ?>>

^f+ f , T__i
9X^2.

v a r -̂i- ̂y l ̂  32 (9)

and represent symmetric and
anti symmetri c components of —^—
respecti ve1y , v

A n a l y t i c a l l y extending potential
4' to the volume occupied by the ship
h u 3 1 , it is possible to conclude
that the source Jayer with density
q ( x , s ) and the dipole layer
generali ng velocity w ( x , a ) are
located in t.he submerged part of
diaroetra] plane limited by the
center lirse of a ship-

W*- sha.11 write down the total
potent la I of disturbances in the
fornJ of t.he sum of the potentials
generated by the mentioned above
layers of singularities;

vp(x,y ,s) =^ (x , y ,a ) +^(x,y,s) . (10)

For ^f aBd t-C^ potentials the bo"n
dary conditions at. y ^ 0 will be:-

(11 l^ 4- v
y=±0 &X
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1^. i == - v9fl£ M- + f ^-±1(12)
ay •y==o a/ ?•? ^&

It. is evident that î is a
wel l known MicheJI's velocity poten-
tial corresponding +-o the ship i n
a straight position:

f
^x,y,^} = | qC^-pGr^y.a^O^XiG' ,

U
where G is the potently i of a

point source, focated in the point.
( S ,0,'S ) • This potential produces
the force and the !fao"ie?tt acti ng i n
the ship's Jongitudi nal plane.

The hydrodynaifi c iooment of
stabiljt.y ahich 3°. of fl p^rti CIJ] Fir
interest for us arises due to the
presence of potential ^2. •

However the d1fficui ty i s
connected with producing a picture
of distribution of dipoie
si ngui.'intieFi in t.he fi ow that ^ets
up the necessary current

That's why we have to introduce
the acceleration potentia-I connected
with the pressure p and potential ̂
in the foilowing way;

Then the Green function for ^C ~
potential may he found from the same
boundary value problem as for

potential, so we get

./. (x , y , z) =

=v^ pCirA^-G^y^^u.'pciQ'Cte)
.i ^ J

U
^nd for 4? potential we find

^, i x , y v. ) ^

x

I'!' ^
=-^i lp(^,'ri -U(s.y,3,^,0,^)dsdQr(17)

JJ fZ

For getting the p(y.?'.) function
that presents the pressure jufflp over
rep-iori 1) we use the condition C12)
^nri have an i ntefirra I equation for
the named function in a form

^i^.f^L,
BX 'Ot ^X^i

^(x,y^.) = i p

*f (s. y, a) (14 )

(13 )

potent!aJ •fthatgvidentJ y"••-•—••••^ .-»•.- „ ^.,,,^,.,.,..J ,^
expressed hy means of J^ as an integ-
ral of equation (33 ) turns into
sero when -x

i. r •̂"<r I -A ^^•y-^^"-
PQt.en.tisl ^fa'30 is contiiiiJons furic-

tion everywhere in the flow except.
the submerged part of the sh1p's
longitudinal plane where the potenti-
al function has a JUMP and a vortex
shed <^ which consists of vortices
distributed continionsly. This vortex
shed starts from the stern perpendi-
cular afld extends to the Infinity,
Potential jf as well as pressure p
are continious all over the flow
except the mentioned above longitudi-
nal plane, where t.he jump of the
potential ^ occurs:

p(^^)- e^3(s,0,a,^,() , t$)ds,dQ' (18)
Tiii"',iJ

O00

After introducing the Green
function in the integ:ra.l equation
(18) , this equation may be divided
into two Independent integral
equations as soon as the foilowing
assumptions are made:

- the ship velocity i s high
enough as soon as such conditions
are of a special interest;

pressure distributions over the
hu iI length and draft are
i ndependent:

pfx,? ; ) = p ^ ( x ) - p ^ a )

In such a case the pressure
distribution over the draft can be
found from the solution of the
singular integral equation:

1
(15)o-i. = v e p(x,z).

In this case it can be represented
as a potential of conventional di-
poles distributed over D.

The concept of conventional dipoles
used here for t.he description of the
acceleration potential differs by the
physical sence and dimensional repre-
sentation froffl the correspondlnff con-
cepts for the velocity potential.

The free surface condition isay be
lateen in a form including
dissipat.ive forces

^-<i^-,,^=,,
• /* - -Ttv v ^^->^X . ^X^,

0 , (^ -^),
92

when z

P (3)=-
JU c^

o

-u(a+^)t
e dtJdS .(19)

r

+2uj<l

where u = ^ tX^ ; ^ = ; CO
L Fr̂

In this case we also accept that
the hull shape equation is
represented in the form:

f(x.a) = f^(x)-fa(a) (20)
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(21)

1 -U/£, ..

1 + ̂  [ -P- ure K^ (^-) 3̂

Assuming the load distribution
over the draft to be elliptical we
get the integral equation for p^(x):

x e t̂
f f -utp^w-q, + u^u)|p^ (^))t-rrT e *

tSinE^^a^idtdS = ctit (y) ,
2 CtX

where:

-u/2
q

McDonaJ d function
The kernel of equation (21) was

approximated on the base of the
results of numerical calculations,
so the equation (23) converted to
convolution type and its solution
was received by operational calculus
technique.

The practical method of restoring
moment and lateral force
determination is based on the
results of computer calculations for
different ship hulls. The hull forms
are given in the form;

n - m kf —"• \ ~\ *\ - / i vy f (x , z ) = -^ [l .
— n k ~

{ j - ^ 1{ ^ ) s '* [l (22)

where L, B, T - ship length,
breadth and draft respectively;k = 1
for fishing vessels and k = 1/2 is
for transport vessels. Powers m and
n are connect.ed with waterline and
midship section coefficients dC- and
fi in the following manner:

^ „ - S>m n
A-ol 4-_g>

The lateral hydrodynamic force
and its application point are
determined by formulae

Kz = a? (r Ka ~ 7,g Ka ) ;

* , *
Kz = a£ Kz ; Kx = 4^ Kx ,

Zg - center of gravity applicate.

The values of the functions
participating in formulae (23) and
(24) are given in tables 1 and 2,
where JS cp = °- One needs to keep
in mind that in the table 2 Kx is de-
termined by means of <^ , while the
rest of the values are determined by

J^cp.One must bear in mind that fun-
ctji on^ls oscillating.

ifig.1. shows the comparison of the
model test results obtained in the
Scotch experimental tank /3/ with
t.he calculated data (24) . The values
of <^ and ^ coefficients for ship
hulls investigated in /3/ are not
given in this issue. So these coeffi-
cients were determined by approxi-
mate toriaulae and taken (<, == 0.76;

^ = 0,88,
The described method was aJEso

app f ied for caJ culati ons of
hydrodynamic forces acting on a ship
that Bioves with a drift angle, as
we!1 as to catamarane ships and for
determination of additional wave
resistance due to the hull of a
ship,

REPKRENCKS
l.ST^OV V G. Hydrodynamio Problem

of Ship's Stability i&n-Boute/Reports
to XVI Scientlficai-Teennical Confe-
rence on Ship Theory.Ed.73, L..1966,
p 2t)?~21()

2. PKRGAEV E .V . Investigation of
Hyrirodynamic Restoring Moment Acting
on a yhip Moving an Calm Water and
Following Waves/ Dissertation Paper,
Odessa, 1973, 122 p

3. The Effect of forward Motion
on the Transverse Stabi Lity of a
Displacement, Vessel/ Transaction of
the Institution of Kng, and Shipb.
in Scotland, vol.113, 1969-1970,

Ry 0 v2 9 B2 ^ Kx Kz -»
i(

Kar-.- • (23)

The hydrodynaiaic restoring moment
is determined by the formula:

/'RT^ *MX = 2 & v ^ e U^\-J- Kx FK?,
0 t.~~ af

- y ( 0 - ) K3931,
T

(?41

where:
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A SIMPLIFIED LOWER-BOUND CRITERION
FOR STABLE ROLLING MOTION

Lawrence N. Virgin1

Abstract

This paper develops an ad hoc criterion for stable roiling motion of a floating vessel in
regular waves under slowly changing conditions. The total energy associated with the angle of
vanishing stability is compared with the total energy of the harmonic response. Incorporation of a
factor of safety enables the determination of critical forcing parameters which delineate 'safe'
regions where stable rolling motion persists. An alternative measure of stability is also presented
which is applied to an idealised version of a biased floating vessel and the results are compared with
the dynamic instabilities obtained from numerical integration in previous studies.

Introduction

A ship at rest in a calm sea is an archetypal
example of a dynamical system in stable equilibrium.
The system will return to this position, dynamically,
given some small perturbation due to the combined
effects of (positive) damping and restoring force. For
small-amplitudes the comparison with the free
response of a simple spring-mass-damper mechanical
oscillator is clear. A further analogy extends to
consider the motion of a ball rolling on a locally
parabolic track, where the shape of the track
represents the underlying potential energy of the
system. Trajectories in the phase portrait spiral
towards the equilibrium position, and all possible
initial conditions cause transients which decay on to
this point attractor [1].

The static stability of a floating vessel is
typically limited by the angle of vanishing stability
resulting from the softening spring characteristic of
the GZ curve. For a symmetric hull geometry these
large-angle unstable equilibria are represented by
saddle points in the phase portrait [2]. The unstable
equilibria give rise to separatrices which now divide
the plane of initial conditions into domains of
attraction. Transient motion may no longer be
captured by the attractor and initial conditions lying
outside of the domain of attraction or basin boundary
will lead to unstable, growing oscillations- This is a
familiar scenario from ship dynamics where a floating
vessel inclined to a large angle will lose its stability
resulting in a rapid roll to an inverted position [3].
This is properly viewed in the two-dimensional phase
portrait of displacement and velocity so that it can be
seen that it is the combination of roll angle and roll
velocity that may lead to capsize.

1 Assistant Professor
School of Engineering
Duke University
Durham, NC 27706, USA.

In this unforced (autonomous) case the effects
Sf rapidly applied loads, for example modeled by
impulse, pulse or step inputs, can be assessed. This
has obvious relation to ocean wave slam loading. This
paper is restricted to the consideration of periodic
excitation which might arise for example as a regular
wave train from a distant storm. Furthermore, the
forcing parameters are assumed to change slowly so
that transient effects are negligible [4].

Returning to the analogy of the ball rolling on
the potential energy surface, the angle of vanishing
stability is manifested as two 'hiiltops' on either side
of the stable 'well' at the origin. Under the action of
harmonic excitation, the steady-state forced response
will depend on the magnitude of the forcing amplitude
and frequency, including the familiar resonance
feature [5]. This is akin to oscillating the track on
which the ball is roiling; a horizontal projection of
this nonaulonomous behavior now occupying a three-
dimensional phase space with time as the third axis. It
is clear that under certain circumstances, especially
proximity to resonance, the forcing may be such that
the ball will 'escape' from the potential well
corresponding to a capsize situation.

For large-amplitude motion the nonlinear
restoring force causes a variety of complex instability
phenomena preceding escape [6]. The total energy of
the response increases with the amplitude and this is
used as a measure of proximity to capsize, i.e. the
total energy (kinetic and potential) of the response is
required to be somewhat less than the total energy
associated with the angle of vanishing stability. A
safety factor is incorporated to ensure that this
criterion is satisfied in terms of the forcing
parameters. Previous studies have indicated where
typical ordinary differential equations lose their
stability leading to escape [6,7]. The present paper
outlines a simplified ad hoc criterion based on
considerations of limiting the total energy of a system,
and deriving conditions under which stable rolling
motion persists.
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(3)

Free roiling motion

In order to convey the underlying principle of
the new criterion consider the free roll motion of a
floating body described by

e = f ( 6 , 9 ) . . (1)

Initially damping is ignored so that the ordinary
differential equation of motion is of the form

9 + V\ 6 ) = 0 (2)

where a prime denotes differentiation with respect to
the roll angle 6 and a dot denotes differentiation with
respect to time t.

A first approximation to a typical restoring
force (GZ curve) experienced by a body inclined to an
angle 9 is

v ( 9 ) = 9 - a e.
This type of system is often referred to as a softening
spring characteristic. It can be seen that equilibrium
points correspond to stationary values of the
underlying potential energy, i.e.

(4)

The saddle points associated with the second two
equilibria of equation (4) correspond to the angle of
vanishing stability.

Returning to the analogy of the rolling ball, the
underlying potential energy curve is given by

vce^e'-^e'+c . (5)

and trajectories in the phase portrait are given by
contours of constant total energy, i.e-

E^e^VO)

=^Q2+^Q2-^Q4+c (6)

where the constant depends on the initial conditions.
The value of the total energy at the saddle

points is

"^f^f-ff^r (7)2\ V a / 4 \ V a /

where the arbitrary constant c is taken as zero, giving

E= (8)
4a'

The restoring force of equation (3) is shown plotted in
figure 1(a) together with the underlying potential
energy function of equation (5) in figure 1(b). The
phase trajectories for this conservative system
describe ellipses as given by equation (6) and are
illustrated in figure 1(c).

The safety factor p can be incorporated into the
analysis to give a limiting total energy value of

1.0
(a)

-i————i--1.0

Figure 1. (a) Restoring force; (b) potential energy;
and (c) phase portrait for a softening spring. The ad
hoc boundary for stable rolling is shown for p=-0.8.
(<x=1.0, ^=0.0)

and this is shown in figure 1(c) for p = 0.8. In other
words, the motion of the vessel should remain at least
within the shaded region for stability.

Forced rolling motion (Linear)

Harmonically excited roll motion can be
approximately described by

6 + p 9 + 6 - a 9 = F sin rot (10)

where the forcing amplitude F and frequency co can be
thought of as sinusoidaily perturbing the potential
energy function.

For relatively small amplitude motion the
nonlinearity in the restoring force is negligible, so
that the roll motion can be described by

9 + p 9 + e = F s i n c o t (11)

and the steady-state response is given by

9 = A sin (cot - <})) (12)

where

A=
E=

4a (9)
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and

cop
tan (j) =

l -o^

The familiar amplification of the response near
resonance ((Q= 1) can be seen.

There are a number of ways in which this
response can be compared with the siaiic stability
features of the underlying GZ curve [4]. Firstly, the
maximum total energy of the response can be used as a
Measure of proximity to the total energy associated
with the angle of vanishing stability. Later, the
amplitude and maximum velocity of the forced
response is used as a measure of proximity to the
amplitude and maximum velocity associated with the
angle of vanishing stability.

max

0.2

0.0
0.5 0.8 1-5 1.2

Figure 2. Variation of the maximum total energy with
frequency for the linear response of a harmonically
oscillating system. (^=0.1).

Maximum total energy bound

The total energy associated with the forced
response is

(13)

where 9 is given by equation (12). Therefore, for a
given F and p the total energy will depend primarily
on a, i.e.

E = l. (A co)2 cos2 (o t -<) ) )+ ^- A2 sin2 (ffl t - (()) - -. , v

which, for tow damping, is a maximum at resonance
( (o=1 ) , giving a maximum totai energy of

E=lA2

" 2"

(15)

For example, for a damping coefficient of p = 0.1,
nonlinearity parameter of a = 1, and a safety factor of
p = 0.8, a forcing amplitude of F = 0.0632 would
result in an oscillation whose maximum total energy
is equal to a prescribed proportion of the total energy
associated with the angle of vanishing stability, i-e-

(16)
4a

However as the amplitude of the motion grows
then the effect of the nonlinear restoring force will
grow. In this case the response must be based upon the
solutions to equation (10) rather than the assumed
form of equation (11). The criterion of equation (16)
can be summarized as

Energy (response) < p Energy (instability)

The next section obtains expressions for the total
energy of the response based on nonlinear (i.e. larger
amplitude) motion.

Forced rolling motion (Nonlinear)

The use of small oscillation theory which leads
to the linear response of equation (12) results in
amplitudes which would simply grow indefinitely with
no instability. For consistency the forced response
must be based on the same equation as the unforced or
free response with the addition of external excitation:
i.e. equation (10) must be solved to obtain the
nonlinear response which can then be compared with
the approach to instability. An approximate solution
can be obtained to equation (10) using various
methods [8]- Here, a harmonic balance approach is
used whereby a solution is assumed of the form

9 = a sin (D t + b cos 0) t (17)

which can then be substituted into equation (10) and
after equating sine and cosine coefficients leads to the
following algebraic equations

A forcing frequency less than or greater than the
resonant value will result in an oscillation with less
total energy and therefore would require a greater
level of forcing to violate the condition of equation
(16). With (0=0.8 , F^O.233 and with ra=1.2,
F^O-2405.

Figure 2 shows the maximum total energy of
the forced linear response (equation (14)) for p =
0.1 and F = 0-05 , 0.07. Also plotted on this diagram
is the total energy associated with the angle of
vanishing stability (equation (9)). This illustrates
that the limiting condition is reached between F=0.05
and F=0-07, thus confirming the value of F0 = 0.0632
for equation (16). The relative contributions of the
displacement and velocity terms in equation (14)
depend on (Q but the light damping present in the
system results in the symmetric nature of the curves.

( 1 8 )
-a^-btop+a-^a^ab^O

4 4

-b(Q'2~awQ+b-lb3-^-alb-'F=0
• 4 4

which can be rearranged to give

F2 =A 2 [ ( 1 - (o2 -I-A2 )2 + ((3 co )2] (19)

where A is the amplitude of the response, i.e.,

A = V a2 + b2 . (20)

Given F and p, equation (19) can be solved for
A in terms of (o. Figure 3 shows typical amplitude
response diagrams with F=0.2 and F=0.3, and p=0.6.
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ine rammar softening spring effect can be clearly
seen although with this relatively high level of
damping the jump in resonance feature is not
observed.

0.2 0.8 1-4

Figure 3. Amplitude response diagram for the fully
nonlinear system. (ft=0.6).

Again the total energy associated with the
response is given by equation (14) where now the
(nonlinear) frequency-amplitude relationship is
governed by equation (19). Figure 4 illustrates the
total energy of the harmonic response for a=1, [i=0.6
and (B=0.8 through a complete cycle of motion. It can
be seen that the maximum total energy occurs at

(cot-()>): (21)n JE
2

F 1

0.4 J
i
^

0.3 I

0.2
0.2 0.6 1.0

Figure 5. Limiting values of the forcing parameters.
(P=0.6. a=1.0).

So far no mention has been made of the
mechanisms by which a system such as equation (10)
will typically lose its stability. This is a subject of
current research- It is important for the curves of
figure 5 to be below the forcing levels at which these
nonlinear phenomena occur in order for the total
energy criterion to be lower bound and useful [10]. As
mentioned earlier it is also possible to limit the
response by the amplitude and maximum velocity
associated with the total energy of the angle of
vanishing stability. This approach has been
successfully used by the author and is briefly
introduced here to show that such ad hoc criteria can
ensure stable rolling motion [4].

Amplitude and maximum velocity bound

An alternative measure of proximity to
instability was developed in reference [4]. The
separatrix Joining the saddle points in figure 1 is
given by equation (6) with c=-1/4a. Rearranging
equation (6) leads to

^A-92^^ <22)
where p is again used as a safety margin.

From this alternative form for constant total
energy it is possible to obtain the maximum velocity
as

Figure 4. Variation of the total energy of the harmonic
response through a complete cycle. (p=0.6, a=1.0,
m^O.8 and F increments by 0.02 from 0.21 to 0.31). =+ _P_

2a
(23)

The curves in this figure start with F=0-21 and
increment by 0.02 to the value of F=0.31 giving a
maximum total energy greater than the E=0.2
obtained from equation (9). This is confirmed by the
upper curve in figure 3 reaching amplitudes greater
than

i.e. A =0.632E=iA2

2

corresponding to a safety parameter of p=0.8.
In this way, the maximum total energy of the

nonlinear response can be obtained for different
values of o given F and p. This is shown in figure 5 for
p=0.6 and p=0.8. It can be seen that a larger forcing
amplitude F can be tolerated for p=0.8 than for p=0.6
for the total energy criterion to be met. The curves in
figure 5 thus represent levels of forcing which ensure
that the magnitude of the response is constrained to
remain somewhat below the loss of stability [9].

and the maximum displacement

(24)

The alternative criterion for stable oscillations now
requires that the maximum velocity and amplitude of
the forced response to be less than the maximum
velocity (equation(23)) and maximum displacement
(equation (24)) respectively for the undamped,
unforced conservative system-

Assuming the linear forced rolling model of
equation (11) leads to the following condition to limit
the amplitude

(25)

and the maximum velocity
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(26)

which are plotted in figure 6(a) for p=0.1, p=0.8 and
cx=1.0 (for the unforced system), a=0-0 (for the
forced system). The response of the nonlinear equation
(10) leads to the condition limiting the amplitude as

Figure 6. (a) Stability criterion based on the
assumption of linear resonance. (13=0.1, p=0.8).
(b) nonlinear resonance.

and limiting the maximum velocity as

investigated in one of two ways- Firstly, an analytical
method such as the Routh-Hurwitz criterion or
Floquet theory [9] may be used to study stability
characteristics of small perturbations about the
steady-state solutions as described by equation (17).
For example, equation (10) has been shown to lose its
stability close to resonance in one of two generic ways:
a jump to resonance at a saddle-node bifurcation; or a
flip bifurcation leading to subharmonic oscillations
initialing a sequence of period-doubling bifurcations
leading to chaos and escape [6]- For siowly changing
conditions both of these events have been shown to
occur after the critical conditions of equations (27)
and (28) have been reached, with a suitable choice for
P-

The second approach to studying the dynamic
stability of nonlinear oscillators involves extensive
numerical integration. As an example of an
asymmetric mechanical oscillator consider the
following equation:

9 + p 6 + 9 - 92 = F sin (Ot (29)

which has a potential of

V(9) - 62

2
+c (30)

4

Solutions to this equation may 'escape' over the lower
of the two hilltops analogous to figure 1(c). Figure 7
shows instabilities obtained by the numerical
integration of equation (29) which lead to escape or
capsize, together with the proposed ad hoc criterion
suggested here [4]- For a given damping ratio and
safety factor, forcing parameters within the shaded
region have been shown to lead to escaping
so[utions[6]- The ad hoc criterion of equations (27)
and (28) is also plotted indicating a conservative
estimate of stable rolling motion. Instabilities such as
a relatively small jump in amplitude may occur below
these forcing levels but do not lead to escape for this
system. For further details on these instabilities see
reference [4].

2 3 P1-co + (p< (28)

which are plotted in figure 6(b) for p=0.1, p=0.8 and
a=1.0, now for both the unforced and forced systems.
The effect of the softening spring can now be observed,
resulting in frequencies around <o=0.75 producing
oscillations with the greatest energy for fixed forcing
and damping. The two conditions of maximum
displacement and maximum velocity are both required
because of the effect of the frequency on the response.
This is related to the relative contributions of the two
terms on the right hand side of equation (14).

A static bias, due perhaps to a constant wind
loading or shifted cargo has been shown to have a
marked effect on the dynamics of a rolling ship. This
effect can be incorporated into the dynamic mode! with
the addition of a constant term in the equation of
motion. The criteria suggested in this paper can
include this effect with relative ease.

Bifurcational behavior

Considerable research has been conducted into
the loss of stability of forced mechanical oscillators
[1]. These inherently nonlinear phenomena can be

Figure 7. A comparison between the maximum
velocity and amplitude bounds and the numerically
determined bifurcations leading to escape (for an
unsymmetrical system). (fS=0.1, p=0.8).
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Conclusions

This paper describes the early slages of
research into a possible new criterion for quantifying
the stability of a roiling vessel in a regular and slowly
changing environment. Although the suggested method
is based on simplistic equations and takes no account of
transient motion it is a useful way of introducing
important dynamic effects: in contrast to much of the
existing stability criteria based on static concepts
[11]. A particular advantage of the proposed method is
the inclusion of a factor of safety which can be
adjusted to different circumstances and improved
information. Further developments would include
coupling with othe'r degrees of freedom, improvements
in the modeling process, more realistic forcing
conditions and incorporation of transient motion
effects to take account of wave conditions which are
not slowly changing.
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mm T E S T S ON ROILING BEHAVIOURS UNDER DAMAGED CONDITIONS

Jin Hao, ^ Yuan Don Lei **

ABSTRACT

A series of model tests has been conducted for a ship model under two
displacements, to invest igate its zero-speed rol l ing behaviours under intact and
various damaged conditions. The results , which are introduced in this paper, are
thought to be helpful to ship designers for understanding ship ro l l ing behaviour
characteristics, evaluating i t s s t a b i l i t y and taking measures to ensure its
safe ty ,under damaged conditions.

A b e l i e f in t roduct ion of the make-up of the test mdoel is also given for
the reference of tank personnel in preparing test models of this kind.

Proposals for fur ther developing the studies on rol l ing behaviours under
damaged conditions are also suggested in the paper.

INTRODUCTION

A ship may sustain damage on i t s underwater
portion when underway or even at mooring. I t is
grea t ly expected that the flooded ship s t i l l
maintain its sea worthiness and sa fe ty to some
degree. In view of the fact that l i t t l e is known
about the character is t ics of ship ro l l ing
behaviors under damaged conitions, i t is h ighly
desirable that a study should be made in this
f i e ld . To begin with, zero-speed ro l l ing
conditions are chosen for s imp l i c i t y and
directness .

The test model is made of tin plates . The
pos i t ions of decks, bulkheads and holds are
i m i t a t e d a f te r the prototype ship. As a r e su l t , t he
freeboard and hold capaci t ies are also in scale . A
number of round holes are d r i l l e d at the b o t t o m of
the model and can be opened and closed by easily
operated valves. Besides, about 10 e l l i p t i c a l
openings have been f i t t e d above the water line
along the sides from the fore to the a f t , and are
equipped wi th c l o s e - f i t t i n g covers, which can be
d ismant led to a l low the i n f l o w of outboard water.
These openings are employed to siaulate the
possible interchange of water f low between the
flooded holds and the outboard water.

Since i t is not poss ible to p red ic t the
exact shapes of damage openings, i t is only
appropriate to s imula te the durations of the
f looding process in de t e rming the shapes and

••; China Ship Science Research Centre. Wuxi,
China.

^ Huhan. Ship Des ign & Development I n s t i t u t e ,
Wuhan, China .

dimensions of the holes.The diameters of the round
holes which are 50 in number dr i l led both at the
bot tom and at the sides,are chosen to be 10mm,
and the size of the e l l i p t i ca l openings to be 15
X

The set-ups of valve-rod for operating the
valves are shown in Fig. I.

Before each test, the model is bal lasted to
the required displacement, and adjusted to the
correct KG and transverse moment of inertia, the
la t ter is adjusted by placing the model in calm
water and checking i ts free rol l ing periods.

A TC-3 angular displacement gyro is f i t t e d at
the gravity of the model .

Tests are conducted at zero speed in beam
waves.

The main p r inc ipa l s of the test model are as
shown in Table 1.

RESEARCH PROGRAM OBJECTIVES

Owing to the fact that theorect ical
invest igat ions for ship rol l ing behaviours under
damaged conditions are so scarce as to be of
pract id use, and i t is out of question to attack
this problem on fu l l -s ized ship, the only way
feas ible is to conduct model tests under damaged
conditions.

The objec t ives of this p ro jec t are;
a. To have some knowledge about the

characteris t ics of ro l l ing behaviours under
damaged conditions.

b. To provide test resul t s for the purpose
of evaluating ship s t ab i l i ty and safeness under
damaged conditions.

c. To accumulate experience in the design
and fabr ica t ing of models for tests under damaged
conditions.
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T A B L E 1
M a i n p r i n c i p a l s of the t e s t m o d e l

L W L . m
B, re

Mean d r a f t . ID

D i s p l a c e m e n t , kg
LCG, m

KG, at
GM, m

F r e e b o a r d , f o r e , m

F r e e b o a r d . a i d d t e , m
F r e e b o a r d , a f t , m

D i s p l a c e a a e n t - I

3. 1 6 0
0 . 3 1 0

0. 107

5 5 - 13
0 . 0 4 0 a f t

0- 1 2 2

0 . 0 2 5

0- 1 7 3

O . O S 3
0 . 0 8 1

D i s p E a c e m e n t - I I

3. 140
0 - 3 1 0

0 . 0 9 2

4 4 . 25
0 . 0 2 5 a r t

0. 138

0 . 0 1 7

9. 188

0 . 0 9 6

0 . 0 9 4

TABLB 2

Deta i ls of various f looding conditions

Heeling angle.deg
Trimming angle, deg
Amount of flooding

water,kg

GM, cm

Min.residual
freeboard, cm

Location of min.
res fbd.

Displaceaent- I

[1] [21
4 holds, 4 holds,

fore aft

- -

-2.3 +1-6
14 15

3.925 1-450

4.7 2.45

1/4L froinFP aft

Displaceaent-II

[33
3 holds,

before aid.

5 . 9 6 19.66
-1.3 -1.1
18.2 16.6

1.35 1.075

5.0 1.55

--aid --mid

[4]
3 holds,
middle

2 .44 10.94
-0 -0
17.8 " 17

0.875 0.60

0.65 0.438

--mid —mid

[5]

3 holds
af t mid.

4 .20 15.6
+0-9 +1-0
1 9 - 3 18.5

1.0 0.725

3.75 1.25

aft aft

TABLE 3
Danping characteristics for 10 test conditions

2 < t * i - i / 2 ( f ) ,
intact-flooded

intact

Displacement- I

intact

0 - 6 2 5

/

[1]

0.118

81«

[2]

0 . 2 9 4

53»

Displacement-11

intact

0.544

/

[3]
Snail Large

heeling heeling

0 . 2 7 4 0 .254

50» 53»

[4]
S.h L.h

<0.100 0 . 2 5 4

>B2'1* 53»

[5]

S.h L.h

<0.100 0.200

>82» 63*
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EXPERIMENTAL TESTS

10 tests have been conducted for the test
ffiodel. including: 3 tests for displacement-I
( intact, fore symmetr ical f looding and a f t
symaetrical f looding) , and 7 tests for
displacement-Il ( intact, and 6 variants of
unsymiBetrical f looding).Prior to each test , f ree
rol l ing experiment is carr ied out in calm water to
ascertain the respective natural ro l l ing period of
the model.

Af te r complet ing the experiment for the
intact condition/ a group of valve rods is
operated so as to f lood certain pre-determind
holds and s imula te a certain flooding condition.
Experiment for that condition having finished, the
water in the holds is removed and another group of
vlave rods are operated to flood other holds and
simulate another f looding condition. This process
is repeated unt i l al l tests have been carried out
for that displacement . Then the model is ba l l a s t ed
to displaceaent-II condition and the whole-
process is renewed-

Obviously, in the shift from one flooding
condition to another, i t is inevitable that a
small amount of water w i l l be remained in the
holds. But this amount is so small in comparison
with the new f looding water, i ts inf luence is
neg l ig ib l e .

In these tests, large heel ing conditions are
caused by heavily unsymaetrical flooding, and
small heeling conditions are caused by flooding
the opposite holds of the already flooded holds in
large heel ing conditions.

The de ta i l s of various flooding conditions,
such as holds being flooded, amount of f looding
water, metacentric height, i n i t i a l heeling angle
and longitudinal inclination, minimun residual
freeboard etc., are given in Table 2-

Experiments are conducted in regular beam
waves with constant wave height and various wave
lengths. Owing to great differences in the
nuatural rol l ing periods of 10 test conditions
( i.e. 1.59 sec. to 3.59 sec.) , the ranges of wave
frequencies to be produced in the tank also d i f f e r
widely, wi th the maxiaual wave length as long as 22
m. For a tank of 4 m in depth, the p r o f i l e of this
22 a wave is obviously dis tor ted as expected.

For each experiment, wave heights and rol l ing
movements are recorded. Rol l ing movements are
measured by an angular displacement gyro of TC-3
type instal led in the model. Vfave heights are
measured by a wave probe of capacity type located
at a distance of about 20 a from the waveaakers,
and kept an appropriate distance from the model
under test so as to avoid the wavemaking
interferences from the model. wave heights,
ro l l ing movements and time signals are all
recorded simultaneousy.

In order to prevent water from washing the
deck, the undamaged side of the model is made to
face the d i rec t ion of the wavemakers.

RESULTS & ANALYSIS

a. Nondimensional response curves for roll ing
movements

For ro l l ing movements and wave heights
recorded during different experiments, response
curves have been calculated for the corresponding
conditions. Wi th Td»/ 'T as the abscissa and 0a/3(
"Ja as the ordinate, nondimensional rol l response

curves can be p lo t ted , here T(() is the natural
ro l l ing period, T the wave exciting period, 0a
the double ampl i tude r o l l i n g angle, ^ the wave
number and ~?"a the wave height.

Fig. 2 through Fig. 11 are cuvres of
nondimensional ro l l ing angle versus T f^t, for
these 10 conditions of d i f f e r e n t displacements and
various conditions of both intact and flooding.

From these 10 curves, i t can seen that the
curves in Fig. a to Fig. 5 are mono-crested.
These results indicate that response curves of
symmet r i ca l l y f looded model are s imilar to that of
intact model- When wave exciting periods approach
the natural ro l l ing period, synchronizing roll ing
w i l l take place. But the response curves in Fig.
6 to Fig. 11 display a d i f fe ren t trend. The
response curve in Fig. 7 is double crested, while
the curves in Fig. 6 and in Fig. 8 to Fig. 11
are even t r ip le crested.

For the rol l ing movements of the intact model,
the model can be regarded as a systea wi th single
degree of freedom and has natural ly a response
curve wi th only one crest. When the model is
damaged and flooded, i t becomes a system with
mul t i p l e degrees of freedom. When several holds
are f looded,they can be regarded as water chambers,
each wi th its own natural period.The greater is
the number of holds flooded, the greater is the
number of degrees of freedom. In this series of
experiments, the nuaber of holds flooded is
greater than 1, causing the model-chamber system
to be a system of m u l t i p l e degrees of freedom.When
the wave frequencies vary in a wide range,
synchronizing rol l ing may appear at several wave
frequencies. Thus, we have a double crested
response curve in Fig. 7 and triple-crested
response curves in Fig. § to Fig. 11 .

I t also can be seen that the response curves
in Fig. 9 to Fig. I! are qui te similar in shape
with the curve shown in Fig. 12 which is taken
from Ref. (1), and the curve in Fig. S is even
more alike. From these resemblances, it can be
deduced that response curves aith t r ip le crests
are a fea ture per ta ining to rol l ing movements of
ship model w i th several flooded holds. As to the
locations and magnitudes of these crests, they are
governed by the natural periods and dampings of
these water chambers.

From the response curve wi th t r ip le crests,
it can be seen that there is a prominent peak at
T < t > / T about 1. I t i l lustrates the strong
influence of the natural rol l ing period of the
ship model on the response curve of the
model-chamber system.

As to the response curves in Fig. 4 and 5
which correspond to the fore and af t symmet r ica l
flooding conditions for displacement-I
respectively, the resul ts are mono-crested, though
there are 4 holds flooded. Besides, this peak
locates at the natural period of the model-chamber
system. I t indicates that the inf luence of the
natural periods of these 4 holds on response
curves is so weak as to be detected, and only the
peak values are subdued owing to the increase in
rol l ing dampings.

b. Free ro l l ing motion curves
Free rol l ing actions in calm water have been

recorded before each experiment, and are also
shown in Fig. 2 to Fig. 11 . From these curves
shown in Fig. 4 to 11 . it is obvious that under
damaged conditions they decay very quickly,
to ta l l ing less than 2 complete cycles. As a result,

53



normal method for calculating damping coef f ic ien t
cannot be employed. The dampings are characterized
through the ratios of successive double ampli tude
values, and are tabulated in Table 3. From Tab. 3,
it can be seen that ro l l ing dampings are increased
under damaged conditions.

CONCLUSIONS AND PROPOSALS

a. Series of model tests of rolling
behaviours under damaged conditions is for the
f i r s t tine conducted in CSSRC. As an e f fo r t to
investigate the ro l l ing behaviour characteristics,
the tests ate thought to be successful.
Considerations given to the locations of damages
and heeling due to flooding during the tests are
of practical interest to the designers. The
results obtained from the experiments are
beneficial to the designers for understanding the
characteristics of rol l ing behaviours and
evaluating ship s t a b i l i t y and safety under daaaged
conditions.

b. A f t e r damage, the ship becomes a
ship-chamber system with mul t ip le degrees of
freedom. Under the action of waves, i ts ro l l ing
response may be mono", double- or even
triple-crested. The locations and Magnitudes of
the peaks are d ic ta ted by the locations of the
flooded holds and the amount of water flooding. If
the damage is incurred at the fore or af t portion
of the ship and is far from the middle, the
natural period of the water chamber may have



l i t t l e contribution to the response curve. The
sole influence is the increase of rol l ing damping.

c. Though the whole test is thought to be
successful, there are however some shortcomings.
The round holes at the bottom seem to be not big
enough, and the t ime for f looding is not adequate.
Another point is, the model is made to face the

wavemakers with i ts undamaged side to ensure
safe ty during experiments. But, actually, if the
damaged side of the model is made to face the
wavemakers, i t w i l l be Bore typical.

d. It is suggested to develope further
research projects on the basis of these nodel
tests, such as;

i. Further experiaents to be conducted under
the combined actions of winds and waves, and wi th
model f i t ted wi th superstructures;

i t . Experiments be extended to non-zero-speed
condition and preferab le in irregular waves.
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valve rod
castle nut
guard tiilie
water inlet
cover wi th
rubber gasket

fig. 1 Sst-up of Valve-rod

fig. 3 Displ-U, intact, T = 1.9lsec
a. roll response; b. free rolling

fia.2 Displ-1, intact, T = l-59sec
a. roll respoise, b- free rolling

fig. 4 Displ-I, fore syn.fl, T =: l.7?sec
a. roH response, b. free rolling
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0 0.5 1.0 1.5 2 .0 T I ^ / T

fig. 5 Oispl-L aft s>M.fl., T = 3.59sec
a. roll response, b. free rolling

fig. 7 Displ-IL case[3],L.h., T = l.S4sec
a. roll response, b. free rolling

o^

^\

0.5 1-0 1.5 2.0 T^ / 'T 0.5 1.0 1,5 2 .0 T ^ T

fig. 6 Displ-IL case(3j,S.h., T = 1.72sec
ft. roll response, b. free rolling

fig. 8 Displ-IL case[4],S.h., T = l."95sec
a. roll response, b. free rolling
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0.5 1.0 1.5 2.0 T ^ / T 0 - 5
-J-

1.0 1.5 2 .0 T ^ T

fig. ? DispL-IL case[4],LK,, T = 2-40sec
a. roll response; b. free rolling

fig. 11 Dispt-]L case(5],L.h., T = 2.4<isec
a, roll response; b. free rolling

0-5 1-0 1.5 2.0 T ^ / T

fig- 10 Oispl-IL case[5]/S.h., T = 2-3?sec
a. roll response, b. free rolling

fig. 12 Roll response for a ship with
fluid loads, ref.(l)
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SLOSHING OF WATER ON DECK OF SMALL VESSELS

Dr. Michael S. Pantazopoulos1

A methodology is proposed to solve the problem of the three dimensional flow of water slosh-
ing on the deck of a vessel, and to calculate the resulting forces and moments at the center
of gravity. The Eulerian equations of motion of the water particle for incompressible
inviscid shallow water flow are formulated wich respect to a system attached to the oscil-
lating vessel. The system of the nonlinear hyperbolic equations of motion is solved numeri-
cally using Glimm's method (random choice method). Complex flow patterns consisting of
oblique bores and "swirling" motions of the water on deck were revealed, for a vessel oscil-
lating in roll and pitch motions, for a wide range of excitation frequencies. Large accumu-
lation of water is occurring at the corners while parts of the deck become dry. Significant
rolling moments due to sloshing are exerted on the vessel. These must be taken into account
when the dynamic response of the vessel is studied.

INTRODUCTION

Liquid sloshing on decks or in tanks of
vessels has been a difficult problem to
model in order to formulate guidelines for
the design and analysis of marine vessels
and structures. The sloshing of water on
the deck of small vessels in combination
with other factors has contributed to
capsizing. The sloshing of liquid in
containers in large carriers has caused
failure of structural members supporting
the container. Both types of failures have
resulted in severe financial losses, human
losses, and environmental damages. Human
loss is considered to have the most sig-
nificant impact in the community when it
occurs.

Analysis and examination of recent
fishing vessel losses suggested that the
sloshing of water on the decks contributed
to the tragic losses of the vessels and in
some cases the total number of the crew
[I], These casualties raised public
concern over the safety of fishing vessels
and their crews, which motivated the
organization of the 1984 Fishing Industry
Safety and Health Conference [2],

While the effect of sloshing water on
the static stability of a vessel is a
straightforward and extensively studied
problem, the dynamic effect of sloshing on
the response and the stability of a vessel
has not been investigated adequately.
Early attempts to study the problem have
been reviewed by Storch and Caglayan [3].

Most of these studies were based on empir-
ical or experimental investigations. A
very limited number of analytical and
computational studies have been performed
to date on the dynamics of water sloshing,
the flow calculation and its effect on the
response and stability of the vessel [4-6].
Most of these studies were limited Co the
two dimensional sloshing problem, where the
water sloshes from side to side on the deck
of a vessel, which undergoes two dimen-
sional harmonic oscillations in sway, heave
and roll and small amplitudes of excita-
tion.

In the early eighties a number of
studies were performed for two dimensional
motions of large amplitudes but they were
limited to side to side sloshing [8-9].

The objective of this study is to
analyze the flow of the water on deck in
the general three dimensional case and to
calculate the resulting forces and moments,
due to sloshing, at the center of gravity
of the vessel. Thus a qualitative compar-
ison can be made between the wave excita-
tion forcing functions and the forces and
moments that are induced by sloshing.
Because of the complexity of the problem
only the problem of the flow of the water
on deck is approached assuming the motions
of the vessel to be given.

The problem of water sloshing in an
oscillating vessel is idealized as a
shallow water wave problem. This is
particularly true on the deck of small
fishing vessels or on the deck of slightly

Senior Research Engineer, Exxon Production Research Company, P.O. Box 2189, Houston,
Texas 77252-2189
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submergible bodies (platforms, etc.) where
the deck area is large and the water depth
is small compared to the breadth of the
vessel and the wavelength of the waves
traveling across the deck. The Eulerian
equations of motion of the water particle
for incompressible inviscid fluid flow are
formulated. The equations- of motion are
transformed to a system attached to the
oscillating vessel. The vessel undergoes
sinusoidal motions in the six degrees of
freedom except for yaw motion.

The nonlinear hyperbolic equations
derived for shallow water waves are solved
using Glimm's method. The solution is
approximated by piecewise constant func-
tions constructed as a superposition of
locally theoretical solutions of the dam
breaking problem and random sampling
techniques. This method is particularly
attractive because it handles complex flows
with multiple shocks and hydraulic jumps
without any special treatment of disconti-
nuities , and the case where the deck
becomes partially dry. Horizontal velocity
components and the depth are obtained at
each time step.

Performed studies revealed complex
flow patterns consisting of oblique bores
and "swirling" motion of the water on deck
for a vessel oscillating in roll and pitch
motions for a wide range of excitation
frequencies. The presence of bores is not
only a steady state solution as was thought
by other investigators [9] , but also they
appear during the transient stage of the
solution-

Sloshing induced forces and moments
are of significant magnitudes when compared
to the wave excitation (buoyant part)
forces and moments. They must be calcu-
lated and taken into account in the analy-
sis of the vessel response, because they
can result in very dangerous situations
during the seagoing operations of fishing
vessels.

The magnitude of the sloshing induced
forces and moments increases dramatically
as the center of rotation moves further
below the free surface. This again
presents a dangerous situation since the
center of rotation (gravity) in fishing
vessels is below the free surface of the
water on deck.

WATER ON DECK EFFECT ON FISHING VESSELS

Statistics related Co vessel casualties in
the United States over many years indicate
that the fatality rate of commercial
fishermen is approximately seven times that
of the overall US - industry average. A
Coast Guard survey. Table 1, shows fishing
vessel total losses and deaths for the
period 1970-1987 classified by nature of
casualty [10,11]. The single greatest
contributor is the category of foundering,
flooding, and capsizing, accounting for 40%
of the total losses. The greatest loss of

life also occurred because of foundering,
flooding and capsizing, 69% of total lives.

Analysis of documented casualties
suggests that losses rarely result from a
single cause; instead, they stem from a
combination of human error, vessel failure
and environmental effects [1]-

Table 1.
U . S . Documented Tota l Losses

of U . S . F i s h i n g Vessels

Deaths /

1980-87

23/23

14/41
22/12

311/34

64/5

11/14
9/1

Total Loss
1970-79 1980-87

Col I i s ion 227

309

335

567

14

223
22

173

372

232

807

29

130

53

Ft re 5
E x p l o s i o n

Grounding

Founder
F l o o d i n g
Capsize

Heavy
Weather

M a t e r i a l
F a i 1 u r e

O t h e r

Notes:
1) Between 1970 and 1973 many of f o u n d e r i n g s ,

f l o o d i n g s , and c a p s i z i n g s were coded as
m a t e r i a l f a i 1 u r e s .

2) S t a t i s t i c s are i n c l u d i n g on ly documented
f i s h i n g vessels of about 10 to 500 tonnage.

Fishing vessels, in general, have low
freeboard and high bulwarks around the deck
for crew protection. Freeing ports are
provided along the bulwarks to allow water
to be cleared from the deck. If the
freeing ports are small, a considerable
amount of water may remain on the deck.
The volume of the accumulated water may
sometimes be 20 to 30 percent of initial
displacement [12]. It is apparent that the
entrapped water poses a stability problem
and may contribute to the capsizing of some
of these vessels.

Caglayan [13], and also this investi-
gator [14], performed two dimensional model
tests at the Harris Hydraulic wave channel
using typical midship sections of fishing
vessels. Statical stability of the model
and the amount of water on deck were varied
in these studies. Both studies resulted in
s imilar conclus ions about the effect of
water on deck on the model response.

For high metacentric height, which
translates into a very stable vessel, and a
small amount of water on deck the model
roll response was reduced- However, for
intermediate and low metacentric height,
which translates into a marginally stable
or unstable vessel, the effect of water on
deck was detrimental, increasing the model
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roll response. In the experiments capsiz-
ing occurred under a combination of low
metacentric height and large amounts of
water on deck. It also occurred for large
slopes of incident waves, and in all cases
additional water came over the top of the
bulwark onto the deck before the model
capsized.

A phenomenon which occurs when water
is trapped on deck is the vessel heeling to
a pseudostatic angle. This is a
quasi-static angle of heel that the vessel
assumes because of the effect of the
movement of water on deck. The vessel then
oscillates about the pseudostatic angle in
a seaway. The magnitude of the
pseudostatic angle depends on the initial
statical stability conditions and the
amount of water on deck. A vessel in a
seaway assuming such an angle is more
susceptible to capsizing for marginal
statical stability conditions and large
amount of water on deck.

Dillingham, in numerical parametric
studies [4] , concluded that the water on
deck acts upon the ship response as a
damping mechanism in all cases, except when
more water was flowing onto the deck than
flowing off the deck. Apparently the
effect of the pseudostatic angle in the
response and the stability of the vessel
was not considered in the analysis.

THEORETICAL ANALYSIS OF SLOSHING
IN AN OSCILLATING VESSEL

The problem of determining the movement of
water on the deck of an oscillating vessel
is formulated assuming that the water depth
is small, the undisturbed free surface of
the water on deck is the x, y plane and the
z axis is directed vertically upward. The
water depth is -h(x,y,t) and the free
surface elevation is »?(x,y, t), measured
from z - 0.

Stoker's [15] one dimensional formu-
lation of the shallow water wave equations
is expanded in the present two dimensional
problem while averaging over the vertical
dimension. By integrating the continuity
equation over the depth while imposing the
kinematic and dynamic boundary conditions,
one finds;

"t + ""x + "̂ "y - -S^x'
"^t + ^x + "̂ y - -g»»y.

(2)-T?f

These equations represent the movement
of water in a stationary and level vessel.
To introduce the motion of the vessel into
the problem, the equations must be trans-
formed into a coordinate system attached to
the moving vessel. This introduces appar-
ent body forces which arise as a result of
the accelerations and rotations of the
vessel. A complete derivation is given by
Pantazopoulos [16], while a summary is
presented here.

(1)

Let x , y , z , define the coordinate
system fixed in space and x ,y , z define a
coordinate system originating at the point
about which the vessel oscillates. Fluid
particle velocities u, v, and w are ex-
pressed in the x , y , z system. The coordi-
nate systems are shown in Figure 1. The
components of the absolute acceleration of
a water particle expressed in the x, y, and
z directions respectively are:

BC^) = n^ cos9 + n^ sin^sinQ - ng sinQcos^

+ 2^tt)2X sin^sinQcosQ + o^^y cos^cos6

- ci^M^d sin^Ccos2^ - sin^) - (i^x

x sin^ + ^z^ sin@cos9 - yjx (3a)

x (1 - sin^sin2^) + oijy sin^sin6cos^

- a?jz,j sinSsin^cosQ - 2y^v sin9 + 2d^v

x sin^cosQ - td^y sinQ + u^y sin^cos©

+ ^^d cos^ " g sinQcos^ + u

a /y ) = ng cos<f> + ng sin^ + v - o)^y + cnjx

x sin^sinQcos^ - yjy sin2^ - ^jzd

x sin^cos^cosQ + I^CJ^X cos^cosQ

+ ^"2^ sinQcos^ - 2o?^u sin9 (3b)

- 2^u sin^cosQ + u^x sin9 - u^z^

x cos9- a^x sin^cosQ - id^d sinQsin^

+ gsin^

a - ( z ) = I^ sin© - n^ sin^cosQ + ng cos^cos9

+ y^^x sin^Csin^ - cos^) + y^^y

x sinQcos^ - Iw-^w^z^ sin^sin8cosQ

+ a^x sin6cos6 - i^z^ cos^Q - tdjx (3c)

x sinQsin^cosQ - yjy sinflicosflicos8

- ^(1 - sin^cos^) + 2o^v cos9 + 2^v

x sin^sinQ - 2^u cos^ + d^y cos@

- (^x cos^ + M^y sin^sin9 + g cos^cosQ

where: n^ - surge displacement
n^ ~ sway displacement
n3 — heave displacement
<f> ~ roll angle
9 - pitch angle
w^ — roll rotation
Wy_ ° pitch rotation

The left side of the shallow water
wave equations (1) and (2) contain the x
and y components of the absolute accelera-
tion of a fluid particle and are replaced
by (3a) and (3b) for the moving coordinate
frame. The vertical acceleration g in the
right side of equations (1) is replaced by
the local acceleration (3c ) . Then, the
equations of motion of the water particle
in the moving coordinate frame x , y , z are
written:

"t + ""x + ^y - ^(z) ^x + ^iW
Ye + uvx + vvy - -a(z) r)y + f2<y) (4)

[u(»?+h)]x + [v(»;+h)]y - -»?(;

where f^ (x ) and f^ (y) are defined;
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fi (x) = rii cos6 - n^ sin^sinQ + n^ sin^sinQ

- 2y-|0>2X sin^sin9cos@ - c^t^y cosfllcos9

- MiC^Zd sin^Csin^-cos^) + o^x sin2©

- ^z^ sinQcosQ + CJJX( I - sin^ sin2^)

- y|y sin9sin^cos^ + <rijz^ sinQsin^cosQ

+ 2triV sin9 - 2^'v sin^cosQ + y^y

x sin^cos8 - o^zd cos^ + g sin9cos^
(5)

£7 (y) = n^ cos^ - 113 sin^ + w^y - t^jx

x sinSsin^cos^ + i^jy sin2^ + MJZ^

x sin^cos^cosQ - ai^y^x cos^cos9

- i;J.^Z(j. sin6cosi^ - 2c^u sin9 + 2c(^u

x sin^cosQ - L^X sinQ + u^Zd cosQ

+ 6,,x sin^cosQ + "zZ^ sin^sinQ

- g sin^

where the deck becomes partially dry
Solution of the inhomogeneous nonlinear
partial differential equations yields the
wa t e r dep th, and the velocities u and v
with respect to the x and y axes at each
grid point at each time step.

Equations (4) are solved efficiently
using the technique of fractional steps as
presented by Yanenko [19] . Usin'g frac-
tional steps, a multidimensional problem is
reduced to a series of steps each of which
involves differential approximations in
only one dimension. Then, each of the one
dimensional problems is solved using the
random choice method. This gives a se-
quence of Riemann problems or dam breaking
problems which are solved by the method of
characteristics given by Stoker [15]. For
an extensive discussion on the random
choice method and step by step calcula-
tions, see Fantazopoulos [16].

These equations represent the shallow water
waves in a reference frame attached to the
moving vessel. However, rotation about the
z axis is assumed to be zero in this
formulation.

CALCULATION OF SLOSHING FORCES AND MOMENTS

Water sloshing on the deck of a vessel
exerts on it forces and moments. Here,
forces and moments are calculated with
respect to a moving coordinate system x, y,
z with origin at the center of gravity of a
stationary and level vessel, Figure 1.
Then, they are transformed to a fixed
coordinate system whose origin coincides
with the initial position of the center of
gravity of the vessel. The force exerted
on the vessel walls and deck is given by:

F(x ,y ,z ) - J J" p ( x , y , z ) n ds (6)
s

where:
p(x,y,z) - pa(-^-\(x,y)z "hydrostatic"

pressure
n = unit exterior normal to wall
s — interior deck surface area

(underwater).

^ The moment about the origin is:
-» -+ -*
M ( x , y , z ) = J J p ( x , y , z ) r x n ds (7)

s
-*

where: r - location of point with respect
to origin-

Figure 1. Coordinate System Configuration.

METHOD OF SOLUTION

The shallow water wave equations are
solved by the random choice method
(Glimm's method) [17]. This solution was
developed by Hole and Li [18], and
Dillinghaffl [4] for the one dimensional
case. Glinun's method is particularly
attractive because it handles relatively
complex flows with multiple shocks and
hydraulic jumps without any special treat-
ment of the discontinuities, and the case

NUMERICAL VERSUS EXPERIMENTAL STUDIES

The problem of liquid sloshing in contain-
ers has been the subj ect of experimental
studies by many investigators in the last
three decades Unfortunately, a very
limited number of experiments were per-
formed for fill depth less than 20 percent,
which is considered "shallow." Moreover,
there have not been any experimental
studies for excitation in six degrees of
freedom: surge, sway, heave, rool, pitch,
and yaw. This makes comparison of numeri-
cal predictions and experimental results
difficult. Therefore, comparisons of
numerical results with one-dimensional
experimental studies were performed.
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The most extensive experimental study
on liquid sloshing was performed by Det
Norske Veritas [20]. They used prismatic
and spherical tanks excited harmonically in
sway, planar roll, planar pitch, and
diagonal roll, with fill depths up to 50
percent and for different liquids, i.e.
water, glyserol-water, etc. We compared
numerical and experimental results for
shallow fill depths when the tank is filled
with water in sway, planar and diagonal
roll.

Sway Experiments

The depth to beam ratio was 0.12, and the
sway amplitude to beam ratio was 0.10. The
tank undergoes sinusoidal excitations with
periods of 1.40 to 3.0 seconds. Figure 2
shows a qualitative comparison of the wave
patterns between numerical analysis and
results. There is good agreement. Com-
parison of the total maximum horizontal
force, shown in Figure 3, also indicates
good agreement. There is a discrepancy
around the resonance frequency region in
both the experimental and numerical re-
sults . This is probably due to the non-
linear nature of the sloshing problem.

Planar Roll Experiments

A depth to beam ratio of 0.15 produced the
most severe sloshing motion and loads and
it was used in the numerical analysis. The
sinusoidal roll excitation amplitude was
0.3 radians and periods ranged between 1.0
and 2.0 seconds. Wave mode comparison is
shown in Figure 4. The region of trans -
formation from a travelling wave pattern to
a bore does not coincide exactly. However,
there is some question about the definition
of the travelling wave in the experiments
[20] . It appears that the wave mode
results from a combination of a weak bore
and a "forced" surface wave caused by the
tank oscillation.

Wave displacements or total force were not
recorded during this experiment so no
comparison was possible. Instead, pressure
was recorded at several points in the tank
near the walls. Reference [20] cites that
these pressures were of impulsive type. No
meaningful comparison can be made because
the numerical algorithm cannot predict
impact pressures but only non-impulsive
hydrostatic pressures.

Diagonal Roll Experiments

A roll excitation with amplitude of 0.28
radians and a pitch excitation with ampli-
tude of 0.1 radians were combined in the
diagonal roll experiments. The observed
wave modes in this case are identical to
these of the planar roll investigation.
The orientation of the appearing bore is
oblique to the physical grid with varying
orientation angle between 3.5 to 8.0
degrees. This agrees well with the
experiments, Figure 5. Only impulsive
pressure were recorded in the experiments
so that no meaningful comparison can be
made.

n/b

0.10

h/b = 0.12

Numerical Analysis

J u m p

4.0 6.0 8.0

Figure 2. Wave Modes - Sway.

Figure 3. Maximum Horizontal Force " Sway.

t =• 0.3 r

Travel.

fa fci^—

5.0 6.0 7.0 „-„-

Numerical Analysis

Jump

Experiaents

! 5.0 6.0 7.0 ^^-

Figure 4- Wave Mode - Planar Roll.

Direction of Excitation
X

numerical analysis
experiments

Figure 5. Oblique Bore - Diagonal Roll.

SMALL VESSEL EXAMPLE

An example of the flow of water on the deck
of a typical small vessel is presented in
this section to discuss some of the results
that were similar in most of the studied
cases. First, some qualitative results are
presented which describe the wave patterns
of the flow of water on deck. Second,
quantitative and qualitative results are
presented which show the magnitude of the
forces and moments that the sloshing of
water produces.
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rhan the magnitude of the buoyant part of
the wave exciting moment. This presents an
additional forcing function that acts on
the vessel at all times and should be taken
into account when the equation of motion is
solved.

in the positive direction, while the
opposite is true when moving in the nega-
tive direction. Figure 9 shows the quan-
titative effect of the roll axis location
on the induced rolling monient for 10
percent fill depth. It appears that such
behavior is expected because of reinforce-
ment of the effects of a "forced" surface
wave and a free wave, i . e . , a bore, when
moving further below the undisturbed free
surface. When moving in the opposite
direction the effects of the two waves
oppose one another, resulting in a reduc-
tion of the sloshing loads.

The situation described above becomes
particularly dangerous in real world
conditions because the center of motion for
fishing vessels is located below the free
surface of the water on deck.

EFFECT OF LOCWION OF ROLL F^IS

Figure 7. UOD Induced Forces and Moments
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Figure 8. Wave Exciting (buoyant part)
and Sloshing Moments.

Effect of Location of. Center of Rotation

Faltinsen [7], using two dimensional deep
water sloshing and assuming small roll
motion, concluded that the severity of the
sloshing increases as the location of the
center of rotation moves further below the
undisturbed free surface.

Similar parametric studies were
performed to evaluate the severity of
sloshing loads for shallow water depths. A
vessel was given a roll excitation of 0.10
radians amplitude and the location of the
roll axis was varying from positive values
(below the undisturbed free surface) to
negative values (over the free surface).
The severity of sloshing was examined using
the magnitude of the resulting sloshing
rolling moment at the center of motion.

Qualitatively, the results agreed with
Faltinsen's conclusions. Larger moments
were registered as the distance increased

0 2 0 0 O S

LOCRTIOM ROLL FIXIS/BEfTI

Figure 9. Effect of Roll Axis Location on
Sloshing Rolling Moment.

CONCLUSIONS

This study suggests a methodology for the
solution of the problem o£ the three
dimensional flow of shallow water sloshing
on the deck of a vessel or in tanks, and
the calculation of the resulting forces and
moments due to sloshing. Conclusions are
summarized as follows:

1) The numerical scheme based on the random
choice method provides a satisfactory
tool for the calculation of the flow of
the shallow water on deck sloshing
problem. Complex flow patterns con-
sisting of oblique bores, "swirling"
motions, and dry bed conditions are
handled without any difficulties.

2) Forces and moments due to sloshing are
of significant magnitude when compared
with the "wave exciting" forcing func-
tions - They should be taken into
account when the equation of motion of
the vessel response is solved.

3) The suggested methodology produces
results in an accurate manner for a
broad range of initial conditions,
excitation amplitudes and frequencies.
The calculation of forces and moments
due to sloshing at the center of gravity
can assist the designer, in stability,
structural and dynamical analysis
studies.
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(1,36) Time ' 5.053 sec. (60,36)
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( 1 . 1 ) X DIRECTION (60,1)
Roll " -O.H61 rad, Pitch - 0-1218 rad

(60,1)Figure 6. Velocity Vector Field and Wave Displacement.

Typical dimensions and input data are
presented in Table 2. No water is allowed
to escape from the deck or to be added on
the deck. The vessel sits in the upright
position at time t = 0.0. The flow field
and the wave elevation are shown in the
sequence of pictures in Figure 6. As the
motion begins water runs smoothly from one
corner of the diagonal to the corner
across. The flow field appears as if a
source is created at one corner and a sink
at the corner where the water is accumu-
lating. As the motion continues the
profile of the wave surface steepens and
after a finite time a sharp wave profile is
created- The wave is oriented obliquely to
the physical grid. Reflections from the
walls result in secondary waves that travel
on the deck. Local effects create a
rotating flow pattern, especially around
the corners. Water jets are formed that
run around the circumference of the deck in
a "swirling" motion. The interaction of
"forced" surface waves and free waves Is
very clear during some instances. Large
accumulations of water are occurring at the
corners, while parts of the deck become
almost dry.

Forces and moments are calculated
about the center of gravity of the vessel.
Forces and moments as a function of time
are shown in Figure 7. The rolling moment
and the roll displacement are not in phase
for this particular example. However, in
other cases they were in phase. The
sloshing rolling moment approaches steady
state after one excitation cycle on the
average.

Forces and moments induced by sloshing
are of significant magnitude, when compared
with the buoyant part of the wave exciting
roll moment, for unresisting harmonic
rolling motion, (Principles of Naval
Architecture, pp. 672-673 [21]. The
buoyant part of the wave exciting moment in
roll is given by:

M,. - A*GM*2*Tr*(Ja / Î )*sinĉ t

T a b l e 2.
D i m e n s i o n s and I n p u t Data

L e n g t h O v e r a l l : 30-480 m. (100.000 f t - )
Beam: 9.144 m - ( 30.000 f t . i
D r a f t : • 3.048 m. ( 10.000 f t . )
D e p t h : 4 .267 m. ( 14.000 f t . )
K G - 3.658 m. ( 12.000 f t . )
G H : 1-219 Hi. ( 4 .000 f t . )
Deck Leng th : 15.240 m - ( 50.000 f t . )
D i s p l a c e m e n t : 304.810 m t o n s ( 3 0 0 . 0 0 0 ! tons )
U n d i s t u r b e d WOD Depth: 0.305 m. ( 1.000 f t . )
M O D Dep th /Beam R a t i o : 0 -033
U O D W e i g h t / D i s p l a c e m e n t : 0.139
N a t u r a l S losh P e r . ( 1 s t ) 10.598 sec. ( 10.598 sec. )
R o l l A m p l i t u d e : 0 .175 rad- [ 10.000 deg . )
R o l l P e r i o d : 7 . 0 0 0 sec. ( 7 , 0 0 0 sec. i
P i t c h A m p l i t u d e : 0.122 rad. ( 4 .000 deg. )
P i t c h P e r i o d : 4 .000 sec. ( 4 .000 sec. )
Cen te r of M o t i o n

( b e l o w d e c k ) : 0 . 6 0 9 m . ( 7.. 000 f t - )
W a v e A m p l i t u d e : 1 . 5 2 4 m . [ 5 . 0 0 0 f t - )
W a v e P e r i o d : 5 - 0 0 0 sec. ( 6 .000 sec, )
Wave L e n g t h : 76 .200 m - ( 2 5 0 . 0 0 0 f t . )
N u m b e r of C e l l s : 60 x 36
S w e e p i n g Mode : X - V
T i m e Step ( D t i n i t i a l ) : 0 . 0 7 9 sec.
R a n d o m Number Sequences : ( S , 3 ) ( 5 , 3 )

where: A = displacement
GM = metacentric height
ja = wave amplitude
L̂  = wave length
ŷ , = wave frequency

Figure 8 shows the buoyant part of the
wave exciting rolling moment, the sloshing
induced rolling moment and the roll dis-
placement as a function of time. As may be
seen the magnitude of the sloshing moment
is significantly larger than that of
buoyant part of the wave exciting moment
and they are in-phase. However, they are
out of phase with the roll displacement.
The phase difference is about 70-80 de-
grees . In other examples the moments and
the roll displacement were in phase. This
is a dangerous situation when it occurs in
real world operations. The net sum of the
magnitudes of the two moments is greater
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FURTHER RESEARCH

There is considerable room for further
st^idy in the area of water sloshing on the
deck of an oscillating vessel. Some
possibilities of extension of the present
work,are as follows:

subtraction of water onto and off the
deck will idealize better real world
conditions in applications where the
combined responses of a vessel with
water on deck are to be determined.

1) Combination of the numerical algorithm 3) The numerical scheme developed in this
for the flow of water on deck with a study can be used with minor modifi-
solver of the equation of motion of a cations in problems of flows of liquids
vessel is a logical extension of the in tanks with fill depth ratios less
present research, than 20 percent, to calculate sloshing

loads on supporting structural elements
2) Time variation of flow with addition and of the container.
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PROBLEM OF THE STABILITY CONTROL
OF TRANSPORT SHIPS IN OPERATIC]?

Lipis V.B.*, Salov V.Y.**

SUMMARY
Ways to achieve a more reli-

able control of ships' actual sta-
bility in operation are discussed.
An analysis of the calculation
method errors is made based on the
full-scale trial results. Proposals
aimed at a "better quality of actual
stability definition are given in
order to standardize the require-
ments for reliability of stability
evaluation.

1. INTRODUCTION
The requirements of national

and international stability stan-
dards allow to provide a high level
of structural safety of transport
ships in their design and construc-
tion 1 . At the same time, any
ship optimally designed and having
sufficient stability can be brought
*bo a dangerous inclination or even
to capasizing if her crew does not
take necessary measures for stabi-
lity control and maintaining when
loading in harbour or operating at
sea. This is clearly demonstrated
by casualty statistics. Every year,
15 to 20 ships of total capacity of
up to 100,000 grt are lost v/orld-
wide beoons of a capsize.

Of course, our knowledge of
the intricate mechanism of the wind

* Head of Departament
** Research Scientist
Central Marine Research and Design
Institute
Krasnoy konnitsy sir.6
Leningrad, USSR

and waves action on ships should be
updated to improve the stability
standard criteria; however, it is
known that the main cause of acci-
dents for today (more than 70 per-
cent of all disasters) is insuffi-
cient information and improper ac-
tions of sailors. The situations
seems absurd in the context of to-
day's development of shipboard dia-
gnostics and automation equipment.
employing this equipment in stabi-
lity control seems one of the pri-
mary steps towards accident-free
shipping.

2. METHODS OP SHIP STABILITY
CONTROL IN OPERATION

Pig.1 is scheme endeavoring to
show, without any pretence to comp-
leteness, the long history of the
ship stability control problem, the
principal methods, and the variety
of proposals [2j , [3] • The quali-
ty of control using this or that
method is defined fey sufficient ac-
curacy of the values obtained for
the ship stability parameters and
trim under actual operating condi-
tions.

2.1. Calculation method
The basis for any methods of

calculated ship stability control
in operation is the designer's do-
cumentation forming 'The Informa-
tion on Ship Stability for the Mas-
ter*. The Information' serves to
define the stability characteris-
tics in typical and unspecified
cases of ship loading based on the
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data of masses and. static moments
for the deadweight components with
regard to the influence of liquid
cargo free surfaces.

In design calculations for
hypothetical typical cases of ship
loading and present values of mass
and of light ship center of gravi-
ty coordinates, the standard error
of metacentric height calculation
with a 99.95S confidence does not
exceed 2 or 3% [4] , [5] . It can
be said that the same accuracy is
achieved in the preparation of a
preliminary Cargo Plan which is
presently supplied by the shore
service to all ships prior to load-
ing in harbour.

The calculated ship stability
control when drawing up the execu-
tive Cargo Plan for the moment of
termination of loading, when check-
ing the worst possible case in a
voyage, when taking measures to
provide a stability margin, and in
other practical cases is carried
out by the Navigation Officer for
particular non-typical loading ca-
ses. Of course, in doing so, the
specified accuracy of design cal-
culations cannot be provided.

As is well known from prac-
tice, the actual weights of many
categories of cargo including con-
tainers may differ significantly
from those specified in the docu-
mentation. Our investigations made
on modem container-carrying tran-
sport ships have shown that the
average error in the weight of one
standard container may be about
2 tons. She actual weight was de-
fined either by variation in the
total displacement mass of cargo
or, in some oases, by weighting
the containers. Table 1 presents,
for demonstration purposes, the
data for one voyage of a ship of
'Khudoahnik Saryan' type.

TABLE 1
Containers weight errors

during the woyadje
Uamber of
conteiners
loading in
the port

84
99
44
47
88

280
65

105
32

109
46

134

Total cargo
data errors
in conosa-
ment (t)

88
-13

91
142
99

-414
-103
-120
-213
-104

91
-271

One c
ner v>
err ox

1
-0

2
3
1

-1
-1
-1
-6
-0

1
-2

•——,-,„,

3ontai-
'eight
" (t)

05
13
07
02
13
48
58
14
66
95
98
02

When 3 or 4 tiers of containers are
carried on deck and the weight er-
rors of all containers loaded are
of the same sign, maximum errors in
metacentric height (h) are on the
average 25 to 35 percent (in some
cases, up to 100-120̂ ).

Important is also the error of
the basic data on the cargo center
of gravity coordinates. According
to navigators' estimates the error
in the definition of center of gra-
vity heights is 0.2 to 0.5 m. The
container certificate documentation
does not specify the center of gra-
vity, and in calculations, the cen-
ter of volume coordinates are usu-
ally introduced.

.Errors in the amount of bal-
last also contribute. These errors
in tank level measuring by sounding
rod are 3 to 4 percent"and result
in maximum errors in the metacent-
ric height calculations of about
0.04 to 0.05 m.

Pig.2 shows a direct compari-
son of actual values h measured on
ships and calculated h- based oncthe results of observations on 12
ships. It is evident that the cal-
culation method of stability cont-
rol does not satisfy with permis-
sible parameters and therefore can-
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not always guarantee safety of na-
vigation.

With this in mind, shipmasters
either have to take unjustified
risks or to provide higher stabili-
ty margins which generally leads to
excess ship ballasting, underload-
ing and increased fuel consumption.

Automation of calculation,
i.e. the use of personal computers
and specializing computing instru-
ments, facilitates navigation offi-
cers' work, reduces time and de-
creases the probability of coarse
errors in computations but does not
permit to increase accuracy of sta-
bility control. This can be solved
by transition to diagnosis of actu-
al stability characteristics using
instrument measurements.

2.2. IHSTRU]™TAL/CALCULATIO?T
METHOD

The problem of instrument/cal-
culation stability control compris-
es two principal tasks:

" ship stability control at
the berth or in the outer,roads,

- ship stability control at
sea.

Let us dwell on the first task
the solution of which is based on
the operational heeling method.

The definition of stability on
the basis of an operational heeling
experiment assumes the possibility
to create a moment to heel the ship
to an angle down to 3°» and control
of ship displacement, heeling angle
increment, and heeling moment valu-
es. The displacement D is defined
by the draft measurement results.
The value of h is calculated, using
the metacentric formula.

The method is rather widely
used on ships carrying deck cargo.
Moat container ship a and Ro-Ro ships
have graduated tanks and level in-
clinometers specially designed for
such experiments. The accuracy of

heeling moment definition at the
design calculation leval is reached
by checking the liquid ballast
pressing into a gage tank. Of con-
siderable importance for the quali-
ty of experiment is the use of
pumps having sufficient capacity
to make the required number of in-
clinations within a limited time*
On ships with special inclination
equipment, it is possible to make
up to 4-5 inclinations in 1 hour,
while on ships without such equip-
ment one inclination can only be
made in 0.5 to 1.5 hours. In the
latter case it is difficult to en-
sure high quality measurements and
stable external conditions.

Pig.3 shows the block diagram
of an automated trim and stability
control system using the instru-
ment/calculation method and the
operational heeling principle.

For an ideal system with Klim-
mchen-type tanks the error of mea-
surement of stability factor B̂  is
determined by the error of measure-
ment of heeling angle 6. If, for
example, an r.m.s. error (D̂ ) ==
= (3+5)̂  is preset, and the incli-
nation is for -0- = 1°, the heel-
ing angle must then be measured
with an absolute error at the level
of 0.01°-0.02°.

Thus, the requirements for
measurement accuracy of the sensors
comprised in the system follow
from the evaluation of the operati-
onal inclination quality and the
standards of permissible errors
for D and h.
3. EVALUATION OF QUALITY OP SHIP
STABILITY CONTROL Iff OPERATION

Methodically, the requiremants
for an operational inclination ex-
periment are similar to those adop-
ted for shipyard heeling experi-
ments at ships* deliveries. Maxi-
mum permissibis error must be
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established to eliminate faults at
perticular measurements and to li-
mit cumulative probable error in
Retaining the maximum permissible
errors as in a shipyard experiment
one cannot obtain the same reliabi-
lity level of stability control for
operational heeling experiment.
nevertheless, the results of the
shipyard heeling experiment are
usrd in stability calculations in
each of the hundreds of voyages of
this and the next 4 ships in the
series throughout their service
life; while the result of an opera-
tional heeling experiment is need-
ed only to define h in a single
particular voyage. It is evident
that the requirements for the re-
liability of this latter result may
be not so high as former one.

The probable error of the in-
clination experiment is set accord-
ing to the relationship

1/2 (D
where
B = standard by a confidence in-

terval,
oC == confidence probability /re-

liability/,
T, - safety factor at the confi-

dence probability and the
number of measurements n,

^1= r.m.s. deviation from theh mean value h^,
6h-(n-1̂ -2(h,-hK)2 (2)

(3)

where h. is ths value of h in the
i-th dimension.

According to the USSR Register
for a shipyard heeling experiment

[1] , [6] .

B-6-Cl+h, ) , 6 = 0 . 0 2
at h.^ 2.0 m

K

The values of T^n are assumed
according to Student's distribution,
for a high set confidence d = 0.999
at a limited number of inclinations
U> 8.

A question arises as applied
to operational heeling experiments:
how will the set values of Ĉ  and
Toi-n ô â ge ±^ t^® saKie regulatory
value (4) and estimates atH < Q
are considered. The answer can be
obtained on the basis of a statis-
tical analysis of experiment resulbs
on ships in operational voyages.
Such experiments were made on six
transport vessels [7] .

Employed in the analysis were
the results of 27 experiments made
at metacentric heights of 0.2 m to
2.0 m, at the berth or in the roads
lead, at wind velocities up to 5
m/s and sea states up to 3. Incli-
nations as such took about 100
hours disregarding the time used
for preliminary operations. Both
standard shipboard equipment and
special instruments (Amayev's re-
cording inclinometer, SAMS system
sensors etc.) were used for measu-
rements.

The measurements were made
with. the following limit errors:

" for ship draft: ̂  0,02 m
(up to W

- for heeling angle increments:
^ 0.04° (up to 1.5̂ )

- for heeling moment: _f 5 t
(up to ̂  3̂ ).

The number of inclinations n
in some heeling experiments varied"
from 3 to 17. The distribution of
the number of inclinations M as re-
lated to the n is given in the
Table 2.

TABLE 2

n

H

3

27

4

23

5

19

6

18

7

16

8

16
(4)
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Statistical relationships
o(=^(n) and ^oi^fM were defi-
ned based on relationship (1),
standard value ( 4 ) » experimental
estimates for (OL and confidence
probability by Student's law.

Pig.4 shows the results for
an average value of o^ and the
corresponding confidence interval
of 95%. With decreasing number of
experiments n the confidence of
definition h naturally decreases.
It is significant that no conside-
rable difference is obtained in the
estimated mean values of safety
factor T^/n^ at various H < 8.
These results are presented in
Table 3 with corresponding stan-
dard errors (in %) E^^/Ot^
and 6-6-r/T, the confi-•T ^r' ^nK'1 '
dence probabilities of which are
known to be about 75%*

TABLE 3
Mean value and standard errors

of reliability and safety
factor for various "fl < Q

n

3
4
5
6
7
8

0
0
0
0
0
0

oC

^K
87
92
96
97
98
99

S
1
1
0
0
0
0

at °/0

45
00
43
38
22
12

To.

TixnK
4,79
4,75
4,50
4,70
4.80
5,24

n

^
11

9
5
5
5
5

%

4
5
5
6
5
7

As can be seen from Pig.4 and
Table 3» the empirical results
have a proper trend to an asympto-
tic transition to the high level
of o( > 0,99 at n ̂  8. which is
foreseen in the USSR Register Ru-
les for shipyard heeling experi-
ments (T̂ n = 5.4 at n == 8 and.
OC - 0.999).

Proceeding to equally accurate
evaluation of reliability of opera-
tional heeling experiments at dif-
fering number of fl < 8 one should
bear it in mind that three inclina-
tions to an angle down to 3°, on

transport ships equipped with sta-
bility control facilities, take
about one hour. Therefore, quided
by the experimentally obtained le-
vel cL ̂  0.85 for R = 3, let us
compare the values of T^n for
OL == 0.85 at all n< 8, and empi-
rical estimete of Tc(n at variable
Oi along the lower border of the
95% - confidence interval. The re-
sults are given in Pig. 5. It can be
seen that when setting Tan ^y 1;̂ G

constant value of oL » 0.85 with
increasing n > 3, there is an ac-
tual safety factor for measurements
of 17% (at H = 4) to 80% (ain= 7).

For specified conditions of
d = 0.85 == const with the factor
0 CT 0.02 value (4) and ĥ , in the

range of 0.2 to 1.0 m, the permis-
sible values of standard error & h
for \ are of the order of 2% to 7%
at H " 3 to 8, being slightly de-
pendent on fl for H>6 (see Pig.
6). These conditions of standard
setting actually will not change
if we adopt a more convenient stan-
dard combining 0(. ===0.90 and 0 »
= 0.025 (lines 1 and 2 in Pig.6 can
be compared). Pig.6 shows also stan-
dard errors for shipyard inclinati-
on experiments, i.e. at o( ss 0.999,
0 = 0.02, and fl^ 8. It seems lo-
gical that permissible values of
standard error in this case are
considerably lower and do not ex-
ceed 3%.

As to the elimination of
faults in particular measurements,
a differentiatsd approach based on
the estimates employing well-known
criteria of Chauvin, Roraanovsky
and others can be applied to expe-
rimental result processing with va-
rious H< 8. However, the analysis
allows to adopt a single standard
at the level of two standard devia-
tions from the mean (with a W/a
confidence according to the normal
law of distribution).
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Thus, for actual conditions of
operational heeling of transport
ships the result of metacentrio
height definition may be considered
satisfactory when the following re-
quirements are met;

- for each observation with a
result for h^;

Mlth^h,l<2[5:(h,-h^/(n-1)] (5)
Measurements that do not meet

this condition must "be excluded
from processing.

- for a probable experimental
error:

TrtJ2(h,-h^n(n-l)fto,(Wh)(6)
at

The factor T̂ n ls assumed as.
a function of n according to Stu-
dent's law of distribution withia
90% confidence (Table 4).

TABLE 4

n

T«n

3

2.92

4

2,35

5

2,13

6

2.02

7

1,94

8

1,90

The total number of satisfac-
tory inclinations must be not less
than 3.

4. CONCLUDING RMARKS
On the basis of the foregoing

the following remarks could be made.
The analysis of ship stability

definition methods under operatio-
nal conditions shows the necessity
to apply modern automated instru-
ment means of diagnostics of actual
characteristics.

Experimental research carried
out onboard allowed to provide sta-
tistical evaluation of the quality
of stability control using the ope-
rational heeling method and to put
forward the requirements ensuring
sufficient accuracy of actual sta-
bility control system has confirmed
the feasibility to use the proposed
standards as a basis for require-

ments for such systems to be set by
the USSR Register.

As automated ship stability
control systems are being construc-
ted in many countries and their use
on ships becomes more and more wide-
spread, it seems advisable also to
prepare and approve international
recommendarions aimed at the impro-
vement of operational heeling qua-
lity.
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Pig. 2. Comparison of means andcalculated values of n

tXl————————)————————)————————|————————|———————j

' 5 4 5 6 7 6—"n
Fig1.4. Experimental value of oC

Pig. 3. Scheme of system for automated monitoring of stability and trim

5.0 r experiment
oc^var .

^ ^0,85 | ra

-const ^

1.5

Pig.5. Safety factor forvarious reliability
Pig.6. Standard error of hfor heeling experiment
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STABILITY O? SHIP'S ROLLING IN WAVBS

V.A.Nekrasov

This paper is devoted to a determination of the characteristics of nonlinear
large amplitude ship motions in a regular wave by the method of moments. It
is shown that the autocorrelation moments represent amplitude oharaoteristios
of the motions and the joint moments represent phase correlations between
displacements and velocities of a ship and analogous oharaoteristios of a
wave surface. Therefore, a sufficiently complete description of the nonlinear
interaction between the ship and the progressive wave was obtained by this
method. The equations of moments were formed on the basis of nonlinear motion
equations and the solution of moment equations for the stationary state ship
mot ion was obtained by me thods of noniinaer programming. A stab ility
investigation of this solution has been carried out by the method of small
additional perturbations. The proposed method of moment stability
investigation gives a possibility to find the mechanism of a ship motion
stoohasticity which is formed due to instability of joint moments. Such type
of instability breaks the phase synchronism between oscillations of the ship
and oscillations of the wave surface which results in capsizing or in
irregular motion of the ship.

INTRODUCTION

A method of statistical moments
[ Ref.1 ] is the most widespread
investigation method of a nonlinear
lateral ship motion in rough seas.

Applying assumptions of a theory
of muitioomponent Markovian pro-
cesses to this method allows not
only to determine the probability
characteristics of essentially non-
linear ship motion but to carry out
the eventual stability investigation
which is a useful instrument for
predicting ship's capsizing in
irregular waves.

When breadths of spectra dis-
turbances acting on the ship tend

Professor, Shipbuilding Department,
Nikolayev Shipbuilding Institute,
Nikolayev, U.S.S.R.

to zero. the method of statistical
moments transforms into the method
of deterministic moments and re-
sults in the phenomena which are
observed under a nonlinear motion
of ship in regular wave.

The paper comprises composition
of the mentioned above limit case
and its application to the investi-
gation of a ship motion and stabi-
lity of motion in regular wave.

EQUATIONS OF MOTION

Let's consider a ship exposed
to action of a constant wind and
regular wave. The acting distur-
bances are denoted by A - U " ) ancL

by Y^C0)" displacements and. velo-
sities of induced ship motion.
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Let's assume that such ' motion
describes a solution of the nonli-
near differential equations

The central moments of second and
higher orders are determined asw cv00 Fcy^" ! 2 -2., -°^' -L0^; j *^

C^Y) (x) (Y)= o/. -ex.. a. '
where J{ (t) is _fch.e acting disturban-
ces vector and. ¥(0) is the vector of
ship motion processes. We also
assume that right hand sides of the
system of equations (1) are formed
by polinomials of variables X. and

^

Y, and that these variables are
presented as follows

x.^-x,^^^).
W-W)^\

(2)

where A, and Y^ are average values
«

of acting disturbances and ship mo-
tions processes accordingly, X, and
'"'7"V ̂  are their pulsatory components
which will be considered, as the
periodical functions of a time-

EQUATIONS OF MOTION

CHARACTERISTICS

Taking into account a perio-
dicity of the considered processes
we introduce a well-known operator
of averaging [ -Ref.2 3

&'3T

^[.J^S^.]^- ^
0

This operator is used. in determina-
tion of the initial first oder moments

Cv)

the initial second Oder moments

^MJx^n.
^M^CDL

^MJX^Y^L
etc.

We shall further assume that a
noticeable change of the moment can
occur in time intervals which are
longer than the period of averag-
ing.We shall also consider a system
of equations of the first and. se-
cond moments only.The system of the
first moment equations is composed
by applying the operator (3) to the
equations of a ship motion (1). The
determination of the second mo-
ment equations can be carried out
in a usual way. It is necessary to
multiply equation (1) by YK.(I)
in success ion and then to use
the operation of averaging (3).

The equations of ship motion
(1) are nonlinear equal ions-
Therefore, obtained equations of
moments comprise not only moments
of first and second orders- Thus,
the system of equations of moments
is not closed.For closing it or for
establishing an agreement between
the number of the moments to search
and the number of equations of a
system,the moments of higher orders
are expresed through moments of the
first and second, orders with help
correlations existing for the pe-
riodical functions. In general the
solution of this problem is a bulky
task. However, the forces acting on
the ship due to the incident
regular wave are almost harmonical
functions of the time and the pro-
cesses of a ship motion are almost
harmonical functions also. There-
fore, defining them in the first
approach can be executed as follows

X/tM̂ ^ cp^);
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Y^A^cosC^^).
This simplified solution allows to
use the formylas

M^z3]-^3^^, ;

M^]-<.6(^|^;

Thus, it gives us the possibility to
close the system of equations for
the moments of the first and second
orders. After the closure, the sys-
tem of equations for characteristics
of the processes of external distur-
banses and the ship motion is writ-
ten as

dp6^ F- /— -^ _ i \-^-a^^l^
_a^2. /^ f^ -* 1 \

"^-''U^C^i^s.^J-

An investigation of the stati-
onary state of a ship motion is a
problem of practical impotanoe. For
the stationary motion of a ship the
left hand sides of the system of
equations (4) are equal to nought
and this syst em of noni inear
differential equations is transfor-
med into the following system of
nonlinear algebraic equations

(55

A solution of the system of nonli-
near algebraic equations of moments
(5) is obtained by the methods of
nonlinear programming most effici-
ently [Ref.3]-

INVESTIGATION OF STABILITY

Let's assume that an equilib-
rium position of the ship in a calm
water appeared to be a stable equi-
librium position and the ship had

(4)

some dynamic stability which was
defined by an area of the righting
moment curve. Let's also assume
that the weak wind-wave forces were
acting on the ship and that after
some time the unsteady characteris-
tics of a ship motion were becoming
steady-state characteristics.
Therefore, vectors o^^ and
—*- (o\p^ define the set of real roots
(solutions) of the equations (5)
which were composed for the moments
of the considered weak conditions
of the wind-wave action and the
ship motion. Let's introduce the
additional perturbations into these
oondi t ions making the increments
Zio<̂  and A ̂2. ̂° ̂ he moments ̂  and
P^ . A system of equations for
the additional perturbations is
represented as
dAo^ 5Q^
ctt 806^

dApz 30^
dt 3o<-i

•/\<y' + aa1
^-S -T,coi a^

.Ao^ 9Q^^""l 1co) 3^

•Apz.,
^ (6)

• A ^ .
Co) L

According to the theory of
A.M.Lyapunov [Ret.4] there are -the
following theorems:
1. The steady-state ship motion

defined by a set of real roots o<̂
and Mg. of the equations (5) is
asymptotic stable if the roots of
characteristic equation correspon-
ding to the system of equations for
the additional perturbations (6)
have the negative real parts-
2. The steady-state ship's motion

will be unstable if a root with po-
sitive real part will be found
among the roots of the characteris-
tic equation.
The criteria of Routh-Hurwitz are
the criteria of negativity of the
real parts of characteristic roots.
For finding them let*s consider a
square matrix of the first partial
derivatives with respect to 0̂ 1 and.
Hz. of the right hand sides of the
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equations for moments (5) , i.e. -
a square matrix of the coefficients
of the system (6)

3GL;A =
(7)

where J\f is a summarized number of
the equations of moments of the
first and- second orders. A charac-
teristic matrix B corresponding
the square matrix A is written as

B - A - ^ E ,
where tr is unit matrix. The de-
terminant of characteristics matrix
•B is a well-known characteristic

polynomial

'vAf-l-,,A ^^a^,

in which the coefficients CL^ are
expressed by the elements of the A
matrix as

a^C-i^S,,
where S ̂  is a sum of the principal
minors of the k~th order of the A
matrix. In particular

c^-lA^,-^-,.,-^, (8)

where A, , i=1,2,3, • - • *N, are roots
of the characteristic equation

fW=o.
Hurwitz matrix is defined on the
basis of the characteristic polyno-
mial [Ref.7] then we make the prin-
cipal minors

A-a,,... ; .N ^JV-i i

and Hurvita criteria are written in
the terms

A,>0, j-i,2^,^.

The right hand s ide of the
equations for the moments (45 are

(9)

onlinear functions of Ĉ , and
P 2_ . Therefore, a gradual in-

crease of the external constantly-
acting disturbances ( wind and
waves ) results in the transforma-
tion of the A matrix and this
matrix is becoming a function of
the variables 06̂  and (M̂  . This is
resulted in a change of the charac-
teristic roots. Let's assume that
all roots of characteristic equa-
tion for the equilibrium position
of a ship had negative real parts.
Then,after the slow intensification
of the wind and wave, we can expect
that real part of any root is ma-
de positive. Thus, boundary of sta-
bility domain for dynamical systems
with full dissipation, i.e. for
the floating body, is determined by
following conditions
A,>0;A,>0;,,,;Â >0,Â O. ̂
According to the equality (8) we
have

\M-o• l (ID
on the boundary of stability.

An addition of the equation
(1) to the system of equations for
moments (5) and the solution of
them determine the boundary of sta-
bility in a space of ship's motion
characteristics and the correspond-
ing boundary of wind-wave actions
endured by the ship in the space of
the parameters of the constantly-
acting disturbances.

Is a very slow transition of
obtained boundary of stability con-
nected with capsizing of ship al-
ways ? A loss of stability in this
case occurs in result of an occu-
rence of small declination of the
characteristics of external forces
and a ship motion from their finite
values determined by the stability
boundary. Therefore, the following
course of the events is defined by
the tendency of the induced unsteady
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process:
- if in tlie domain of admissible

dynamic states of a ship the at-
tractive centre exists, the ship
goes over to the osciiations about
this centre;
- if attractive centre is the

overkeel equilibrium position, the
ship capsizes;

These types of instability ac-
company a change of the energetic
level of the ship position and usu-
ally are connected with the loss of
stability of the autocorrelation mo-
ments by means of which are express-
ed the energetic characteristics of
a ship motion.

A loss of the joint moments sta-
bility, especially the moments of a
tie between the oscillations of the
ship and the oscillations of the wa-
ter surface, results in the breach
of the joint dependence of the con-
sidered processes, i.e. to the
breach of the phase synchronism es-
tablished between them, and during
the initial time periods is accompa-
nied with stoohastioity of the ship
motion. This phenomenon can be con-
tinued infinitely long if in the
worst case in which the ship and the
wave encounter with opposite phases,
an energetical level of the induced
unsteady-state process will be below
the critical level-

The main role in the theoreti-
cal discovery and. description of the
pointed out phenomena belongs to the
mathematical models of the nonlinear
ship motion.

STABILITY OF SHIP'S ROLLING
IN THE LONG REGULAR WAVE

In making the equations of the
ship's motion we use the principle
of the acting forces representation
by the Taylor series expansion in
powers of the displacements, veloci-

ties and accelerations of the water
surface and the ship in the neigh-
bourhood of equilibrium position
in still water. Let's introduce ad-
ditionally an assumption about long
periodicity of the ship rolling, i.
e. consider the ship motions In the
long waves into the domain of the
low-frequency main resonance. Let us
also note that in such domain of
frequencies sway and heave motions
have weak influence on the roll mo-
tion.

Retaining the small quantities
of the first and second orders, we
shall have

+•

mae

+

(12)
where

=e-ki^se^ k=s/9.
In the equation (12) the first

summand of the exciting moment
represents the constant component
of a heeling moment, the second, mem-
ber is formed by the usual transi-
tion to the relative variables,
the third member due to the additi-
onal changeability of the wet sur-
face of a ship hull, the fourth mem-
ber due to the vertical component
of a wave current and the fifth
member is the estimation of the
moment of a wave drift.

Tor the presentation of the
restoring moment, we have used. the
simplest approximation

Dl^)»D[U-+M3],
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for the processes of acting excita-
tions we have

X, -M^,
i~v

X^-^^-rS.UL^t .

X^i)-^)-^^;

X/ i ) -X , -X-o ,

1- -n- i A' g^^ -^A^reos^ ;

_ _ J ^ ]

I)^B=6I}hB=-^I)nB•

"^^^'e'-^^-1'51'11'^'
and for the processes of a ship
motion

Y,aMm;

Taking into aocount the proxi-
mity of this periodical functions to
the harmonic functions, assume

YC^A^sln(€?t4(^)-hm^ •,

Y^^A^os^i+c^y

The application of the-operator
(3) to the functions representing
acting excitations we can receive
the moments of the first order

m. = 0,
^Ro •>

and the central moments of the
second order

^B^ -D^.B^.B=r)'•; '1

^B^-13^^"-61^ '
D

^.^B^lB^0'

D,; - l-VS ,

For the undetermined moments of
a ship motion we define respectively

r^=M,M;

m^ •=0;

i T. i n • -g2 .U^q

D i D, .=^A2 ,-9̂  "Q^ 1Ĵ  ~ 2 "•a- '
B^-MJ^^O.

These thirteen characteristics
of a ship motion are unknown in the
general oase- Together with the
known characteristics of the acting
exoi tat ions they were used for
forming the system of equations for
moments. The consequent analysis of
this system confirms that there are
four independent variables in the
approach considered. They are •pUo ,
D^ . D-5̂  and B^s^ .

For the obtained system of
nonlinear algebraic equations we
make an algorithm and corresponding
programme of computing the moments
by the methods of nonlinear pro-
gramming . The programme includes
subroutine of computing the matrix
of partial derivatives of the equa-
tions for moments and subroutine
computing the characteristic num-
bers determined, by the term (8)

The computation of the mo-
ment- and then amplitude- and phase
frequency characteristics of the
nonlinear roll motion of the ship
model, which was tested- by Wright
and Marshfield [Ref.8], has been
carry out. The corresponding cha-
racteristic numbers were also com-
puted and on this basis the domains
of instability are defined. The
results of this computations are
presented in Fig. 1-2 .
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An analysis of the obtained re-
sults points out that the main role
in forming the instability domain,
when the initial bias of a model
equals 6 towards incident wave, is
played by the moment of wave drift
forces. This analysis also points
out that the stability loss of the
joint moment D̂  , breaking the phase
synchronism between oscillaations of
a wave surface and roll motions of a
ship model,takes place together with
the stability loss of the autocorre-
lation moment ( of the amplitude ).
When the model has not initial bias
or has 6 bias away from the wave
influence, a stability loss of the
obtained solutions are not observed.

NOMENCLATURE

A - roll motion amplitude
0, - vertical distance between

center of gravity and center of
buoyancy

D - magnitude of buoyancy force
LL - central autocorrelation mo-

ment of wave surface oscilla-
tions

.Dsi - central autocorrelation mo-
ment of roll motion

B$ ~ central joint moment ofme
second order

Khn - metaoentric height
^ - mass moment inertia about

longitudial axis
\(vj - righting arm
MO - constant heeling moment
fTl̂  - average of roll motion
fTl/ - mass of ship
Y* - wave amplitude
^ - vertical displacement of wave

surface
Hn - horisontal displacement of

wave surface
6 - absolute angle of roll motion
-3' - relative angle of roll motion

- reduction coefficients
of wave-exoiting forces

<\^- linear damping coefficient

-̂M - nonlinear damping coefficient
^44 - added mass moment of inertia
G - wave frequency
(0 - phase lag between roll motion

and horisontal displacement of
wave surface
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Pî . 1 Amplitude-frequency characteristic of the model
tested by Wright and Marshfield. 6° bias away from

the wave influence
o o o - experiment; ——— - computed amplitudes;

-—--—-- - computed characteristic numbers of D{^ ;
-.—.- - computed characteristic numbers of D^tig •
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EXPERIMENTS INTO THE CAPSIZE OF SHIPS IN HEAD SEAS

R.K. BURCHER1 BSc(Eng)/ PhD, FEng, FRINA, RCKC

Abstract:

Following the loss of ships apparently due to unexpected capsize/
experiments have been conducted at UCL to try to reproduce the capsize of
a statically stable ship model. For a model heading into waves,
repeatable capsizes have been produced for a particular loading of the
model and length of wave. This paper reports the observations of these
experiments and discusses the possible causes.

1. INTRODUCTION

Though there are a considerable
number of theoretical analyses of
the problem of ships rolling in
waves, there are relatively few
model experiments from which to draw
evidence for the extreme rolling
behaviour of ships in waves.
Perhaps the best known are the San
Francisco Bay experiments by
Faulting (1) which did result in
capsizing and the investigations by
Morell (2) into the loss of the
GAUL. In both of these the ship
model was subjected to a scaled
representation of a rough sea. One
of the problems with this approach
is that even if capsizes do occur it
is difficult to reproduce the same
circumstances in order to
investigate the parameters involved
or check the effect of a change in
parameters.

The facilities available
limited the choice of experiment in

that the width of the tank

^SEL Professor of Submarine Design
University College London

constrained investigations on
reasonable size models to ahead or
astern wave encounters. It is
recognised that following and
quartering seas have their dangers.
Faulting's experiments showed that
as well as broaching/ the passage of
a wave along the ship could result
in the complete loss of roll
righting moment or the oscillatory
variation of righting moment due to
wave passage could result in
parametric resonance conditions
leading to capsize. It was reasoned
that for reasonably stiff ships the
encounter frequencies which would
result in parametric resonance could
occur with the vessel moving ahead
into waves. It was therefore
decided to explore this set of
circumstances as an initial search
for capsize.

2 . EXPERIMENT ARRANGEMENTS

The experiments were conducted in
the small towing tank installed at
UCL. This tank is 22m long, 1.4m
wide and a depth of water of 1.0m.
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The tank is equipped with an
overhead towing carriage and a flap
type wavemaker at one end. A
regular sine wave is produced with
quite small surface variations.

The models used were of about

1 metre length. The main model used
L

was of boat shaped form n 5 .9 ;

which approximated to the small

ship/trawler forms which seem most

at risk. The other model was of a

larger fast form which produced some

opportunity to compare overall

parameters. In its original form

this hull was vertical sided

amidships above the water-line. For

a series of tests this shape was

modified by the addition of a 15°

outward flare. Both models were

comple te ly unappended and
unpropelled.

It was necessary to constrain
the model. A single line forward
from the bow at the waterline and a
stern line resulted in the model
being constrained in heading and
surge. These constraints were of
some concern as they could have a
significant influence on the
results. However tests on several
variations led to the conclusion
that this constraint had little
influence on the outcome and
eventually a double line system was
adopted at either end, the lines
being taken out at 45° to provide
greater yaw and sway constraint.

Initially motions were
measured with a video camera set up
in line with the axis of the model
and with reference axis mounted in
the model and on the far mooring
post. Later a roll rate gyro was
installed which provided information
on the roll behaviour only. Finally

- -_.- ^ ^.^u^. -i-ucdry potentiometers
were set up on the carried with
light lines to the bow/ stern and
beam amidships.

3. TEST DESCRIPTIONS
An extensive series of tests were
conducted with the model in four
ballast conditions. The GM roll
period for each was carefully
measured and cross checked. It was
found that rolling was induced in
only a few of the conditions.

With the model at rest, moored
by the fore and aft wires - The wave
maker ^as started at a low frequency
which generated waves of small
amplitude. The model responded by
heaving and pitching as it followed
the waves with no evidence of roll.
The frequency of wave maker was
slowly increased. At first the
model continued to respond only in
heave and pitch but as the waves
shortened/ rolling of small
magnitude started to occur. This
appeared to be accompanied by some
yawing motion so that a corkscrew
motion was evident on the model. As
a wavelength near to the model
length was approached some
conditions gave rise to more
pronounced rolling with successive
rolls of larger amplitude.
Observation at the bow showed a
phase relationship in that the bow
was pitching down into the front of
the wave crest at the point of
maximum roll. This appeared to
generate a strong restoring moment
bringing the model upright and
across to the other side by which
time the model was again pitching
down into the front of next wave
crest. This process was repeated
over a few cycles by which time the
amplitude of roll was quite large.
The model at this stage appeared to
lose all of its roll stiffness and
rolled over. On some occasions the
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model had started to recover from a
large roll angle when it capsized.
This situation appeared to coincide

with the stern lifting clear of the

water as the model crested a wave
i.e. the wave crest was about three-
quarters of the way back along the
ship.

For each of the fou r
displacements rolling was seen to
occur when the natural roll period
was equal to the period of a wave
about the length of the ship/
however, the rolling did not develop

to large angles. Similarly,
conditions were found where some
rolling occurred at a roll period
equal to the period of a wave
slightly longer than the ship. The
most pronounced rolling and capsizes
occurred when the ship was ballasted
to a roll period twice the period of
a wave the length of the ship.

In the most interesting
experiment a capsize resulted after
only 3 cycles. This is shown in

Figure 1.

WAVE INPUT

PITCH MOTION

ROLL MOTION

FIGURE 1

It can be seen that the pitch motion
is regular and of the same frequency
as the waves. Heaving motion is

similar. The roll angle increases
on each successive swing until
capsize, and is at half the wave
frequency. The sway and yaw motions
were very small and irregular.

A study of the effects of
initial heel was conducted. In the
previous experiments the model had
been ballasted so that it was
upright within reasonable accuracy
in calm water prior to being
subjected to waves. The possibility
exists that the model required some
initial heel, introducing asymmetry,
in order to trigger the unstable
rolling that had been observed.

The model was ballasted in the
upright condition so that it had a

roll period of 1.82 seconds. Waves
were run past the model and it was
found that when the wave period was
0 . 9 6 seconds violent rolling
occurred resulting in capsize after
4 rolls. A small weight, 250 gms,
was moved across in the ballast box
to give a heel of 5° port and the
same waves passed the model. The
model was observed to oscillate
slightly about the 5° heel angle and
then rapidly developed large rolling
to both sides resulting in a capsize
to port. The same result was
obtained with an initial heel to
starboard. A further shift of the

weight was made to give 10° port
heel. When the waves passed the
model, the hull was observed to
oscillate about 5° either side of
the 10° static condition. On some
occasions no further build up of
rolling took place. On others the
model appeared to initiate the
unstable condition itself. It was
observed that for capsize to occur
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the model had to pass through the
upright condition and develop
rolling to both Port and Starboard.

In a second series, the
capsize tests were repeated with a
narrow beam hull. The model was
quite positively stable in calm
water and had an angle of vanishing
stability of about 75-80°. The
natural roll period and wave period
were varied about the 2:1 ratio. It
was found that rolling occurred when
the 2:1 ratio was achieved over a
narrow band of wave lengths with the
most violent occurring when the wave
length was 1.16 x Ship Length. In

this condition the roll motion had
an amplitude of 70° approaching the
vanishing angle of stability. On
either side of this frequency,
rolling was observed of smaller
amplitudes and with a beat
characteristic, roll building up as
though about to capsize and then
subsiding.

Following the ideas presented
in an earlier paper (3) , the hull
form was modified by the addition of
15° to flare above the design water
line. Calculations of this form
showed that the variation of GM in
waves was altered. For the original
model a wave crest amidships lowered
the calm water GM whereas a trough
amidship increased it. For the
modified model both crest and trough
positions slightly raised the calm
water GM. This time there was still
some induced rolling; in the
condition which had previously
resulted in violent rolling near to
capsize, the model exhibited the
largest rolling but it was limited
to a maximum of 20°. This appears
to confirm that a hull form which
reduces variation of GM in waves is
less subject to this form of induced
rolling.

The double wire mooring system
was adapted for a carriage system
with lines out at 45° both port and
starboard. Using this system repeat
tests were carried out with the
carriage stationary and similar
capsizes occurred at the critical
conditions. Usually they took place
without any external disturbance but

on some occasions the model showed
no tendency to develop rolling. A
slight touch to start the boat
rolling was all that was necessary
to start violent rolling and capsize
in a very few cycles. This
illustrates a very clear instability
in the system and suggests that it
is possible for a ship to be moving
quietly in waves but a slight
disturbance (yaw or gust) may be
suf f ic ien t to trigger the
instability and result in capsize.

The model was tested with a
slightly higher GM value than the
stationary critical value. It was
then found that with waves the
length of the ship capsize could be
produced by slowly towing the model
into the waves. The critical
condition was then of rolling
frequency half the encountered
frequency. In some tests in which
capsize was expected, it did not
occur during the steady run but
occurred as the carriage was
decelerated. This behaviour was
consistent with some of the
stationary tests where it was found
that the model more readily
responded to reducing wave frequency
to the critical condition rather
than an approach increasing
frequency.

The rate gyro revealed a
distinct second harmonic content in
the velocity record. Consideration
of the solution of a Mathieu
equation of the form
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^ = - a (1 -6 sin (Ogt) <j»

indicates that the roll acceleration

can have a significant harmonic

content the higher terms of which

are attenuated in the velocity and

heavily suppressed in the

displacement. It was observed that

in bringing the model to the

critical condition the roll rate

trace showed a small roll velocity

with a shifted phase harmonic but at

critical condition not only did the

amplitude increase but the harmonic

shifted to a symmetric phase pattern

Figure 2.

CRITICAL FREQUENCY

FIGURE 2

Tests were conducted in which

the amplitude of the waves were

changed. It wa s found that severe

rolling and capsize centred on the
CKt' 1

frequency ratio —— = -y with heavy

rolling or capsize occurring at each

of the wave heights tested. However

with the higher waves, rolling and

capsize occurred over a range of
' (2(^ V y

frequency . 94< I——— <1.15. From
\ w e /

the spot tests conducted it would

appear that as the wave amplitude is

increased so the frequency band

width widens within which violent

rolling or capsize can occur. This

accords with the widening of the

unstable zone obtained by the

solution of Mathieu's equation.

As a further investigation

into the physical nature of the

behaviour, a simple set of tests

were conducted to measure the roll

righting moment of the model in

waves. A calm water "inclining"

experiment was conducted, for two

initial fixed angles of heel; waves

were run past the model gradually

increasing the frequency towards the

critical condition. It was found

that the heel moment showed

fluctuations in load above and below

the static condition and that as the

frequency increased the amplitude of

the fluctuation increased. Close to

critical frequency the model started

to behave violently in roll and

readings could not be taken.

The variat ions were

oscillatory but did not appear to be

sinusoidal. Rather, there was a

very rapid increase to peak +ve

value associated with the instant

that the bow pitched into the

oncoming wave slope followed by a

longer slower half cycle of reduced

force as the wave crest moved along

the hull. There was a suggestion of

a double hump in the negative part

of the cycle. This indicates that

the forcing function has a more

complex source than simply that of

wave profile on the buoyancy

distribution.

4. CONCLUSIONS

The original intention of these

experiments, which was to obtain a

repeat able controlled capsize

mechanism, has been successful. The

experiments were repeated many times

by a number of student

experimenters.

The conditions under which the

models capsized or developed very

large rolling were very finely tuned
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though in larger waves the band
width of frequency widened. For
capsize to occur the model has to be
in regular waves about the length of
the hull and with an encounter
frequency of twice the natural roll
frequency. This can occur either
with the hull stationary, when the
natural roll frequency must be twice
the frequency of waves the length of
the hull, or for a higher roll
frequency i.e. stiffer ship with the
hull moving forwards at a speed to
bring encounter frequency into the
2:1 ratio with roll frequency.

At first sight the mechanism
observed could be readily explained
by the method suggested by Paulling.
The wave profile causes a change in
righting moment and this gives rise
to a parametric resonance as
characterised by a Mathieu equation.
A wave about the length of the hull
would cause the greatest variation
and hence the most critical
condition. In Figure 3 the inferred
trajectory of the model is plotted

for roll angle against computed
righting moment for each wave
position.

FIGURE 3

This shows a figure of eight pattern
with the model rolling outwards on
the low GZ curve and returning on
the high GZ curve. Thus each loop
represents the enclosure of a
positive roll energy which, unless
dissipated, contributes to a larger
roll to the opposite side so that
eventually the hull reaches the
lower limit of stability and
capsizes. Note also that this
trajectory also requires a phase
synchronism of roll and waves which
was observed in the roll rate
traces. The simple heeling force
tests also support this reasoning in
that the measured fluctuations agree
quite well with the calculated
righting moments variations in
waves.

However, observations suggest
that the physical process is not
quite as simple as the above, though
that is probably part of the action.
It was noted that capsizing occurred
when the pitching was synchronous
with the waves so that the bow
pitched down into the slope of the
oncoming wave at the instant of
maximum roll. Dynamic effects may
be considered, the most obvious
being the impact of the flared bow
at an angle of heel into the face of
the wave giving rise to an impulsive
righting moment.

The pitch response of the
ship is usually greatest in waves
about the length of the ship and
this is consistent with the
experiments. The observed
characteristic of the roll moment
measurements is also consistent with
the impulsive moment due to the bow
plunging.

A reason for doubting that GM
variation due to wave profile is
solely responsible for the rolling
motion is given in the different
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forms tested. The wide beam model

showed a significant variation of GZ

in waves. This could largely

account for the behaviour of this

model and its rapid capsize. The

narrow beam model however showed

much less GZ variation in waves

nevertheless it built up very large

roll angles with only its much

larger angle of vanishing stability

saving it from capsize - The

modified narrow beam model with

flare had very little variation in

calculated GZ in waves but it still

developed 20° of roll over which

angle the difference in GZ was

barely discernible. This suggests

that there are actions at work other

than the direct "static" effect of

waves on the righting moment.

Another factor to be

considered is the triggering of the

motion in some experiments either by

a small external disturbance or by

decelerating the model to the

critical encounter frequency.

The experiments conducted on

the models are not fully

representative of a ship at sea.

Nevertheless it is considered that

the experiments reveal a possible

circumstance in which an intact ship

could rapidly develop severe rolling

and capsize.

A number of physical

parameters were varied during the

experiments and some conclusions can

be drawn.

(a) Both a short beamy hull and a

long narrow hull revealed the same

induced roll characteristics. This

encompasses a wide range of

practical monohull displacement

forms with the possible exception of

very high block coefficient forms.

It is therefore reasoned that this

behaviour could occur on any

conventional ship form.

(b) The modification to the model

by addition of above water flare

gave a significant reduction in roll

angle.

(c) Additional damping increased

the number of cycles of roll

necessary to reach capsize angle.

Thus roll damping can reduce risk

because the probability of ship

encountering a long sequence of

critical frequency waves is

considerably less than a short

sequence.

(d) A high angle of vanishing

stability also increases the number

of cycles to capsize and therefore

for similar reasons to (c) would

reduce the risk of this happening.

(e) The occurrence requires the

combination of a natural roll period

related to a wave encounter

frequency and a wave length about

ship length. It also requires a

short continuous sequence of

encounters. Whilst the probability

of all these factors coming together

should be low the possibility exists

of some losses by this mechanism.

It is consistent with a ship being

in no apparent trouble and very

rapidly capsizing.

Some further actions could be

taken to reduce the risk. If the

designed GM or loading condition

ensures a high frequency of natural

roll the ship would need to travel

at high speed into the waves. This

condition could be set so that

either the ship does not have the

power capability to proceed at this

speed or it would not be driven into

waves this fast.
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The critical speed can be
determined from length and roll
period and captains could then avoid
this speed. Also from the
experiments it appears advisable
that if a ship is caught in these
circumstances and developing large
roll angles then acceleration is the
best first course of action.
Slowing down appears more dangerous
and use of the rudder to change
heading could compound the problem
due to the induced heel.
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A GUIDELINE TO AVOID THE DANGEROUS SURF-RIDING

Mctkoto K A N

The surf-r iding of a ship is examined by means of the free-running model tests, as well

as the numerical simulations and phase plane anaSvses of the nonLinear equation of surging

motion. It is c la r i f ied that the s u r f - r i d i n g o c c u r s when the ship speed inc lud ing the

oscillatory surging component, after the decay uf the transitional motion, reaches the phase

velocity of the wave. The speed range ot the ship LS divided into the three parts concerning

the occurrence of the surf-riding. Below the first critical speed the ship never makes the

surf-riding but makes always the period:c surgi ng mot1on. Over the second c r i t i ca l speed,

the sh ip inevi tab ly fal ls into the surf-riding condition. Between the two critical speed,

the ship makes either periodic surg ing or su r f - r i d ing motion d e p e n d i n g on the in i t ia l

condi t ions . As a practical guideline to avoid the dangerous surf-riding, a simple method to

obtain the cri tical ship speed and the critical wave height is proposed. By the analogy with

other phenomenon such as Josephson e f f e c t in the supe rconduc t iv i t y , the surf-r iding is

suggested to be one of the fundamental nonlinear phenomenon in the physical science.

INTRODUCTION

The surf-r iding of a ship is considered as

a cause of the occurrence of a broach)ng-to

phenomenon which may lead to capsiz ing of

the s h j p [ I ] , [ 2 ] . The phenomenon of the

s u r f - r i d i n g w a s f i r s t o b s e r v e d

e x p e r i m e n t a l l y by Du Cane & Goodrich [3]

and discussed earlier by Grim [4], later by

Boese [5 ] , and recently again by Grim [6].

However, the mechanism of such phenomenon

does not seem to be clarified in a complete

manner. The author conducted a series of

expe r imen t s using the free-running model

of a stern trawler in the regular following

w a v e s [ 7 1 , [ 8 ] a n d d i scussed about the

mechanism by the numerical s imulat ions [ 9]

and t he p h a s e p l a n e ana lyses [10]. An

analogy with the Josephson e f fec t was also

discussed in some detail [11]. The present

repor t is the revised collection of the

Ship Rcsearsh Institute,
Ministry of Transport
6-38-1 Shinkawa, Mitaka, Tokyo 181, JAPAN

a u t h o r ' s previous papers and contains some

extensions.

EXPERIMENTAL TESTS

Model tests were carried out in the 80m

s q u a r e Lank of Ship Research Insti tute by

us ing the radio-controlled f r e e - r u n n i n g

model of the stern trawler. The body plan

and principal particulars of the model a re

shown in Fig. l and Table 1. The model was

driven with the preset number of p r o p e l l e r

revo lu t ion and was controlled by the manual

s t e e r i ng to run straight in the f o l l o w i n g

regu la r waves with the various wave ~\ ength

and wave height as shown in Table 2. Thp

surg ing accelera t ion was measured by the

gyro-accelerometer and the position of the

model was measured every one second by the

underwater supersonic device, f r o m which

the surging velocity was obtained.

Examples of the v a r i a t i o n of the

m o d e l speed is shown in F i g , 2 . A sudden
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change occurs at 18rps, below which the

large surging motions are observed. This

shows that the motion changes f r o m the

large surging to the surf-riding at that

point. In surf-riding cond i t ion the model

speed agrees wjch the wave velocity refered

as nonlinear , which is m o d i f i e d by the

ampli tude dispersion e f f e c t . This figure

also suggests that the surf-r iding occurs

w h e n t h e sh ip s p e e d I n c l u d i n g t h e

oscillatory surging component reashes the

phase v e l o c i t y of the wave . The model

sometimes makes another k ind of periodic

su rg ing mot ion even in the surf-r iding

condition. The surging amplitude and period

are shown in Fig.3 and Fig.4. Calculations

are carried out by the o r d i n a r y l inear

theory . Figures such as Fig.2 to Fig.4 for

all tested cases in Table 2 are published

in the paper [8].

THEORETICAL APPROACHES

Equation of surging motion

Using the coordinate system o-xyz f ixed i n

the space, the wave elevation L, is defined

as

(1)
where c, is a wave ampli tude, k is a wave

number ( = 2 i r / X , A is a wave length), and a)

is an angular f r e q u e n c y of wave. If the

surging displacement of a symmetric ship

is denoted by E, in the coordinate system

o'-£,r)^ t rave l ing with the ship speed in

s t i l l w a t e r V , t h e F r o u d e - K r i l o v ' s

exciting force F and the equation of motion

for the surging are represented by

(2)F=F sin(oJ t-k£)a o
(3)d^/dt^Ad^/dt^EsinCoj t-k0 (3)

w h e r e A = { d R ( v ) / d v - ( l - r ) d T ( v ) / d v } / M ,

E=F /M, LI) =o)(l-V/C), T is the thrust, R isa o
the resistance, T is the thrust deduction

factor, M is the mass of a ship, and v" o
m a y be taken as the still water speed V

under consideration or the wave v e l o c i t y C

[9] . Fur the r , if the surging displacement

is denoted by £;' in the third coord ina te

system ""-^ 'r i 'C' t raveling with the wave

velocity C, then the following relation is

obvious from Fig.5

£<+(C-V)t (4)

Substituting eq. (4) into eqs. (2) and (3),

the following expressions are obtained

F=-F sink^' (5)
3

d^'/dt^Ad^'/dt+Esink^ACV-C) (6)

An autonomous form of eq. (6) is preferable

for dealing with the surf-riding motion.

There exist two static equilibrium

pos i t ions s a t i s f y i n g the r e l a t i o n

E s i n k ^ ' =A ( V - C ) . One is the position of

stable surf-r iding, which exists only in

the region between -A/4 and X/4 from the

wave t r o u g h . A n o t h e r is the u n s t a b l e

position outside this region [9].

Numerical simulation

Some examples of the numerical simulation

are shown in Fig.6 (a) and ( b ) . The only

slight difference of the initial condition

leads to the different final motion, namely

surf-r iding or periodic surging. Fig.7 is

the result of the numerical search on the

range of the initial position of the model

w h i c h leads to the s u r f - r i d i n g . M o r e

examples of the simulation are published in

the paper [ 9 ] . The v a l i d i t y of the

simulation is conf i rmed by means of the

comparison with the experiment as shown in

Fig.8, which shows the typical process of

the translation to the'surf-riding from the

periodic motion.

Phase plane analysis

In order to clarify the total situation of

the nonlinear phenomenon such as the surf-

r i d i n g , it is not sufficient to repeat the

numerical s i m u l a t i o n s f o r the v a r i o u s

initial conditions. It is necessary to use

the common method of phase plane analysis

f o r the nonl inear ordinary d i f fe ren t ia l

equation wh ich expresses the sur f - r id ing

mot ion . Three examples of the phase plane

analysis are shown in Fig.9 (a) to ( c ) . In

case of the low advance speed, F ig .9 (a )

shows that any initi-al condition leads to
the periodic surging passed by the wave,

91 -



because every t ra jectory is attracted Co

the dense w a v y line, which is termed a

periodic attractor. In case of the medium

a d v a n c e speed , F ig .9(b) shows that the

phase plane is divided into' two domains of

a t t r a c t i o n , w h i c h m e a n s two stable

solutions. The initial condition in the

domain surrounded by the dotted line, which

is termed a separatrix, leads to the surf-

r iding, because every trajectory in that

domain concentrates on a stable equilibrium

p o s i t i o n , w h i c h is t e r m e d a p o i n t

attractor. On the other hand, the initial

condi t ion in the outside of Chat domain

leads to the periodic surging. This is the

explanation of the different behavior due

to the slight d i f fe rence of the initial

c o n d i t i o n as exemplif ied in Fig.6. The

separatrix can be drawn as the trajectories

start ing f r o m the point very close to the

unstable equi l ibr ium posit ion, which is

t e r m e d a s a d d l e p o i n t , b y the t ime

reversing simulation. In case of the higher

a d v a n c e s p e e d , F ig .9(c) shows that any

initial condition leads to the surf-riding.

The separatix in this case does not mean

the separating line between two domains of

attraction, but the separating line between

the waves on which the ship falls into the

surf-riding condition.

Critical speed

As presumed f r o m the above results , the

advance speed of the ship in still water is

divided into three regions corresponding to

the occurrence of surf-r iding. The f irst

critical speed V-. is defined as C-E/A.r Icr
Below the speed V-, (region 1 ), the surf-- Icr -
riding never occurs, because the statical

equilibrium condition can not be satisfied

in the equation of surging motion (6) . The

second critical speed V- is def ined such

that the ship inevitably falls into the

surf - r id ing fo r any initial c o n d i t i o n s

b e y o n d tha t speed (region III) . At the

speed range between the two critical speed

V-, and V-. (region II), the ship makes theIcr 1 - ° - -
periodic surging motion or sur f - r id ing ,

d e p e n d i n g on the ini t ial c o n d i t i o n .

The critical speed V, can be obtained only

by the numerical trial and error method.

Fig.10 (a) and ( b ) show such examples of

the c r i t i ca l speed versus wave height.

Though the region II seems to disappear in

case of the long wave length as shown in

Fig . lO(b) , it will appear in an unrealistic

high wave. A rather simple method to obtain

the second critical speed V-. is presented

as f o l l o w s . The equa t ion of surging

motion (6) is converted to
i

d 2n/ds 2 + 0dri/ds + sinri=a (7)

whe re r]=k£,, t=s / /Ek , a = A ( V - C ) / E and

[3=A//Ek. Once the critical value a,, for a

given .value of 3 i" sq. (7) , is obtained by

the numerical trial and error, V for any

case can be obtained easily. Fig.11 is the

result. For @>1.2 the region II disappears,

which corresponds to the case of Fig. lO(b) .

The condit ion to determine a. is that the

periodic attractor of eq. ( 7 ) coincides

w i t h the s e p a r a t r i x loop . Us ing this

condition fo r small value of £, a-, is

e x p r e s s e d as a, = (-4 / f r ) / [3 . T h i s

expression is valid only for B<0.2. Another

express ion, a-. = ( -4 / i r ) / t anh0 , which is

obtained only by fi t t ing, is valid in the

wide range of [3 as shown in Fig.11.

Pull out speed

Surf-riding has two contrasting phases. One

is the d a n g e r o u s phase as a t r igger of

broaching-to phenomenon, and another is an

advantageous phase as a possibility to keep

the ship speed higher than the still water

speed. For both cases it is desirable to

know the critical speed, at which the ship

can escape from the surf-riding or the ship

can keep the surf-riding. Escape f r o m the

s u r f - r i d i n g can be rea l ized either by

decreas ing the ship speed lower than

V (=C-E/A) or increasing the ship speed

higher than V (=C+E/A) . However , if the0 ucr
ship speed is changed not gradual ly but

suddenly, the critical speed V, is in

general higher than V , and the upper

critical speed V is lower than V- up ucr
These critical escape speed is termed here
a pull out speed following the analogy with
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a pull out torque in the synchronous motor

refered later. V, and V can be obta inedIp up

again by means of the numerical trial and

error method , us ing the c o r r e s p o n d i n g

initial condit ion. Fig.12 is an example.

More general chart is also ob ta ined as

Fig. 13, where a =A(V -C)/E, -with V =V, orp \ p ' ' p Ip
V . The ship speed here should be read asup f r

that in still water.

(9)
This expression is valid for both deep and

shallow water . In case of the quartering

w a v e w i t h an encoun te r ang le x, this

expression becomes

h^A=l/(7rqcosY) (10)

Fig. 15 is an example of the critical wave

height calculated by eq. ( 9 ) , neglecting

added mass and damping, and assuming the

Froude-KrJ lov's hypothesis in an ordinary

linear equation of surging motion.

Analogy with other physical phenomena

There are several analogous phenomena in

other physical problems such as a driven

d a m p e d p e n d u l u m , a s y n c h r o n o u s m o t o r

a n d J o s e p h s o n e f f e c t i n t h e

superconductivity as illustrated in Fig.14.

All these problems can be formulated by the

same equation as eq. (7). The surf-riding

corresponds to the equilibrium condition of

the pendulum, the synchronous motion of the

synchronous motor and the de-effect of the

Josephson junc t ion , while the per iodic

surging motion corresponds to the rotat ing

motion of the pendulum, the non-synchronous

motion of the synchronous motor and the ac-

effect of the Josephson junction. These

suggest that the surf-riding is one of the

f u n d a m e n t a l nonlinear phenomena in the

physical science [10],[11],

Guideline to avoid surf-riding

It has been clarified experimental ly and

analytically that the surf-riding occurs

when the ship speed reaches the wave speed.

From the pract ical point of v iew, this

c o n d i t i o n can be used to o b t a i n t h e

guideline to avoid the surf-riding.

Critical wave heigjrt: If an amplitude

response of surging motion, in an ordinary

sense of the linear equation, is denoted by

e-, (=x- /^ , x, is an amplitude of surging),-L J. a 1

the above condition is written as

C=V+0) x-=V+(D S,C (8)o 1 o 1 a

Using eq. (8), the relation (D =(J(1-V/C) and

C=i^A/(27r), the following expression for the

critical wave height h is obtained

Critical speed: Amplitude response £;-.

is expressed as

£;^/(M^) (11)
By us ing eqs . (9) and (11) , and the

relation a) =(i)Cl-V/C), the critical speed Vo r c
is obtained as

V^Cll-tF^Mg)}172] (12)

In case of the q u a r t e r i n g wave, this

relation becomes

Vcosx=C[l-{F,cosx/(Mg)} / ] (13)
C d

Fig.16 is examples of the critical speed

V , w h e r e experimental results is also

plotted. Since the estimation is in safer

side about 107o than experiments, it can be

used as a guideline for the safe operation.

In case of the shallow water of depth H,

eq. (13) is written as
1/2

/ cosy=CFl-fF cosy/(MRtanhkH)l 'cV cosy=C[l-{F cosx/(MgtanhkH)) ' ] (14)c a
E x a m p l e s are shown in F i g . 1 7 , w h i c h

indicate that the surf-riding is easier to

occur in shallow water, even at the lower

advance speed as pointed out by Grim [4].

CONCLUSIONS

The phenomenon of surf-riding of a ship

running in a fo l lowng regu la r wave is

clarified by means of the model experiments

as well as the analytical considerations

and also the numerical time simulation and

phase p l a n e a n a l y s i s . A p p l y i n g t h e

conf i rmed condition for the occurrence of

the surf-riding, a practical guideline to

avoid the surf-riding is proposed.
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F ig . l Body plan .me! a J d e v iew

Table 1 Principal Particulars

) tem

Displac-c i i iont A

Leng th Lpp

B r o a d l h B

^edi! drai ' l din

" i r i in by stern

Propeller d ia .

P i t c h R a t i o

1/12 Model

266.0 kg

2-5-18 ill

0.615 iii

n.218 111
0 .167 ni

0 .186 in

1.055

Table 2 Parameter of experiment

/I/Lpp

0.500

0.625

0.750

1 . U U u

1 i ml.^W

1.500

1.750

2 - 0 0 0

2.500

3-000

h / A

1/40

1/20

1/10

1/20

1/40

1/20

1/40

1/20

1/40

1/20

1/10

1/40

1/40

1/20

1/10

1/10

n ( r p s )

5-20

5-21

10-15

5-21

5-21

5-21.5

5-21.5

5-21

5-21.5

5-21.5

13-21

5-21.5

5-21

5-21.5

5-21

5-21

N

11

2 i

17

16

30

29

15

15

28

25

9

11

11

21

9

9

n : number
\. : number

of prop.of runs r e v o l u t i o n

9/1
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Fig.12 Pull out speed (VL=1.5, h/A=l/10) Fig.15 Guideline of critical wave height
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STABILITY, AND ROLLING OF A SHIP WITH SHITTING CARGO

1) 1)
By Remez Yu- and Shestopal V.

Abstract
Investigation of stability and rolling of a ship with bula: cargo has

been accomplished under the supposition that the internal friction angle of
buiz media is a random value submitted to normal distribution law-

At calculation of additional heeling moment due to displacement of cargo
one uses the hypothesis that the surface of cargo remains flat and the angle
of its inclination to the horizon does not exceed of angle of internal
friction (angle of repose). '- '

. Characteristics of rolling in rough seas have been found by methods of
statistic linearization and multidimensional Marsovian processes taKing.into
account action of wind and additional moment due to cargo displacement-

Estimation of probability of heavy loose buta: cargo caving has been
accomplished by methods of the theory of random processes overshoots-

to investigate the stability and
motions of a ship with shifting
cargo one can apply the methods of
statics and dynamics of systems
with the random parameters -

1. Introduction

The seaborne bula: cargoes may
be divided into two categories in
the dependence of the degree of
mobility and character of displa-
cement- The first category includes
a dry bula: cargo with small
particles (grain, sand, fine
gravel) displacing gradually after
the ship inclinations- While the
heavy loose bula cargo (coal , ore,
bro&en stone) relates to the second
category- Its displacement occurs
suddenly as a caving of a mountain-
mass in the hold-

Shifting or caving of cargo
begins when the heel angle of the
ship becames approximately equal to
that of an internal friction-

The seaborne cargo is under
action of many random factors
(waves impacts on the ship hull,
motions , vibration , variations of
humidity and temperature ).
Therefore the angle of repose is a
stochastic quantity,

As it follows from systematic
experiment on a free-hanged stand-
pendulum [I], for such cargoes as
wheat, maize, founding sand the
repose angle submits to normal
(Gaussian) distribution law,Thus,

2- The Curve of stability of
a ship with bula, cargo/

To build such a curve one must
subtract the heel-moment due to
cargo displasement from the ordi-
nates of ordinary curve • of
stability . When the heel-angle 9
exceeds the cargo repose-angle 00 ,
the additional moment due to
displacement is determined by
angle of shifting - Thus in any
moment the equation 9 & ji ±. 0^ is
true - Because o^ is a stochastic
quantity , it may be characterized
by numerical parameters : expecta-
tion . ITlo(, and variance Do&
Therefore , the moment oM due to
displacement of cargo is a
function on angle of shifting and
random parameter Ofr - For the
estimation of expectation and
variance of moment due to cargo
shifting the following relations
are obtained

M[$M]-MoCo5rn^Mosinnio,,, <i)

DyM]a=(MoStnm^±Mo&o5n^JD,.(2)
Here MQ depends on the shif-

ting anglefo

1)Professor,
Niziplaev Shipbuilding Institute,
9,av.Geroev Stalingrada,
HiKolaev,327025,USSR

M
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and M-represents the integral with
the variable upper limit

The coordinates y & and Z& of
the cargo centre of gravity are
determined by the geometry of the
hold and are found using the ship
lines drawing - There are anali-
tical dependences for holds having
rectangular and trapeziodal cross-
sections C2] -

As it is Known ordinary
(determinate) curve of stability
calculated taxing into account the
displacement of cargo comprises
the stable branches conforming to
the rest of cargo and transient
sections conforming to modes of
cargo shif "ting-

The probabilistic curve of
stability differs from ordinary
one and contains families , each
including three curves - One of
them is a curve of expectation of
moments - The latter taxes into
account the influence of cargo
shifting similar to the determina-
te diagram- But the curves of
standard deviation represent the
values of moments which are not
tasen into consideration under
deterministic approach while
probability of their appearance
may be significant .

3- Rolling of a ship with
shifting cargo

The investigation is based on
the nonlinear differential
equation of rolling, offired by
Lougovsay [3]- In this equation
the moment ̂ A\ (Q, 00 ) due to cargo
displascmcnt is included as well:

While statistic linearization
of curve of stability, the
nonlinear function cOf FC6') is
substituted for function CJ^ Q ,
equivalent to nonlinear one in a
statistic sense- Linearization
coefficient is obtained from the
condition of minimum of average
square of difference between
values of random functions on the
outputs of nonlinear element and
equivalent linear one- For the
coefficient mentioned, the
following formula has been
obtained

^ - °\ Ca,+SaA + ̂^s^ ) W

where Ct,, a-re polinomial coef-
ficients in approximation of the
curve of stability-

Linearized relationship which
is equivalent, -bo the function î(Q,0(,)
has been obtained in the from of

"(e^A^AhEML ^l^i.

where (Po determinate function
being the static characteristic of
nonlinearity , k^ — static
amplification factors, 9 i ~
centred components of values 6 ,
6 , ^ - ,

Calculation of <Jfo an" ^i, nas

been accomplished by the expansion
of nonlinearity into a series on
Tshebyshev Hermit polinomials

^(e^-cpce,,^^"
'Za^^H^Ce,0/^ (6)
'<H^Ce:A)^(e:/6,),

Replacing nonlinear functions
by linearised relationships into
equation (3), performing Laplas
transform for centred components
of random functions , assuming
p == L'3 , where P —differen-
tiation operator, separating the
real part of the expression from
the imaginary one, we obtain the
amplitude frequency ct)° (Q) and
phase frequency charecteristics of
-the system , Then using Khinchin-
thcorem one cori find the variance
of rolling angle of a ship with
shifting cargo:

00

De-SlWrS^6)d6^

•M^7(co^k,yS2}-
oo

^(^ î̂ e^a2),.
{[(^-6^,)^(2^k^<l<

3rg^(<s^2a^6^64)ric[6+ ^

^[M^^rD,

The second term in expression
(7) taxes into consideration the
influence of probabilistic of
repose angle on the amplitude of
rolling-

One c an repre sent the wind
action by introduction of the
function

'!>+

FC^-^-e) (B)
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irrto equation of away and "the
function d

dy

into equation of roll-
Although such model docs not

tazc into account pulsation of the
wind it is convenient for finding
the remaining heel angle being an
important parameter for the safety
of navigation of a chip with
shifting cargo -

The average value of
heel angle. after squall
discontinuance has been found in
the form of

ma(i) = expC-^i^C^cos o3t+

- , ,1 me^p(-^t) ,
+ C,SW Ci)tJ+ -,z n^\\ ^ ^\-2\^^ ^

+<poCeA°<0/FCpL
where C 3 and ^4 —constants of
integration , F(p) ~ polinomial
operator corresponding to the left
part of rolling equal ion -

4- Probability of loose bulK
cargo caving due tc lateral

inclinations of a ship

The problem is solved in two
stages-The first of them is
dedicated to the investigation of
stability of cargo mountain mass
in a compartment inclined on the
angle Q - While the form of cargo
free surface is determined by the
equation Z~f(y) ,the equation of
caving line 2.= "So 0^ ls unknown
beforehand - This line passes
through the points A C^Ot^iO sind
B^y,s') ,the position of which is

mumown beforehand as well-
Let us estimate the degree of

stability of some volume of cargo
by the stability margin coeffi-
cient a: , which could be represe-
nted in the form of

k-^^/S 0cly >
9n yo

(11)

where t-parameter having the sense
of x-

Sincc the position of the points
A and E is unsnown two conditions
of tranaversality for points y-=- yp
aud y~ y-n are added to ordinary
boundary conditions ^-(^o}^ 2.o an£^^c9^2^
[C

where CD (̂ l) and ^0^) -equations of
the curves on which the ends of
caving line Z=^oC9) arc- We obtain
the ferai of caving line and coef-
ficient of stability margin as a
reouJi. t. c-i- ^-ntcgratJ^on

A t the aecond stage one
determines the probability of
caving of cargo mountain-mass.
This is determined as a probabi
lity of occurence of rolling
process o r d inate wh ich is equal to
the utmost heel Stiigle Q* corres-
ponding to a-=l- It means that
cargo is in the state of the
utmost equilibrium- The probabi-
lity mentioned can be interpreted
as a probability of function 6(/b)
overshoot over the given level
9* - The approximate solution of

the problem may be obtained
proceeding on the assumption that
the appearance of overshoot is a
acldom event and its number during
time T is submitted to the Poisson
law of distrlbution-

"nder these conditions we have
obtained the probability that
during time T, one overshoot ( ie
cargo caving ) occurs in the form
of

-Tlp ^n.e
where

n=T/2^{K,0:)/K^)l}
L ~- U

xexp[(9*-B)/2DJ .

where FcLy -retaining force acting
along the caving line 7. = -?o (^\) in
limits of elementary compartment
with base dE , CpcLy —elementary
shearing force- Coefficient s. is a
functional of the form of caving
line; thus the problem is reduced
to finding the curve implementing
the minimum of the functional
mentioned -

In variational problem with
immovable boundaries A C^oi^o^ allc^
SC9ni^n) to determine the caving
line form one must find the
integral of equation

The more exact evaluation may be
given by the methods of Marzovian
processes theory-

It is possible to show that
rolling of a ship with shifting
cargo reprcsemcnts a corn ponent
of six dimensional Harrovian
process - Tho probability of cargo
caving is determined by ittcgral
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where rest.rict.ions are imposed only
on one component of the process
6= BI .

The probability density f must
satisfy the
Fokker-Pianck-Kolmogorov equation

3£fe:t) ^ i- ^-1 R,»^tH.
rM- / ,- f 0»Q, (/ •t- 1 ->

-i ̂  ^Lp,,mow)
2' ^-^e.^e; I (t ' J

where the ' values of functions
A,, a i'̂  1)̂  are determined by the
coefficients of the initial system
of differential equations of
motion. -̂

The solution for ^(©,fc') has
been found with the help of a
characteristic function [4].

Assuming motions process to be
a normal one and distribution of
amplitudes submitting to the
Rayleigh law, one can obtain the
following expression for
probability of event that rolling
amplitude 9^n will exceed the
angle 6* of the cargo utmost
equilibrium:
amplitude 9^n will
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A STUDY OF STABILITY CRITERION FOR SHIPS IN IRREGULAR
FOLLOWING SEAWAY

by D. L. Huang

ABSTRACT

Analytical study of the problem of stability of a ship in irregular following
waves has been conducted by using the concept of motion stability theory and
the approach of random differentia"! eauation. By assuming that the wave is a
Gaussian stationary normal process, a formula for criterion of initial stabi-
lity of a ship in irregular following waves has been derived from the rolling
motion eauation of ship in such environment. A numerical method for
calculating the variance of the time dependent part of metacentric height of
ship in waves is also presented. Two numerical examples as well as the
comparison with published data are given.

1. INTRODUCTION

To ensure stability and safety of ships,
especially for small ships, in several
heavy sea condition is an important problem
for designers. It is well known that small
ships often lose their stability in follow-
ing waves. For this reason, it is worthful
to study the problem of ship stability in
following sea. Linearized theory is consi-
dered to be not enough to obtain usable
solution for the problem. However, it has
been proved that for the study of loss of
initial stability of a ship in following
waves, linearized theory may be used to
obtain a fundamental guidance. The purpose
of present study is to establish criterion
formula of ship stability in irregular
following waves based on the linearized
analyses.

The problem of ship stability in regu-
lar following waves has been studied inten-
sively during the past 40 years by many
authors with analytical and model experi-
mental methods. The results of these re-
search may be summerized as follows:

If the ratio of freouency of encounter

to the natural freauency of rolling motion
of ship fall in certain value region, the
ship will lose its stability and "parameter
resonance" will appear. The rolling angle
in such situation increases repidly, and
generally, the ship will finally capsize.
C1]-[71

During the same period, the study of
ship stability in irregular following waves
was considerably less than that in case of
regular wave. In 1976, Vinjie, [81 had
derived stability formula for ships with
weak rolling damping in irregular following
waves. Numerical and experimental studies
has been carried out by some authors later
in order to extend the subject into irregu-
lar following sea. [9]-ri0l

The main object of present study is
the problem of rolling motion of ships in
irregular foil owing wcves. It is assumed
that the rollina motion of ship in such
case can be discribed by a differential
eouation of second order with a random
coefficient. A necessary condition for
ensuring a stable solution of this eauation
is established and then can be considered
as the formula of stability criterion for a
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ship in irregular •to 11 owing sea. In addi-
tion, two numerical examples as well as the
comparison with published data are provid-
ed.

2. THEORETICAL DERIVATIONS

The study of stability of a ship in follow-
ing waves is essentially equivalent to that
of stability of rolling motion of a ship in
the same environment. Due to the random
property of ships motion in irregular
waves, the definition, as wel1 as formula
of stability of ship in irregular following
waves is distinct from that in regular
waves.

then the ship is '"onsidered to be stable in
fol lowing waves, otherwise, it wi11 be

unstable.
Eauation (2) can be rewritten into the

form of a standard Mathieu eauation by some
variable transformation. Many authors have
utilized this eauation in the investigation

of stability of ship in regular fol lowing
waves. The results of their studies pointed
out that variation of metacentric height 5h

and the ratio (Uo/ue are two important
factors which affect ship stability. But

ratio ^o/iue is especial ly more important for
problem. In some cases, the ship wi11 be
inherently unstable once the yo/U fal ls

into certain regions even if the magnitude
of Oh is sma11.

I. A bri'p"' review of problem of stabi 1 ity
of ships in regular fol lowing waves.

A ship wi11 be periodically located in humo

and in trough when it is running in regular
following waves. In such a case, the mete-
centric height can be expressed in the form
of

h =- h[t+i3cos(o.t)J (1)

"h =1/2(hh+h.)

^ = ^h/h, 5h=l/2(h»-h,)

The rol 1 ing motion of the ship can be
discribed with equation

_d0_
dL

+2k&b^+^[(l - ^coKu.t)]=0 (2)
rll

The initait condition of motion is

e(t)=0 if t=to

The stability of the ship in such case
can be defined as:

The initial eaua t i b t i um position of a
ship at t^to is 0 ( t ) -0 , if the ship expe-
rienced a certain disturbance and heeled to

an angle On , when t>io, the disturbance
disappeared and then the rolling motion

of the ship is the solution of eauation
(2) . If 0(0 sat i f ies the condition

Uffl0(t)=0

II. Stability of a ship in irregular
following waves.
It is we11 known that a wave record mea-
sured at a certain point on sea surface ,
S(t.) , is a standard Gaussian random func-
tion and can be considered as a compound of
a series of elemental sinousoidat waves
possessing different amplitudes, fre-
quencies and phases

S(t )== ^E. ancoa(unt+En) (3)

The variation of metacentric height of
a ship in irregular following waves, h(t),
can be considered as the superposition of
metacentric height of the ship running in
these elemental waves. According to the
central limit theorem, function h(t) will
also be a stationary Gaussian random func-
tion and can be represented as

h(t)=hi+ f(t) (4)
E[h(t)]=h , E[f(t)1=0

Analogous to ear.(2), the eauation of
rol1 ing motion of a ship in irregular
following waves can be written

.12/1 ,10

+2k^o———+[(^, + a(t)]9 ^ 0 (5 )
dtdt

aO) =- -f(0
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with initial condition

6(t) - 0 if 1 =0

The definition of stability of a ship
in such case can be discribed as: The ori-
ginal Dosition of eoui1ib1ium is 0-0 , if
the ship inclined to 0o by a certain dis-
turbance at to , and whent>tothe disturban-
ce disappeared, the rolling motion of the
ship, 0(t), is the solution of equ.(5) and
is also a random function. If 0(t) satisfies
the condition

limE[0(t)2] - 0

then the initial position of eoui1ib1ium is
asymptotically mean sauare stable.

In order to simplify the study, it is
helpful to introduce a differential opera-
tor defined as

, , d2 d
Lo ( t) = ————— + 2kdJo————— + 6)c (6)dt- dt

Therefore, e au . (5 ) can be reformed to

Lo(t)0(t)+a(fc)0(t)^0 (7)

and the solution of it can be written in the
form

(10)

By m a k i n g use of f o l l o w i n g approximat ions

r-in
E[a(t , )e( t ,^( t . )3^F[a(t , )3-E[0(L,)0(tE)]

^[a(u)e(t^(ti)]^R[a(t2)]-E[0(t^(t,)]

h[aft,)a(t^(ti)e(t2)]

^E[a( t iMts)3-E[0(L,)e( ta) ]

and the eaualit ies

E[0(t i) t i>(t2)]=0

b[a( t> ) ] =R[a(t.)]=Ha(t)] -0

the formula (10) can then be simplified

into

E^ai^a^J^'ftOl.o'^)-

Ek(ti)«(t,)]E[0(ti)e(t2)1 (11)

According to the de f in i t i on of L o ( t ) ,

equ . (11 ) w i l l have the form

h[9(L,)0(t.)]- [ [ E[a(s,)a(s.»]-
J J

H ( t , - s , ) H ( t a - S 2 ) E [ e ( s i ) 0 ( s 2 ) j d s , d s 2 (12)

6(t) =-L-'(t)a(t)0(t)+ (8)
C,^l(t)+^02(t)

where, Lo'(t) is the inverse of I.otfc) ,0 i ( t )
and ^2(1) are two independent solutions of
homongeneous equation LoCt iet iO^O , Coef-

fdent Ci and Cr are constants which depend
on initial condition of eau. (6) . In present

study we have

, , - l A . t , , -!*,1

<?i(L)^e 1 . 0z(t)=e 2

A,i. 2 = = — i ( k o o ± iyo/j 1 — k2 )

From formula (8), the auto-correlation
function of S(t) will be

E[9(t,)0(t2)]=E[$(t,)^(t2)]

-L"'(t2)E[ci(t2)0(t2)^(t,)]

(9)

where, H ( t ) is a weight func t ion associated
wi th Lo(t) and can be represented in

Htti^iU.-A.r'te^^-e"1^) (13)

Due to that a(t) is a stationary random
function, the auto-correlation function of
it is equal to its mean square deviation,

i.e.

E[a( t i ) a ( t2 ) ]^ -R^( t2 - t , )

Taking ti=tz=t'> equ.(12) will be reduced
into

E^t^^-R^tO) fH'-a^EEeCs)2:^ (14)
J

Eoua t ion (14) can be solved by Fourier
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(15)

t r ans format ion

g(s)e ^'-ds
E[e(t )2 ] -it

J

where, FrHtt)2] 1s the Fourier-transform
defined as

F[H( t ) 2 ] = [ Hd^e'51 dt
J

and g(s) is an analytic function in the
analytic region of FFHtt)2!.

It is obvious that the condition of
convergence of E[6(t)2] to zero when t-eo is
that the roots of equation (16) must have
negative real parts

(16)

Because the Fourier-Transformation of H(t)2
has the form

WtV
s+2Ui

1

A I — A.3

2

s+i(^i+^) s+2Ua J

by substituing A| and Aa into it, then

ecfu.(16) can be reduced into

s3 + lek&^-Mt^+Sk^s

+ Sk^-ZR^CO) = 0 (17)

According to Criterion of Routh-Hurwitz,

in order to obtain the negative real parts

of the roots of (17), the coefficients of

(17) must satisfy fol lowing ineoualit ies:

Sk^o - 2R^ (0 ) > 0 (18-1)

\^^W+2^l)>W-~m^(Q) (18-2)

It can be found that if value of k and

(^satisfy (18-1), they will certainly also

satisfy (18-2). Ineouality (18-1) can be

reformed into a more suitable form

k >- (19)

ensure the initial position of eauil1b1i urn

of the ship is asymptotically mean souare

stable. It means that, for given hull form

and wave environment, the damping coef f t -

cient of the ship must be larger than a

certain value in order to ensure the sh-ip

be stable in an irregular fo l lowing seaway-

By the way, if the spectral density

function of a ( t ) i s known and noted by So a(a),

then var iance of a(t) wi11 be

R.JO) = f S..(y)So ,,(&)) dd) (20)
'' n

III. Ca1cu1at ion of variation of met acen-
tric height
A coordinate system moving with ship is
adopted, x-axis is in the direction of
moving of ship, z-axis is directed upward
and across the center of gravity.

In order to simpt ify the numerical
process, two hypotheses are applied here.
The first is that the existance of ship
hull don't change the pressure field of
wave flow. It means that the diffraction
effect of ship hu11 on incident wave is not
taken into account in our study and there-
fore, only the Krylov-Froude force is cal-
culated. The second is that the pitching
motion of ship wi11 not be considered.
Based on these hypotheses it is on^y ne-
cessary to calculate the metacentric height
of ship located in hump and trough.

For these reason, the sinousoidal wave
surface can be represented by

Hx) = AcostKx+e) (21

where s-00 or 180° for the ship located
in hump and trough, respectively. The
pressure of water can be calculated by

p=-pgz + pgAe^costKx +s) (22

It is assumed that the pressure at the
depth of half draught, T(x)/2, of the
section at x can be considered as the
average pressure, 'p, and be equal the
product

Inequality (19) is the condition to
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p - y , ( x ) - - l ( x ) / 2

r 2\ i (23'i
^ ( x ) = -- —.^ ^"'^o^K^ s ) + l yo

L i ( x ) J

Let Ax and nix is the area and
moment respect to hose i i n e of section at
x, resoectively, then within the small
length interval dx, the metacentric height
of the section above base line can be
evaluated by

where SiJm) is wave spectrum. Tnen func-

tion f ( t ) w i l l have the form of

Kl)^ J^ f2^("l 5y^(yJcos(^t +£.)
" - ' ^

The coefficient ff(0 in equ. (5 ) then

can be represented as

i 2f3[yn)u§ i—————
^ ( t ) - >; ————— 2;S^u) 5w cos(&)nt+£n) (28)"''' 1) ^

and Lhe spectrum of it will be

The nietacentric height of whole ship above

base line is then
f fi(w)y§ 1 , , ,

S,,Jo)) = 4 ———— ^(y)

• fZm=——— (mx r- -v^)y i , (x)dxv' •i .

A computer program "STFw" for above

(24) process has been developed by the author.

Therefore, the met acentric height of
the ship wi11 be 3. NUMERICAL EXAMPLES

" '- . - /.. ( 2 5 )

It should be pointed out that the mean

draught, as we11 as the relative posit ion

between ship and wave should be regulated

in computation. A lot of computations had

proved that there ex is ted a linear relation

between ^h and 2A, if v/A'-'fi 08 , 1. e.

Oh(A)- -=( i (A)-?A or 6h((J - ^(u) •2A (26 )

In the case of irregular waves, the

variat ion of metacentric height, f ( t ) ,

defined in e q u . ( 5 ) can be represented m

the form

r( l )^ 5^ f ih(yn)-COh(ynt +F,,)

Numen ca1 ca 1 cut at ions for two ships, a

cargo ship "American Challenger" and a

f ishing boat "L185-3", are carried out. The

part iculars of these ships are listed in

Fot lowing table

ship

I . > .

B

T

h

/-.

A

v

(rn)

(m)

(m)

(m)

(m)

(t)
(kn)

Amen
C h a t l e

161
22

9

0

9

19966

16

can
nger

.23

.86

.07

.170

.028

.0

.4

L185-3

26.00

5.32

1.84

0.464

1.990

131.3

10.0

= ̂  2r\,; - P ( y i ) -C 'Os(d )nL+£n) (27)

where, 6h(y,,) is the variation of metacen-
tric height m elemental wave of frequency

&,„ and amplitude ,in . A ccording to defini-

tion of wave spectrum of irregular wave,

ivave height 2-in can be calculated by

2an — 2^1 2 S; (((i)}6<!)

The variation of A of these ships with
ratio of wave length to ship length are
given in Fi g. 1

Due to lack of reliable experimental
data in following sea for "Amen'cam Chal-
lenger", A wave system, which has been
apotied in numerical simulation of the ship
in following waves [9], is used as an in-

- 106 -



for these boats is 0.0684. So that it can

be pointed out that L185-3 is stable in

moderate fo1lowing waves . The author woul d

t i ke to explain that it is easy to meet a

group of wave with freemen cy of encounter

eauat to one-half of the natural freouency

for small vessels in fo l lowing sea, so the

vesse ls wi11 fall in the state of "para-

meter resonance" for a short per-iod-

Fiq.1 Variat ion of (3 with VLp; 4. CONCLUSIONS

terim measure here

Ut)=! 5239(cos0.433t+cos0 BOIL) (30)

The energy density of wave (30) 1s

S^(ff l )=l 1 6 1 t [ § ( Q 6 0 1 ) + 5(0.433)] (31)

where 6(d)) is Dirac-detta function.

In such waves, "American Challenger"

has the variance of varying part of mete-

centric height Ro.(0)=0.001271, The results

of evaluation of natural frequency and

11 neari zed damping Coefficien of rot 1 ing

motion are uo=0.1383 sec" ' and ko=0.086,

respectively- Therefore, the ship is uns-

table. The numerical simulation study [9]

(Fig.22, p.339) proved our conclusion.

In addition, computation of stabi1ity

for "American Chat lenger" in irregut ar

foil owing waves has been carried out by

using ITTC wave spectrum. If the signifi-

cant wave height is taken to be 4 -Om, it

w i11 have R^(0)/4(^=0.0369 . So the ship

wi11 be stable in such sea state.

Fishing boat L185-3 is a widely appli-

ed ship type in China in Bohai Bay and

North Ye t tow Sea. According to crews

opinion, the boats of this type occasional -

ly show unstable phenomena in fo1lowing

sea. Stabil i ty computation for these boats

in irregul ar to 11 owing sea has been made

for the case of significant wave heght 2.0m

by using ITTC wave spectrum. Computation

result of Ra<.(0)/4^ is 0.0211. The linea-

rized damping coefficient of roiling motion

Based on the above analyses, the author

would t i ke to point out that:

1). Ships possess ing normal damping

vat ue of rot "1 ing motion wi l l general1y not

lose stability in irregular fo11owing sea

of moderate wave height. However, they wi11

easily lose their stabil ity in regular

fol lowing waves of equivalent wave height.

2 ) . In order to ensure the stability

of ship in to 11 owing sea, it is necessary

to arrange bilge keels of adeauate area,

which can provide the ships with sat isfac-

tory damping value of ro t t ing motion.

3). The present study and relative

results may be considered as a toot for

stability inspection for ships, especial ly

for small ships. It is expected that the

problem of stability and ro t t ing motion of

targe amplitude in irregular following sea

should be attractive subjects in future

study.

5. NOMENCLATURE

A •= wave amplitude

a" = amplitude of elemental wave

Er-"1= mathematic expect, mean sauare, auto

correlation function.

f ( t )= time dependent part of metacentric
height

g= acceleration of gravity

h- metacentric height

h i,= metacentric height of ship 1n hump

hi= metacentric height of ship in trough

.l-i+Mi^otal inertia moment of ro t t ing of

ship
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=non-dimension a 1 linearized damping
coefficient of roll-motion

=wave number

^mass of ship

^water pressure
Roa(t2-ti) = mean square deviation of a(t)

Raa(O) - variance of a(t)
Saa(u) = energy density spectrum of a(t)
T , = draught of ship

V = shir speed
y = half width of water line

Ze = height of center of gravity
YE = equivalent specific gravity of water
A. = wave length

£ - wave phase angle
P = mass density of water
"o - nature frequency of rolling

ye = frequency of encounter
un = frequency of elemental wave

S(t) = irregular wave surface
0(t) -= rolling angle
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MODEL TESTS ON CAPSIZING OF A SHIP IN QUARTERING WAVES

Makoto KAN, Toshihiko SARUTA, Harukuni TAGUCHI, Miklo YASUNO, Yoshifumi TAKAISHI

Model tests on capsizing of a container ship were per formed in qua r t e r i ng waves . The

encoun te r angle was varied precisely every 10 degrees by using an autopilot device. Among

763 runs in the irregular and regular waves, 225 capsizings were observed. Most capsizings

occured at the encounter angle 20 to W deg. Below some critical advance speed the capsizing

never occured. The direction of capsizing was always to the leeside. Such capsizing may be

explained fundamentally as a simple static one which occurs when the capsizing moment of the

wave exceeds statically the restoring moment decreased in the quartering waves at the above

dange rous range of encounter angle. The reason why the capsizing occurs only in high speed

and only to the leeside is also explained in connection with the surf-r iding or a symmet r i c

non l inear surging mot ion . The capsizing due to the parametric oscillation which had been

considered as one of the typical mode of the dynamical capsizing was not observed. Ins t ead ,

a new mode of dynamica l capsizing accompanied with the period b i f u r c a t i o n s which was

regarded as a precursor of chaos was observed.

INTRODUCTION EXPERIMENTAL TESTS

It has been said that the c a p s i z i n g Is

l ikely to occur when the ship is running

h j gh speed in the fol lowing or quar te r ing

waves [ I ] , [ 2 ] . However , the mechanism of

s u c h c a p s i z i n g is n o t c l a r i f i e d . The

a u t h o r s p e r f o r m e d a series of capsizing

experiments us jng a radio controlled self

r u n n i n g m o d e l of a con t a ine r ship in

regu la r and i r regular q u a r t e r i n g w a v e s

I n c l u d i n g pure fo l lowing and beam waves.

From the resul ts , it has been c l a r i f i e d

t h a t m o s t c a p s i z i n g o c c u r s at t h e

encounter angle of 20 to 40 deg and at the

h igh speed running, and that the capsizing

occurs always to the leeside. The present

p a p e r d e s c r i b e s these c h a r a c t e r i s t i c

features o b t a i n e d b y the expe r imen t s and

attests to e x p l a i n theore t ica l ly about

such copsiziriQ.

Ship Rcsearsh I n s t i t u t e ,

Mill i s t ry of Transport

6-38-1 Sh ink . iw ; ] , M i t , i k ; i , Tokyo 1 9 1 , J A P A N

Model

The m o d e l used In the exper iments is a

1/38.57 scale model of container ship "G"

designed at HSVA. Body plan and principal

particulars are shown in Fig.l and Table 1.

The s tabi l i ty curves in the test condition

are shown i n F i g . 2 . The h a t c h e s a n d

supers t ruc tures are not included in the

stabili ty ca lcula t ions . The C value f o r

G M = 1 . 9 8 c m in still water Is 2 . 2 , which

sat isf ies the stabili ty r e q u i r e m e n t of

J a p a n e s e G o v e r n m e n t . The model has no

bulwark so that the sh ipp ing water on the

deck j s not trapped.

Experiments

In order to clarify the critical condition

for capsizing, the exper iment was carr ied

out by v a r y i n g the encounter angle y, f rom

0 deg (pure f o l l o w i n g ) to 90 deg ( b e a m ) ,

p r e c i s e l y at e v e r y 10 deg by u s i n g an

autopi lot d e v i c e . The gain of the autopilot

w a s (i c t c' r- in i. n e d s u c h t h a t t h e r u d d e r
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r e s p o n d s b y 1 .25 deg to 1 deg of the

d e v i a t i o n of heading; but does not respond

to the y a w i n g v e l o c i t y . The n u m b e r of

propeller revolution was varied every 1 rps

and kept constant by the motor, cont ro l le r .

The i terns of the m e a s u r e m e n t are roll

angle, pitch angle , y a w angle, yaw rate,

r u d d e r a n g l e , n u m b e r of p r o p e l l e r

revolution and trajectory of model (speed

and course).

In case of irregular waves, runs were

repeated 20 times at most under the same

c o n d i t i o n to ge t the caps iz ing r a t e .

Howeve r , the t iming to encounter the wave

is not random, but is handled to meet the

almost same wave group. The P-M type wave

spec t rum used in the test is s h o w n in

Fig.3. In order to catch the critical value

of GP1 for this wave, the height of center

of gravity was also varied.

In case of regular waves , runs were

limited to once fo r the same condition In

principle. Howeve r , sometimes runs were

repeated twice in the delicate cases close

to the critical border for caps iz ing . The

value of GM was fixed to 1.98cm through the

test. The wave length to ship length ratio

VL was var ied f r o m 0.5 to 2 . 2 5 at an

interval of 0 .25 , and the wave height to

wave length ratio h/\ was selected f r o m

1/20, 1/15, 1/12 and 1/10.

Results in irregular waves

Fig.4 shows the total capsizing rate fo r

the all experiments in irregular waves. The

occurrence of the capsize is conf ined to

X=10 to 50 deg , and especially X=20 to 40

deg is suggested to be most dangerous. The

capsizing never occurs at \^60 deg and at

X=0 deg. The number of runs fo r v^70 deg

might not seem to be large enough, but it

is due to the conviction obtained by the

o b s e r v a t i o n that the model would never

capsize under these conditions. Fig.5 shows

the e f fec t s of the advance speed on the

c a p s i z i n g . Bes ides the f a c t t ha t the

e n c o u n t e r a n g l e X = 2 0 to 40 d e g is

hazardous, it can be observed that in the

h ighe r speed range the dangerous range

extends to X=10 to 50 deg . Tt seems also

that Lhe capsize never occurs for the low

advance speed, namely For the Froude number

Fn^O.26. Fig.6 shows the effects of GM. The

c r i t i ca l GM f o r t h j s wave is e s t i m a t e d

about 2.7cm. Out of the total 418 runs, 126

c a p s i z j n g s were o b s e r v e d , and all the

c a p s i z i n g s occured to the direction of

leeside. The capsizing to the weather side

was not observed at all. By performing the

experiment for X=-20 deg, it was conf i rmed

that there was no difference f rom X=20 deg.

Results in regular waves

Table 2 to 9 show the results in regular

waves. In case of the short wave such as

A/L=0 .5 (Table 2 ) , the capsizing did not

occur even fo r the high wave . H o w e v e r , a

large roll to the leeside with the period

5.0 sec was observed j n X^O deg. This is

not considered as a roll resonance, because

the natural period is 3.4 sec. Otherwise,

X=40 deg can be considered dangerous even

for shorter waves due to the same reason as

ment ioned later fo r longer waves. In case

of X/L=0.75 (Table 3 ) , X=30 to 40 deg is

dangerous , bu t the dangerous range does

not, extend in h i g h e r w a v e . T h o u g h the

capsize does not occur in lower speed, the

dangerous range of the encounter angle does

not seem to spread even in higher speed

range. For X/L=1 (Table 4) , X=20 to 40 deg

is again d a n g e r o u s . As the wave height

increases, the dangerous encounter angle

s e e m s to s h i f t to t h e lower v a l u e .

Moreover, in the higher speed and higher

wave , the capsizing at X=0 deg happened,

which was n e v e r o b s e r v e d in i r r e g u l a r

w a v e s . This capsizing of X=0 deg can be

considered as the consequence of running

o b l i q u e l y d u e to the u n c o n t r o l l a b l e

steering, accompanied with the broaching-Lo

phenomenon . In this case the direction of

c a p s i z j n g w a s a l so to the l e e s i d e .

S i m i l a r l y w i t h - V L = 0 . 7 5 , the re is a

critical advance speed, below which the

c a p s i z e d o e s n o t o c c u r . It is also

r e c o g n i z e d in h i g h e r w a v e c o n d i t i o n

( h / ^ 1 / 3 2 ) that the dangerous range of
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e n c o u n t e r a n g l e L e n d s to e x t e n d as t h e

a d v a n c e s p e e d 1n c r e a s e s . I n c a s e of

A/L=1.25 (Table 5), the o c c u r r e n c e of the

caps iz ing is c o m p a r a b l e w i th the case of

X/L=1 , which has been cons ide red as the

most dangerous w a v e length. In comparison

w i t h \/L=0.75 and 1.0, the caps iz ing of

y=40 deg decreased, and the dangerous range

of the encounter angle seems to be sh i f t ed

by about 10 deg, namely v=10 to 30 deg.

For A / L = 1 . 5 ( T a b l e 6 ) , the c o m p a r a b l e

caps iz ings with X/L=1.0 are also observed.

The dangerous range seems to r e t u r n to

y=20 to 40 deg. The capsizing of hA=l/20

scatters somewha t . This may be caused by

the s l igh t d i f f e r e n c e of the i n i t i a l

conditj on j n the delicate case close to the

critical condition for capsi zing. Although

the occurrence of capsizing does not seem

to decrease in case of \/L=1.75 (Table 7)

and X/L=2.0 (Table 8), ]"t seems to decrease

in case of ,\/L=2.25 (Table 9). This may be

c o n s i d e r e d as a s ign of d e c r e a s e of

capsizing in longer waves.

The capsize in f o l l o w i n g w a v e s j s

usually classified into the fo l lowjng three

categories, that is, pure loss of in tac t

s t a b i l i t y , p a r a m e t r i c osc i l la t ion and

broaching-to. As far. as j u d g i n g f r o m the

observa t ion of present exper iments , most

capsizings were caused by the pure loss of

intact s tabi l i ty . This k ind of capsizing

happened easily in an early stage af ter the

m o d e l r e a c h e d the prescr ibed speed and

encountered the wave w i t h the prescr ibed

headi ng . A typical record of data is shown

in F i g . 7 . The c a p s i z i n g s d u e to the

broach ing- to were observed at Y=0 to 20

d e g . F i g . 8 shows an e x a m p l e of s u c h

c a p s i z i n g . The c a p s i z i n g d u e to the

parametric oscillation was not observed at

all. Instead, not a few capsizings as shown

in F i g . 9 w e r e o b s e r v e d . T h i s can be

regarded as a period doubling bifurcation

which appears as a precursor of the chaos.

In Table 2 to Tab le 9, the classification

of c a p s i z i n g is e x p r e s s e d w i t h t h e

f o l l o w i n g abb rev i a t i ons . L (pure loss of

intact s tabi l i ty) , P ( pe r i od b i f u r c a t i o n ) ,

B ( b r o a c h i n g - t o ) a n d BT ( t e n d e n c y o f

broachlng- to) . P, B a n d BT are also shown

e v e n I n c a s e of non -caps i z j ng if these

phenomena are recognized. In regular waves,

o u t of 345 r u n s , 99 c a p s i - z i n g s w e r e

observed. Fig.10 shows the total caps iz ing

rate and the classification. 64% is due to

the pure loss of intact s tabi l i ty, 26^ is

due to the per iod b j furcation, and 10% is

due to the broaching-to. The d i rec t ion of

capsize is to the leeside too, except only

one case (A/L=2 .25 , v=30deg, Fn=0.37).

THEORETICAL APPROACHES

Effects of encounter angle

Using the coordinate system of Fig.11, the

capsizing moment by wave is expressed as

Mr = Mrcos(k^'+£) (1)

where Mr is an ampl i tude of the exci t ing

roll moment j n an ordinary sense. Mr by the

Froude-Kr i lov ' s hypothes is is shown in

F i g . 1 2 . I f , besides the F-K hypothesis ,

the f o r e a n d a f t s y m m e t r y o£ hu l l is

assumed, then eq (1) becomes

Mr = -Mrsink^' (2)

F ig .13 shows t h j s re la t ion , where Mr is

defined as positive for portside down. The

res to r ing moment in qua r t e r ing waves is

calcula ted by H a m a m o t o ' s p r o g r a m [ 3 ] .

F i g . 1 4 i s a c o m p a r i s o n b e t w e e n the

capsi zing moment and restoring m o m e n t . In

the range of 20 deg<y<50 deg, the capsizing

moment exceeds the restoring moment. Here ,

the caps iz ing moment is a value at ^'/,\=-

0.25, position of the maximum wave slope.

Whj. Ie, the restoring moment is calculated

at crest amidship because the ca lcu la t ion

Is not completed for an arbitrary position

of wave slope. Therefore such comparison

does not make a strict sense, but it can be

regarded as a qualitative exp lana t ion f o r

the dangerous range of encounter angle.

Effects of advance speed

A b o v e e x p l a n a t i o n i t s e l f is v a l i d also to

the oblique bow sea. However , the caps i z i ng
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occurs only in oblique stern sea when the

ship r u n s at h ighe r s p e e d t h a n s o m e

critical one. The reason for such capsizing

is that the dangerous condi t ion of Fig. 14

c o n t i n u e s f o r a l onge r d u r a t i o n in an

asymmetric large surg ing or nearly surf-

r iding mot ion, as exempl i f ied in Fig.15,

which occurs when the ship speed approaches

to the wave speed. If we can define some

q u a n t i t y such as a t ime c o n s t a n t f o r

capsizing, the critical speed for capsizing

may be determined by solving the nonlinear

equation of surging motion and by obtaining

the continuing time of the risky condition.

Direction of capsize
In asymmetric large surging or surf-r iding

mot ion , the ship remains for longer period

at the downslope of w a v e , -0.5< ^ ' / - ^ <0,

as shown in Fig,15. Therefore, f rom eq ( 2 ) ,

the sign of Mr is posi t ive, that is, the

capsizing moment acts to the leeside down.

This is the reason why the capsizing occurs

always to the leeside direction.

Period bifurcation and chaos

Nonlinear equat ion of mot ion for roll is

expressed by the following simple form,

Id^/dt2 + Nd<b/dt + WGM*{l-(d)/(l>v)2}

= Mrcos^t (3)

w h e r e , ^ is roll angle , <t)v is vanishing

angle of stability, I is moment of inertia

for roll, N Is damping coef f ic ien t , W is

disp lacement , ^ is angular f r e q u e n c y of

encounter and t is time.

Using the t r a n s f o r m a t i o n of v a r i a b l e s ,

^ = ( t > / ( & v and s= ^>ot (^o= A;GM/I ^ n a t u r a l

f requency) , eq (3) is transformed into

d^/ds2 + Ki^/ds + ^ - ̂ = Bcos^s (4)

where, K=N/I^o, B=Mr/I^o''(l>v, ^=o)/(Uo.

Eq (4) is a forced Duf f ing ' s equation with

sof tened spring and is c o n s i d e r e d as a

t y p i c a l d i f f e r e n t i a l e q u a t i o n of which

s o l u t i o n has a c a s c a d e o f p e r i o d

multiplying bifurcations and chaotic motion

u n d e r some c o n d i t i o n of K , B a n d ".

Comprehens ive s tud j es on a similar escape

equa t ion wi th ip in p l a c e of U' , w e r e

carried out by Thompson and Ueda [ 4 J , [ 5 ] .

Systematic examination for eq (4) with wide

var ie ty of pa ramete rs should be performed

to clarify the characteristics of dynamical

capsizing p h e n o m e n o n . Fig.16 is examples

of fractal basin boundary metamorphoses for

eq (4 ) , where the black part means the non-

capsizing region of initial condi t ion. In

this case the engineering integrity diagram

p r o p o s e d b y T h o m p s o n seems to h a v e a

f ea tu re of dev i l ' s staircase as shown J n

Fig.17. Further study is in progress.

CONCLUSIONS

The caps iz ing of the in t ac t s h i p

runn ing in waves was examined by means of

the se l f r u n n i n g m o d e l t e s t . T h e

c h a r a c t e r i s t i c f e a t u r e s such as an

existence of dangerous encounter angle 20

to 40 d e g , its extension to 0 to 50 deg in

higher advance s p e e d , an ex i s t ence of

critical speed for occurrence of capsizing,

inevitable leeside capsizing and so o n ,

were clarified. Theoretical explanation for

such capsizing was attempted. A new mode of

dynamical capsizing accompanied with period

bifurcations was proposed. Further study on

caps i z ing w i t h respec t to the chaotic

rolling should be continued.
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Table 1 Principal particulars

I tem
Length Lpp(m)
Breadth B '(m)
Depth D (m)
Draf t d m ( m )
Block Coefft. Cb
Disp. Vol . V ( m 3 )

Ship

135.0
24.3
i t . 5
8.37
0.570

15652

Model

3.50
0.630
0.298
0.217
0.570
0.273

0.4

0.2

10 20 30 40 50 60 70 80 90

X (deg)

F i g . 4 Total rate of c a p s i z i n g
i n i r regular wave
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Table 2 Results in regular wave (^/L=0.5)
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TRAJECTORY
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Fig.12 Amplitude of capsizjng moment
by wave

Fig.13 Relation between capsizing momenL
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Fig.16 Basin boundary metamorphoses
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THE P R O B A B I L I T Y OF C O M P A R T M E N T AND WING
C O M P A R T M E N T F L O O D I N G IN THE CASE OF SIDE D A M A G E

- N E W F O R M U L A S FOR P R A C T I C A L A P P L I C A T I O N

WALTER ABICHT*

A new mathematical model for the distribution of side damages with respect to damage location,
damage length, and damage penetration, is presented. Its correspondence with the results of damage
statistics is shown. For the probability that a compartment or wing compartment will be flooded,
formulas are set up which are strictly based on the assumed distribution functions. It is
recommended to introduce these formulas in a revised subdivision regulation applicable to all types
of sea-going merchant ships. The importance of such a revision is demonstrated by a presentation
of Inaccuracies and shortcomings resulting from the calculation methods prescribed in the actual
probabilistic subdivision rules for passenger and dry cargo vessels.

INTRODUCTION

Thirty years after Wendel [1] introduced the
survival probability as a criterion for the
effectiveness of watertight subdivision, two
international subdivision rules based on the
probabilistic concept exist: Equivalent
Regulations on Subdivision and Stability ' of
Passenger Ships (I MO -Resolution A.265) and
the Regulations on Subdivision and Damage
Stability of Dry Cargo Ships (IMO-MSC 57/WP
13). Both regulations are based on the
assumption of the occurrence of a side
damage. On account of the randomness of
location and dimensions of the side damage,
these quantities are presented by then-
distribution functions. Bottom damages and
stem damages are not considered because of
the rather high effectiveness of the double
bottom in the case of grounding and of the
collision bulkhead in the case of ramming.

The method of subdividing ships by aiming
at a certain minimum survival probability is
less rigid than the conventional method of
arranging transverse bulkheads in accordance
with a given factor of subdivision. This is a
big advantage especially for dry cargo ships.
By a proper arrangement of transverse and
longitudinal bulkheads — if necessary, in
combination with a horizontal subdivision --
comparatively spacious cargo holds are
possible without reducing the degree of
survivability.

It is to be expected that in the near future
the aforementioned probabilistic subdivision
rules for passenger ships and dry cargo ships
will be revised and integrated in one
regulation. Furthermore, this regulation will
presumably replace the antiquated subdivision
requirements of SOLAS 1974 and other damage
stability rules which are still based on the
concept of a one-, two- or three-compartment
standard- On this occasion, the errors and

*Professor of Design and Safety of Ships,
Hamburg University

shortcomings which are to be found in both
existing probabilistic regulations should be
eliminated. This especially applies to the
formulas for the calculation of the probability
of compartment and wing compartment
floodings. After a short demonstration of
their weak points new formulas without such
flaws and suited for practical application in a
revised subdivision rule will be presented.

DETERMINATION OF THE PROBABILITY
OF FLOODING IN THE ACTUAL RULES

The equations by which the probability of
flooding must be calculated for passenger and
dry cargo vessels are based on the same
damage statistics. Nevertheless, the formulas
to be applied are different.

In the equivalent subdivision rules for
passenger ships C2], the product a-p represents
the probability that a compartment (and only
the compartment under consideration) will be
flooded. Factor a accounts for the location of
the compartment within the ship's length,
factor p is a basic probability of flooding for
a compartment of given length. The
probabilities a and p must be calculated by
the formulas given in the rules.

Unfortunately, these formulas are not quite
correct. This can be easily demonstrated by an
example: For a compartment extending over
the entire ship length, the flooding probability
necessarily is exactly a-p = 1. But the result
obtained from the formulas is only a-p == 0.986
(for Ls <- 200m).

In case of a wing compartment, the
flooding probability must be calculated by
multiplying the product a-p by a third factor r.
The formula for r is even more unacceptable.
This becomes evident if, for instance, the
distance b of the longitudinal bulkhead from
the shell is very short. For b->0 the reduction
factor r should converge to i—*0. The values
we get, however, are — depending on the
length of the wing compartment — between
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r = 0.016 and r = 0.800 (for revised version of
the i—formula as published in the IMO-paper
STAB XII/8, Annex il}.

The aforementioned inaccuracies may lead
to results which are completely wrong. This
mainly applies to ships being able to survive
fioodings of two or more adjacent spaces.
Here, contributions to the survival probability
must be determined by subtracting relatively
high probability values- It is a well known
fact that the diffpr^nce between two big
numbers can only he correctly calculated if
these numbers are absolutely exact. For this
reason, the formulas for the probability
calculations must- strictSy correspond with the
distribution functions assumed for location
and extent of damage. The distribution
functions themselves must be in accordance
with the results of damage statistics; here,
and only here, approximations are unavoidable
and can — because the survival probability
must be seen as a criterion "- be accepted.
But after these functions are settled, no
further approximations should be made and all
calculations must follow with absolute
accuracy the assumed distribution law. This
principle, too much neglected in both of the
existing rules, should be consequently
observed in a revised regulation.

Being aware of some of the weak points of
the passenger ship rules, it was tried to
improve the formulas for the probability
calculation when the probabilistic subdivision
rules for dry cargo ships were formulated [31.
For the probability of compartment flooding
new formulas were established. Factor a,
evaluating the influence of the location of a
compartment on the flooding probability, is
now included in the formula for pi. For a
compartment length being equal to ship's
length, the correct result p^ = 1 is obtained.
On closer examination, however, the revised
pj-formulas are found to have new and even
more severe shortcomings As a result of
discontinuities of the probability density
function, on which the pi-formulas are based,
we get completely different flooding
probabilities p^ for a compartment located at
the after or fore end of the ship and the
same compartment moved a little bit in the
midship direction E41.

Example:
A compartment of 0.12 L in length is shifted
from the outmost forward end a little
towards the midship section. According to the
formulas to be applied the probability of
flooding decreases from pi = 0.102 to
p. = 0.060. It is obvious that such a big
difference is unrealistic and that there is a
need for a correction.

applicable to the rules for dry cargo ships. As
an example, for b = 0 we get r = 0.1 instead
r = 0.

DISTRIBUTION DENSITIES AND
DISTRIBUTION FUNCTIONS

In order to eliminate the shortcomings of the
formulas in the actual rules, it is advisably to
start from the foundations, namely the results
of damage .statistics and their mathematical
presentation by distribution densities and
distribution functions.

For side damages, the most important
results of an analysis of the IMO damage
cards are [5J, F6], m:

— damage locations are distributed over the
total ship's length. They are a little more
frequent in the forward half of the ship
than in the aft part.

— the distribution density curve for the ratio
damage length to ship's length {= non-
dimensional damage length) starts with a
steep upward slope. After having reached
its peak, the curve descends gradually-
Damage lengths of more than 0.2S of ship's
length are extremely seldom and may be
neglected. The median of the damage length
is somewhere between 5.35 percent and 6.68
percent of ship's length C53, [63-

— the distribution density of the ratio damage
penetration to ship's breadth (= non-
dimensional damage penetration) strongly
depends on the dimensionless damage
length. The peak of the curve is located at
a penetration depth just above zero for the
shortest damage lengths and moves to a
penetration depth of about 0.4 of ship's
breadth for the longest damage lengths.
The median of the damage penetration is --
growing with damage length — between a
little above zero and 37.5 percent of ship's
breadth.

For the damage data, the following symbols
are used:

x : damage location (= distance between
forward end of damage and the aft end
of the ship)

y : damage length (= longitudinal extent of
damage)

t : damage penetration (= transverse extent
of damage)

or in dimensionless writing:

S = x/L r) = y/L •t = t/B

The method of determining the flooding
probability of wing spaces is for dry cargo
ships the same as for passenger ships: the
flooding probability p^ of a compartment of
the same location and the same length must
be multiplied by a reduction factor r. The
formulas for r were partly, but not
substantially revised. Generally, the critical
comments on the r-formulas are also

In a system of ^-^-coordinates each side
damage which may occur is represented by a
point within an triangular area. This triangle
is right-angled [4]. It would be an isosceles
triangle if — as in the existing subdivision
rules — the center of damage is taken as
damage location. The latter definition.
however, would complicate some of the
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following calculations, Find it won id be a
definition of damage ios'ation bring different
from that for bottom and stem damages 083.
So . m this paper, x or [, respectively is
defined as written above-

For a graphic representation of the
distribution of a fchree-dimeitssonal random
quantity like the side damage with the
parameters ^, T|, and T , at least two diagrams
are needed.

In Fig. 1, a curved surface is plotted, the
run of which corresponds with the statistical
findings on -the distributions of damage
locations and damage lengths. It represents
the distribution or probabiiity density of side
damages if the third parameter, the damage
penetration T. is ignored. In order to get a
simple analytic expression for the density
function p ( E;,r) ) , the curved surface is
replaced by an inclined plane. According to
what is said in the preceding chapter, such an
approximation is acceptable.

ABCD of the ^-n-planc; beyond this range, the
probability density is equal to zero-

According to the statistical results, realistic
values for the [>;/pi - ratio and for i]^ are
[4]:

P|/'p.; ^ 0 75

With the;.e values
absolute values for
damage length T^Q
double intcgriiLs:

we obtain ri^ = 0.20. The
p, and p.,. and the median
follow from two definite

JJ P ( ̂  ) d^ dr, - 1
ABCD

(2)

and

JJ p ( ̂  ) d^ dT] = O.S
ABEF

(3)

The probabilities 1 or 0.5 respectively, as a
result of the double integration of the
probability density p ( ;,?] ), must be attained
for the following reasons:

1. Location ^ and length ;; of the assumed
side damage cannot be predicted. The
probability, however, that a side damage
will occur and that its parameters ^ and T)
lie within the area ABCD, is known: it is
exactly 1.

2. By definition, half of the side damages are
less than r^g m length. Accordingly, the
probability of the occurrence of such a
damage, the ^-T]-value5 of which are located
within the area ABEF, is 0.5.

Fig. 1. Distribution density p(^,r]) of the two -
dimensional side damage according to damage
statistics

After having solved the integrals, we get:

90
Pi - if „ -120

^ - 11 rjao = 0.06268

(A.
p t S , n )
P.)
P2

,Pl

\ Tl50 T1| T^ 1 ^

A median damage length of ?]go = 0.06268 is
between the values published in [53 and [63.
The present versions of the probabilistic
subdivision rules are based on a median of
0.06683. This value was taken in 1973, just
before the first oil crisis. At that time, there
was a clear tendency of growing speed of
ships, and consequently, a growing average
extent of damage was expected for the future.
In the opinion of the author, this effect was
overestimated. A median of r]go = 0.06268
seems to be more realistic. So, there is no
need for revising the above numerical values
for p^, pg, r^, and rig. With these values, the
final function for the two-dimensional
probability density p ( !;,r; ) is:

Fig. 2. Linearized distribution density p(t;,r]} for
practical probability calculations

From Fig. 2, showing this plane, follows:

P ( in ) 30
n 16r) + 3) (4)

f ' •='•1 ) = P2 [(1 Pa J

The constants r]i, r^, pp and pg are defined
in Fig- 2. The function is only applicable to
pairs of E;-r]-values located within the area

In order to give a further proof of the
quality of this function, its marginal densities
p ( ^ ) and p(T]) are compared with the
distribution densities p ( ^ ) and p( r ) ) resulting
from the statistics [4]. [7]. As can be seen in
Fig. 3 and Fig. 4. the curves representing the
marginal densities are in good accordance with
the histograms of the statistical analysis.
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The curves ill Fig. S are directly elaborated
from the IMO damage cards- For a translation
into a mathematical formula, a function must
be found, the graph of which is a family of
curves running in the same "way as in Fig. 5.

Fig. 3. Marginal density p (!,} of the linear
distribution density p (!;, T] ) and histogram of
damage locations according to statistical
analysis

Fig. 4. Marginal density p (r]) of the linear
distribution density p (^,73) and histogram of
damage lengths according to statistical
analysis

A diagram showing the distribution of the
penetration depths of side damages is given in
[7]. It is presented in Fig. 5 and demonstrates
the influence of the damage length: the
smaller r; is, the higher the probability P^ that
a given penetration T will not be exceeded.

Fig. 6. Distribution functions of damage
penetration T for practical probability
calculations

A function meeting this requirement quite
well, is

, i /, p '\20T) 20Tl(l-1.5T)( T],T ) = ll.5l} ' • e • (5)

Its family of curves is plotted in Fig. 6. For
damage lengths T] < 0.25 and damage
penetrations T s- 2/3, the differences between
the distribution functions in Fig. 5 and Fig. 6
are rather small. Beyond these limits, the
formula is not applicable. According to the
assumption that a damage penetration of
T = 2/3 will not be exceeded, the probability
PT; of the event of a penetration depth being
smaller than a given numerical value T^, is for
2/3 & TI ^ 1 always exactly P.[ = 1. A further
formula, namely for T} > 0.25, is not needed
because rj = 0.25 is assumed to be the upper
limit of the longitudinal damage extent
(Fig. 2).

The statistical informations given by the
presented functions p ( E;,I] ) and P^ ( I],T ),
are sufficient to derive formulas for the
probability of flooding for compartments and
wing compartments. Using a model for the
reality, the above functions are considered to
be the true functions. In order to avoid the
errors of the actual probabilistic subdivision
rules, the following calculations are strictly
based on these functions. They are carried out
correctly without applying approximate terms.

Fig. 5- Distribution functions of damage
penetration T according to damage statistics

NEW FORMULAS FOR THE SPACE
FLOODING PROBABILITY

A general calculation of the flooding
probability pi for side spaces includes the
special case of a breadth being equal to ship's
breadth (b = B). Therefore, in principle,
separate formulas for compartments and wing
compartments are not necessary.

Before dealing with the side space, we first
will have a look at a compartment. Its
forward end may be located at ^ ^ SL' lts

length may be A!;. In Fig. 7, showing the
graph of the assumed density function p { !;,T) ),
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those side damages causing a flooding of this
compartment — and only of this compartment —.
are represented by pairs of ^-i^-values falling
into the triangular area MNO. We must
differentiate between two cases:

— compartment length A!; ^ f,/16 (point 0 of
the triangle MNO below line CD)

— compartment length Ai; ^ C./16 (point 0 of
the triangle MNO above line CD)

where C, s 3 + .̂

b) WING COMPARTMENTS OF A^ ^ C/16 IN
LENGTH

The flooding probability p^ of a wing
compartment depends on a further parameter,
namely on its dimensionless breadth b/B. The
knowledge of the distribution function P^ ( r],T )
enables us to derive a formula for p. for side
spaces being smaller than b/B = 2/3.
The flooding probability of side spaces of
b/B > 2/3 is — because damage penetrations of
T > 2/3 are excluded — the same like that of
a compartment with b/B = 1.

Fig- 7. Probability of flooding to a compartment of A!; ^ (,/16 by a side damage of given length T^

a) COMPARTMENTS OF Ai; ^ C/16 IN LENGTH

The example given in Fig. 7 is a compartment
of this type. The flooding probability p^ for
this compartment is obtained by an integration
of the probability density p ( ^,r\ ) within the
limits of the triangle MNO. This can be done
in two steps: determination of the sectional
areas A { C^S.T] ) of the prism in direction
parallel to the p-^-plane, and integration of
A ( C.A^,I] ) with respect to r].

For A ( C'AI;,r; ) we get

30
11

J5.
11A ( ^,A^,T] A^

465
11

(6)

Its definite integral with respect to i\ from 0
to A!; is

AS

Pi = JA( CAS,T))dii= -^ A^(3C - 17 A^) (7)

From Fig- 7 it is easy to see: the probability
SP( that the compartment under consideration
will be flooded by a side damage of given
length T]j (exactly: T^ - Sr]/2 < T] < T]i •+ Sr]/2),
equals the volume of a "slice" located parallel
to the p-^plane at T) = J}^ and having a
thickness of Sr];

Spi = A ( ^,A^,Tii ) • ST]

The individual distribution function P-r to be
applied if T] = T](, is:

P = ( 1.5 T )20T}l - e20111^ - l 's ' t^

By substituting b/B for T, we get the
probability that in the case of a damage
length T| ^ T);, the damage penetration T will
be smaller than b/B:

P, = ( 1.5 b/B )20m • e20^'1-^^

The product of the above probabilities,
Sp^ • P^, represents the probability that the
flooding will be caused by a side damage with
a 1 ongitudinal extent of 1\ ^ T^ and a
transverse extent of T < b/B. If these
products are evaluated for all damage lengths
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— from the smallest just above zero up to a
length being equal to the compartment length
AE — and then summed up, the result is just
the probability pg we are locking for: the
probability of a flooding to the compartment
under consideration — and only to this
compartment — by a side damage with a
penetration depth not exceeding a given
numerical value. This probability is identical
with the flooding probability p^ of a wing
compartment with a dimensionless breadth
b/B. From

^
Pi = J A ( r ] i » - P^ ( r^) • drii

follows, after substitution of the analytical
expressions for A and P^, the final formula
for practical application:

result as presented in subparagraph a) for
compartments of At; < C/16.

c) COMPARTMENTS OF Ai; ^ /̂16 IN LENGTH

For compartments being more than (yi6 in
length, the triangular area MNO in the
^r]-plane extends beyond the ABCD-region
where side damages are assumed to occur. As
demonstrated in Fig. 8, the prism with the
base MNGR, the volume of which equals the
flooding probability p^ of the compartment
considered- has sectional areas of different
shape. For damage lengths r) s. T]Q, we get a
trapezoidal cut surface; its area A^ is:

ls- AE2
11 A!;

30A,{ C,A^,T] ) = ^- ^A

o. - 15 A£ ( 2 C - AE ) , 30 ( C + 15 AE ) ^
P» lie 11 c2

^ 930 - 930 a"0-^ 3 0 c ( C - 16 A£ je"0 As ,„,
11 c3 ta'

For damage lengths ric & f ] < IR, the cut
surface becomes triangular, and its area Ag is:

where c = 30 b/B - 20 In ( 1.5 b/B ) - 20.

As mentioned at the beginning, the limits to
be observed are:

AE; ^ yi6 and b/B ^ 2/3.

If b/B = 2/3, the above formula gives us
the flooding probability for a compartment of
AE < (,/lb. In order to demonstrate this, we
must write — to avoid a negative denominator
(for b/B = 2/3 we get c = 0) -

e-cAS = i - cAE + 1/2 c2^2 - 1/6 c^E3 +-....

By introducing this series for the exponential
function exp (-cAE), we get for p^ the same

A / r i 15 r2 480 - , 3840 2 /,„,As( ^r, ) = ̂  f; - -JJJ- C 1 + —jj— T) (10)

From the sum of the two definite integrals

IG HR
JA[( (;,AS,TI ) dr] and JA-gi C7] ) dT]
o riG

follows the formula for the flooding
probability pi for compartments exceeding a
length of ?:/16:

_ ^ - ^ { ^ , - ^ )^ AS3.^. m)
^ 11 33 528

Fig. 8. Probability of flooding to a compartment of AE > C/16 by a side damage with r\^ •> T]c and
with FIG < r]^ SIR
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d) WING COMPARTMENTS OF A^ > C/16 IN
LENGTH

The flooding probability pi can be calculated
in the same way as described in subparagraph
b). The only difference is that it must be
observed whether the damage length under
consideration does or does not exceed T}(-_
(Fig. 8). According to the assumed limitation
of the damage penetration to T = 2/3, the
resultant formula for p^ is only applicable to
wing compartments which are smaller than
b/B = 2/3. For side spaces of a depth of more
than 2/3 of the ship's breadth, the formula
for compartments of A^ ^ C,/l6 must be
applied for the calculation of the flooding
probability p^ (subparagraph c). If b/B s; 2/3,
the steps of determining p^ are:

Probability of flooding by a side damage of
i\ ^ i\t ana any depth x:

0 < r]i < lie: Spi = A^( W,^ ) • 5r]

IG ^ li ^ ̂  ^l = ^t ^li } • ̂

DISCUSSION AND CONCLUDING REMARKS

The formulas derived in the preceding section
for the probabilities of compartment and wing
compartment fl codings offer several
advantages. They are applicable in practical
subdivision rules and fulfil fundamental
requirements such as:

— no discontinuities in the results

~ the pj-formulas for compartments follow
from the more general pi-formulas for wing
rompartments. According to the assumption
that damage penetrations T > 2/3 do not
occur, they are identical with the
pi-formulas achieved for b/B = 2/3. This
applies to compartment lengths Ai; s. /̂16
as well as A^ > C,/i6.

— for a compartment of A^ = 1 the correct
result p^ = 1 is obtained

—• the correct flooding probability p^ = 0 is
attained for Ai; = 0 as well as for b/B = 0

— application of the pt-formulas for Ai; < C/16
and A!; ^ C/16 results in identical formulas
for A^ = /̂16

Probability of flooding by a side damage of
r\ ^a r]j and T < b/B:

The above probabilities 5pi must be multiplied
by PT, t T]i ), where

/ • \20ni 20 rn ( l - l , 5 b/B)
P^(7)i) = ( 1.5 b/B) i • C 1

-c^

Probability of flooding by a side damage of
T < b/B and any length:

IG 1R

Pi = JAî ) • P (̂î ) • d^ + JAgdii) • P-rdli* • d]̂
o ilG

The result of the integrations represents the
flooding probability P( for a wing
compartment of AE; ^ C,/i6 and b/B £ 2/3:

^ 15 A£ ( 2 F, ~ A£ ) _ 30 ( C -*• 15 A£ ) ^
Pi 11 c 11 c'

- -^(^ -AS) --.r-
930 + 6750 e '5______- 7680 e •" ,.„,

+ ————————————————————T———————————————————— (1^1
11 C3

From the definition

c = 30 b/B - 20 In (1.5 b/B) - 20

follows c = 0 if b/B = 2/3. If we develop the
exponential expressions into series, we get for
c = 0 the same pi-formula as presented in
subparagraph c) for compartments of A^ s
^/16.

For the future, an universal probabilistic
subdivision regulation, to be applied to all
types of seagoing ships, is desirable. In this
context, it is recommended to introduce the
presented formulas into the new regulation.
By such a decision the judgement of the
safety of ships could be clearly improved.

Though not subject of this paper, it may be
mentioned that another requirement in the
present subdivision rules calls for an
amendment. The assumption of a damage
stability based on a vertical center of gravity
which equals the allowable upper limit, is
against the probability concept. Efforts, for
instance, of attaining a high survivabllity by
giving the ship a great deal of damage
stability, do not find expression in the
survival probability criterion called "Attained
Subdivision Index" because not the actual but
unrealistic small minimum stability values
must be assumed to exist. Here, a
replacement of the highest permissible
KG-value by a mean value or by a distribution
of KG-values should be considered.

Coming back to the flooding probability pi,
it still remains to point out that the method
of defining the side damage location by the
distance of its forward end from the aft end
of the ship, leads to a graphic representation
of the survivable side damages which differs
from the conventional graph. This is
demonstrated by an example in Fig. 9. It
shows a ship subdivided by five transverse
bulkheads. The following floodings are
assumed to be survivable: flooding of the
after two adjacent compartments, of the
forward two adjacent compartments, or of any
of the two inner compartments.
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Fig. 9. Triangular hatched areas representing
the survivable pairs of E-r; values for a
transversely subdivided ship. in the left graph
^ indicates the location of the center, in the
right graph the location of the forward end of
the side damage as well as of the floodable
compartment

If the location of a side damage or a
compartment is defined by the location of its
center, the areas of the survivable pairs of
S-r]-values look like illustrated in the left
diagram of Fig. 9. The limiting isosceles
triangles change into right-angled triangles if
the forward end of damage and watertight
space respectively is taken to indicate the
position within ship's length. We then get the
diagram on the right side of Fig. 9.

In the author's opinion, it should be
unproblematic to introduce the new kind of
graphic representation. This view is confirmed
by practical experience gained from survival
probability calculations in the cases of bottom
and stem damages. For these types of
damages, the proposed definition of location is
in use from the beginning.
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THEORETICAL ANALYSIS OP MOTION AND STABILITY OF NONLINEAR
SHIP ROLLING IN RANDOM BEAM SEAS

Paul Kaplan

A description is given of an analytical method for
determining nonlinear roll response and stability
requirements for a ship in random beam seas. The
nonlineariries considered are present in both the
static restoring moment and the damping moment for
roll motion, when considering only that mode of
uncoupled motion. The forced motion response, as
well as possible system limit cycle behavior, are
determined by methods used in automatic control
theory analyses (viz- describing function techniques).
These limit cycle characteristics are established in
terms of the random forced response rms amplitude,
so that there is coupling between the forced response
characteristics (hence the incident wave significant
height) and the vessel inherent system dynamic
properties. Conditions for stability of these possible
limit cycle responses are also determined, leading to
establishment of criteria for capsizing in terms of the
basic ship linear and nonlinear dynamic properties as
well as the incident random wave properties.

INTRODUCTION

The analytical treatment of ship stability problems,
as considered in the present Conference, is primarily
concerned with the roll mode of motion. Over a
period of many years there has been an increasing
emphasis on computational methods that have been
aimed at predicting ship roll responses to various
types of environmental disturbances, such as those
due to wind and waves. The mathematical models
have increased in complexity and include
nonlinearities in the basic vessel dynamic
representation, time-varying properties of important
basic parameters, and representation of the stochastic
(i.e. random) nature of wave excitation. The
methods of analysis include frequency domain
techniques and time domain simulation, as well as

fundamental determination of nonlinear system
dynamic properties. Representative publications
illustrating such approaches are included in the
Proceedings of the earlier Stability Conferences [I],
as well as in particular specific papers to be cited
here in the present paper.

The mathematical analyses applied in this
general subject area are usually related to two
different problem areas; viz. the prediction of roll
motion properties and also the simulation of capsize
occurrence, with both areas considering wave
disturbances. While both of these problem areas are
important items, the results of such studies have
their major applicability toward assessment of vessel
seaworthiness but they do not directly lead to (he
establishment of stability criteria that can be used by
designers and/or regulatory agencies.

In view of the major concern with ship
stability and capsize phenomena, the present paper is
aimed at presenting a theoretical analysis of
nonlinear roll motion responses as well as stability
requirements for a ship in a random beam sea. This
analysis is a initial step, using certain approximate
methods and/or approaches, for this particular
illustrative case- The initial results indicate the
prospect of utility of the approach, with a view
toward further improvements in the procedures (as
well as extension to other important practical cases)
as a continuation of the basic methodology.

President, Hydromechanics, hie.
State College, PA 16803, USA
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ANALYSIS OF NONLINEAR ROLL RESPONSE

The particular case analyzed here is a ship at zero
speed in random beam seas with a specified wave
spectrum. It is assumed that only the roll mode of
motion is considered, with that motion having
nonlinear properties due to both nonlinear damping
and restoring moment terms. The nonlinear damping
is quadratic in form (actually proportional to the sign
of the roll angular velocity), and the restoring
moment is cubic in roll angle. The vessel also
retains the conventional linear terms in both damping
and restoration (i.e. roll "stiffness"). It is also
assumed that the roll excitation due to waves is not
dependent on the roll angle, and that it retains the
conventional form proportional to wave slope. Since
roll motion is lightly damped, the response is
generally expected to be sharply tuned and narrow
band in nature.

The roll equation of motion is then
represented by

$+2^co^+p<i>|^|+(o „2^t>-^7<|)^=(o»2f(t) (1)
where 0)o is the linear roll natural frequency and the
quantity f(t) is a random function equivalent to the

effective wave slope. This model is similar to other
roll models studied previously (e.g. [2], [3]). The
wave spectrum is represented by S,,((o), and the
spectrum of f(t) is represented by

S^co) = F^ e -o^g]2 S,(<a) = <o4 e-taT/g S,(co) (2)|—— | I —T i

\g J g"
where T is the average draft of the ship (the
exponential term is included here to insure adequate
attenuation of the effective wave slope for high
frequencies).

The procedure to be used for determination
of roll responses, as measured by the rms roll angle
here, is by means of quasi-Iinearization using the
concept of describing functions [4]. Approximating
a nonlinear operation by a linear one, which depends
on properties of the input, is defined here as quasi-
Iinearization, and the approximating function is
referred to as a describing function. When the input
signal form to the nonlinearity is a random process,
the procedure is termed "stochastic linearization".
The basis for applying this method is the tendency
of the random process to approach a Gaussian form

after passing through low pass linear filters (when
viewing the roll motion model as a dynamic system,
employing control system analysis terminology).
Applying the method for sinusoidal periodic input
signals results in what is called "harmonic
linearization".

For the present case of a random sea input
to the system, the motion equation is then
represented by

^^2^+pNl)(Kto»2+?(t>=tU„zf(t) (3)
where Ni=Ni((^) and N^N^CT^) are functions of the
respective rms values of their input. This equation
can be placed into "operator" form, using the
Laplace transform operator variable s, and also
represented in block diagram form as shown in
Figure 1. Referring the system input (right hand
side of Eq.(3)) as 4'.> the transfer function
relationship is given by

<t> - G,(s)
l+((3sNi + -i^)Gi(s)

(4)

where

G,(s)
s2 + 2£;(«).,s+o)o2

This transfer function relationship can be used for
frequency response evaluations by the conventional
replacement s=it0.

Expressions for describing fimctions for
many common nonlinearities in control systems, as
well as general functional forms, are given in [4].
For the present case of random inputs the describing
function values are given by

N, = 2 f 2 or;, N,=3o2
(6)

As a consequence of the narrow band nature of roll
it can be shown that o,=e0o (T,. In a similar manner,
the narrow band behavior allows interpretation of the
system excitation (i.e. effective wave slope) spectrum
to have a constant value corresponding to the value
at the roll natural frequency, i.e. &>=(0p. This is
effectively equivalent to a white noise constant
spectrum at the level corresponding to that frequency
(see discussions in [2] and [3] covering this same
procedure). Thus
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(8)

S (̂tf)̂ S )̂ = ^ e-"" ̂  S,(Q),,) (7)
g2

for use in further evaluations in this paper.

From the governing equations above, it can
be shown that the roll motion spectrum is given by

I 1
S/co)=

(M^^^-O^+^&VI-Z^TC PCO,CT*)CO

• t̂ SrW

which is dependent on €?», the rms roll angle. The
nns roll angle is found from the relation

f S,(cu)dcoCT.

dco

(9)

from which the value of <^ is determined by
numerical iteration.

In a number of studies involving nonlinear
damping phenomena, the absolute square form of
nonlinear damping used here has been found to be
analytically difficult to use in some of the analyses
(in the frequency domain) since that functional form
was discontinuous (see [5]-[7]). That form was
replaced by a fitted combination of a linear and
cubic term, with the coefficients of the fit being
functions of the particular motion variable rms (see
[7] and [8]), given by

I———— J~~-

4> < J ) ^ /_2 cr-,<Ji+/.2 Wo; (10)
V K VTI

The describing function for this representation is
then

3o^_
3a,

2 2 a,

which is exactly the same as the value found
directly for the absolute square model. Thus, within
this level of approximation, the replacement of the
quadratic damping model by a cubic model (with the
appropriate change in the linear term coefficient)
leads to the same result for the system transfer
function, spectrum and rms value. This result

(11)

applies in the case of finding me random response
rms value by use of describing function or stochastic
linearization techniques.

As an illustration of an actual calculation, a
case similar to that treated in [2] is evaluated
numerically. The parameter values applied here are
2^0.0675, ^=0.08, co,=4 rad/sec., S^((0>9 cm.^sec.
The quantity y= —6.4 rad.Vsec.2 is negative,
corresponding to a concave downward "softening"
curve for the restoring moment (which is close to
the actual form of roll restoring moment for larger
angles). For these conditions the rms roll angle is
found to be 0.285 rad.

STABILITY ANALYSIS

One of the properties of a nonlinear system is the
possible existence of steady oscillations that can
occur when there is no input excitation, with such
oscillations also being independent of system initial
conditions. These oscillations, which can occur in
nonlinear systems that are dissipative and
nonconservarive (i.e. they contain damping terms) are
denoted as limit cycles. The limit cycles have
discrete values of amplitude and frequency that are
possible for any nonlinear system, with such
quantities being functions of the basic system
parameters.

The existence, as well as the properties of a
limit cycle oscillation are determined from analytical

and/or graphical procedures applied to the basic
system dynamic model. The issue of stability of
limit cycle oscillations relates to the behavior of
such motion following perturbations in the amplitude
and/or frequency. The nature of such transient
oscillations is the defining issue of the stability of
the limit cycle, with an indication of unstable motion
being considered (in the present ship context) as the
initiation of capsizing-

The determination of a limit cycle is made
using the linearized system dynamic representation in
terms of describing functions, for the case with no
external excitation. The describing functions are
determined on the basis of assuming the presence of
a periodic sinusoidal signal in the system, with that
signal being of the form A sin(u)t t+9). The quantity
A is the assumed limit cycle amplitude, and (o; is the
associated frequency.
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The equation defining undamped oscillation
is the system characteristic (operator form) equation.
This is the equation resulting from setting the
denominator of the transfer function in Eq. (4) equal
to zero, which is

l+OsNi+YN^s) = 0 (12)
or

s^oo^+pN^s+o^+YN^O (13)
The describing functions N] and N3 are functions of
A and o); generally, but for the present type of
nonlinearities they can be shown to be only
amplitude dependent. Since a natural frequency is
required to exist in this system, this is found to be

(O,2 - (O,,2 + YN,(A)
(14)

= ̂  +_3 7A2

4

using the sinusoidal input describing function for a
cubic nonlinearity given in [4].

Leaving aside the determination of the
amplitude A in the above case, it is necessary to
consider the important practical case where the
system is forced by a random input and there is also
the possibility of a limit cycle oscillation being
present. In that casr there are multiple input signals
entering each nonlinear element, and the describing
functions are then functions of such combined
inputs, viz. the sum of a random signal and a
sinusoidal signal. There are different describing
functions in accordance with the nature of the
analytical procedure being applied, i.e. whether the
limit cycle conditions are being satisfied or the
forced random response rms is being determined. In
each case the separate describing function gain
values are determined for the different type signal
component of the total input. For the case of both a
random signal and a sinusoid as the input, the
describing function gain for the random component
is denoted as N(( and that for the sinusoid as N^- In
each case these describing functions are functions of
both the random input rms and the amplitude of the
assumed sinusoidal signal.

s^Z^+pN^s+to^+yN^O (15)
] ^dcoa,2 = <S^O)̂ ) f 1_____________f do)

-I W+^w) -<o2+i(2^(0„+pN^)d(16)

Values of the describing functions for N; are given
in [4] as

N, 3c,2 +_ A2 (17)

(18)3o,2 +_ A2

The determination of the describing functions for the

nonlinear damping is more complex, as discussed
below.

The required describing functions, for an
input to a nonlinearity that is the sum of a random
function and a sinusoid, are defined by double
integral operations in [4]. For the case of only a
random function alone, the describing function for
the quadratic damping form is relatively simple in
form (and also to determine analytically) as shown
by the result in Eq. (6). However, for the present
multiple input case, the describing functions cannot
be determined in closed analytic form for the
quadratic damping nonlinearity. They must be found
by involved numerical procedures, in terms of the
normal probability integral function and associated
integration operations, etc. For the purposes of
illustration of overall methodology in the present

paper, the approximate representation as a sum of a
linear and a cubic function, as shown in Eq. (10), is
used. That expression, which is a valid
approximation for the case of a purely random
function input, is applied to the present case of a
multiple input operation. The describing functions
for such a simple polynomial form are derived in
[4], and are listed for use here by representing N1 as

N^J^+N^coA) (19)

(20)

(21)

i n
where

N;A = 3o,2 +__ ((o,A)2

4

N4 = 30,2 +i (Q)^)2

2

In the above expressions the arguments of the
functions for N; are the representative amplitudes of
velocity terms, which for the random function is o;

and for the sinusoid is £O,A- The further relations to
be used are CT{ = (fl,,̂  and the value of co, defined

in Eq. (14).
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Inserting the values of the describing
functions N^, N;n, N^ and Nm given above into Eq.
(15) and (16) provides the relationships allowing
determination of the random response as well as me
limit cycle parameters. The solution is carried out
in the present case by assuming the same value for
0^ as was found for the pure random signal case,
which then allows determination of the value of A,
the limit cycle amplitude (as well as the frequency
CO,).

The characteristic equation defining the limit
cycle properties, Eq. (15), can be separated into real
and imaginary parts (denoted as U and V) when the
substitution s îd) is made. The stability of the limit
cycle oscillation is determined by a quasi-static
analysis that ignores terms related to me time rate of
change of frequency and amplitude variations
following the assumption of small perturbations in
the limit cycle equilibrium state. The stability
requirement by this type of quasi-static analysis (see
[4]) is given by

au ay . au w > o ̂
3A 9(io 3co 9A

where each of the derivative terms is evaluated at
the equilibrium state value of A==Ao, (0=0),. For the
present case of ship roll morion that reduces to

3 Y [2^o^y,+p/F(2(o,2CT,2+ 1 (o,̂ 2)]
2_ 1" 4

+ p)2 (Oi4 > 0
\n

Computations were carried out for the case
described previously, where the value of o,==0.285
rad. was found using the parameters cited there with
the spectral value S^(ffl^=9 cm'-sec. This condition
was found to be stable, and similarly for the case
with S^(t0o)=18 cm^sec. and o^=0.4 rad. With the
wave spectrum ordinate S,,((o,,)=27 cn^-sec., where
the value of (T,=0.5 rad., it was found that the
system was unstable (the value of A^a*. 0.1 rad. was
found for this case).

DISCUSSION OF RESULTS

The preceding analysis illustrates the presence of an
unstable motion, arising from limit cycle behavior,
for a condition wherein a random continuous
response was also present. This unstable condition
occurred for the system when the level of the

(23)

external excitation, and the resultant random
response properties (represented by the rms value
o^), became large - enough to result in an unstable
condition. This unstable condition can be viewed as
indicating capsize occurrence under these conditions.
While this condition (0^=0.5 rad.) is relatively large,
the analysis did not exhibit an instability for 04=0.4
rad., which is also a relatively large rolling motion
condition.

The method used here to predict rms roll
motion in the case of random waves, by the use of
describing functions in a stochastic linearization
method, is a generally accepted approach (within mat
level of approximation) which yields results
consistent with other investigations (e.g. [2], [3]).
However the stability analysis represents a further
extension of such methods, with a general question
as to the extent of its validity and/or the limits of
such an analytical procedure. The quasi-static
method of limit cycle stability analysis used here is
an approximate method that ignores the presence of
terms involving the time rate of change of frequency
and amplitude in the analysis of perturbation
response.

An extended analysis can be made with
consideration of such terms in order to check that
the stability limits determined by the quasi-static
method are valid, but that is beyond me scope of the
present paper, hi addition a more precise
assessment could possibly be made by use of the
direct describing functions for N^ and Nm, which
would have to be found by more extensive
numerical evaluation for the case where the actual
quadratic (with sign) damping functional form was
used rather than the representation by a combined
linear and cubic model used here.

The conditions for stability outlined here
show that the system would only indicate instability
for negative values of the parameter y, which is the
coefficient of the cubic term in the restoring
moment. The use of such an expression for the
restoring moment is an approximation of the total
restoring moment of a ship (up to 90" inclination),
with its specific form alone resulting in a model of
the vessel dynamics which is similar to the classic
nonlinear Duffing equation with damping (see [9]).
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For the particular case studied here, the frequency
response amplitude function for the roll response is
expected to be similar to that in Figure 2. This is a
condition for a soft spring response, which can
exhibit unstable motion, "jump" phenomena, etc. [9].

A more complete representation of the
restoring moment using higher order odd-power
polynomial terms (<j>5, ^7, etc.) could also be treated
by me present method, with the stability conditions
determined in terms of all of the parameters needed
for the restoring moment model. Another possible
extension of the present analysis would be the
inclusion of a steady wind disturbance, which would
require consideration of an additional signal to be
present mat would correspond to a steady bias value-
The analysis in [41 considers the possibility of such
a signal, in addition to me random signal and (limit
cycle) sinusoid considered previously. The analysis
can proceed by replacing the original nonlinear
system by three quasi-linear systems, with each one
processing each signal form. There are men three
different describing functions, which are dependent
on the magnitude of the bias, the amplitude of the
sinusoid, and the mis of the random signal, with
interdependent relations between the different
describing functions and the major input signal
variables. Simultaneous solution of me three
equation relations that result will provide the
representative system response measures, as well as
the stability conditions.

Further applications of the present approach
can be made for the case where the wind
disturbance also includes gust effects, with a given
wind velocity spectrum, which can be combined with
the wave-induced disturbance. The basic procedure
can also be applied to a ship at some forward speed,
at an arbitrary heading angle (assumed to be
relatively constant), as long as the roll motion
equation can be established as a separate single
degree of freedom equation without explicit coupling
(but assuming any coupling effects are incorporated
into the resulting roll equation of motion). Another
item to be considered is a higher approximation to
me describing function representations used here, as
illustrated in [10]. This could be considered as an
analogous extension to the random sea case as was
the second order expansion technique given in [11]
for the case of sinusoidal wave excitation.

On the basis of the above, there appears to
be a number of useful extensions and/or applications
of the present technique that can be useful for ship
stability investigations. The results that are obtained
from such procedures are in a more explicit form
that can be used to establish stability criteria in
terms of simple parameters representing the basic
ship static and dynamic properties, as well as those
due to the disturbing environments of wind and
waves. This is a distinct advantage of the present
analysis, in contrast to complex time domain
simulation studies. That type of investigation can
still be useful in order to check the validity of the
present simpler predictions of response magnitudes
and stability, resulting in a cohesive approach for
this problem area that uses all of the available
techniques developed for this field.

CONCLUSIONS

The describing function technique exhibited here has
the capability of providing a useful statistical
measure of roll response to seaway disturbances, as
well as for determining stability characteristics
defining the onset of capsize for beam sea operation.
The response determination, as well as me stability
conditions, are expressed in a form that allows
establishment of stability criteria in a simplified form
in terms of the vessel properties and the seaway
characteristics. A number of further extension to
more realistic operating conditions, as well as more
practical representations of ship properties, and also
more refined approximations and computational
procedures are outlined in me paper for use of me
methods described herein.
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STA3I1.ITY OP BAItIASED SHIP DURING SHIP ^OTIONS IN ;<AVES

by Si".^". Rakhmanin *

ABSTRACT
The paper describes the results obtained from the
analysis of the problem of variation in the draft,
heel, and stability of damaged ship during its
motions in waves. By a damaged ship is meant one not
only with flooded compartments but also with shifting
of cargo. Consideration is given to a widespread case
when the damaged ship has no way and is beam to the
sea. The analysis is based on the study of cross-
coupled equations of ship motions in transverse plane
where account is taken of the asymmetry of stability
curve in the presence of static heel and of the con-
sequencies of systematic shipping of green water on
deck of a damaged ship with a low freeboard. By
studying her rolling stability, the relationship bet-
ween the safe level of damaged static stability and
the sea state was established. It is believed that
the wind. action is not the decisive factor in de-
creasing the reserve of damaged stability and that the
account of the wind effect may be taken, if necessary,
by analogy with the intact ship.

INTRODUCTION
By tradition the term "damaged

ship" is associated with the flood-
ing of one or several compartments.
Survival of ship in this state
depends on a rational solution of
the subdivision problem. The lat-
ter contains two key issues. One
consists in the assessment of
draft, list, trim and stability of
the ship when flooded. The other
consists in the assessment of the
degree of safety of a damaged ship
with the given residual buoyancy
and damage stability.

Krylov Ship Research Institute,
Leningrad, USSR.

So far the first problem has
been solved by the statics of the
ship methods proceeding from the
assumption that the damaged ship
is afloat in calm water. The second
issue is treated with various
degrees of detailing in accordance
with the accepted approach to solu-
tion of the subdivision problem.

According to the widespread
deterministic approach the degree
of safety of a damaged ship is
specified on the basis of common
sense. The main idea in this case
consists in that the damage stabi-
lity should retain positive values
within a range of heeling angles.
This serves as a guarantee of
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safety for a damaged shop in cfala
water but at the sanie time it in-
volves arbitrary decisions when
damage stability requirements are
worked out. At the same time the
question of which state of the sea
surface is to be taken as calm
water remains open.

The probabilistic approach to
this problem requires more clarity
in so far as the assessment of the
safety of ship after flooding is
concerned I 1 J . Among other things,
there is a need for establishing
the relationship between the state
of the sea surface (sea severity)
and the minimum value of the
generalized, damage stability charac-
teristic which allows the ship to
avoid capsizing in the given environ-
mental conditions. This relation-
ship maizes it possible to define
the probability of the ship's
survival under specified flooding
conditions as the probability of
the ship's finding itself in the
waves whose energy level is lower
than the minimum energy level of
the waves capable of capsizing the
damaged ship under consideration.

-Finding the relationship in
question is a difficult problem,
Capsizing is a particularly non-
linear phenomenon and has a variety
of modes. The mechanism of this
hazardous phenomenon is as yet im-
perfectly understood in all cases.
Besides, capsizing is an extra-
ordinary event that rarely occurs.
Consequently, it is unlikely that
proper damage stability statistics
can be made on the basis of full-
scale data. For these reasons the
well-known attempts to estimate
the above-mentioned relationship
between the sea state, ship stabi-
lity and residual buoyancy in case
of flooding were associated v/ith

the moctel experiment performed for

studying the minimum damage stabi-
J Ity .\nicn J ;J essential for the
survival o-T • - dfai-^ed ship in

waves [ 3J , [4].
In the present paper the inter-

pretation of the term "damaged
ship" is extended. It is suggested

that in addition to ships with
flooded compartments this term
should include ships with shifted
cargoes. The displacement of such
a vessel will remain unchanged, but
having a larger static heel it is
subjected to a more in-tensive roll-
ing, it may prove disabled and f±nd
itself in a situation as dangerous
as that of a ship with flooded com-

partments .
The main safety problems of the

damaged ship understood in this way
are investigated in terms of its
dynamics in waves on the basis of
the nonlinear cross-coupled equa-
tions of ship motions set up to fit
the approximate hydrodynamic theory
of finite amplitude roll. In doing
so it is shown that (a) the draft,

heel and. damage stability values of
a ship rolling in waves may differ
from those in calm water and that
Cb) the solution of the second
problem i,i.e. the assessment of the
ship's safety in waves) requires an

investigation into the rolling
stability affected by the finite

value disturbances.

MAIM GROUNDS FOR THE ANALYSIS

In order to study the damaged
ship survival problem theoretically

it is necessary to use a representa-
tive mathematical model of its

behaviour in waves- The model should
represent: (a) the typical features
of tne static stability curve for a
damaged ship, (b) a hazardous situa-
tion in respect of the interaction
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with incident waves, (c) typical
reasons for a change in average
parameters of the draft, heel and
damage stability during ship motions
in waves.

An important distinguishing
feature of the damage stability
curve is the asymmetry of its port
and starboard branches in the
presence of static heel.-In the
most serious cases of damage the
angles of heel may be as large as
20°-30°.

In respect of the hazardous
situation, a damaged ship is sup-
posed to have no way. In this case,
following the accident, it turns
around rapidly and drifts beam-on
to the waves. Drifting in the
absence of trim proves to be the
most vulnerable from the point of
view of safety. The situation was
adequately substantiated with
experimental data [3J, |_4-J.

As regards the reasons of
change in the mean draft, static
heel and stability of the damaged
ship which are assumed to be known
from calculation of statics for
calm water conditions, there are
just a few of them. Among these
are, firstly, ship motions, second-
ly, asymmetric distribution of the
damage stability reserve when the
ship is inclined to port or star-
board, and thirdly, accumulation
of a large amount of green water
on the upper deck due to systema-
tic shipping of same. The latter
circumstance is characteristic for
ships with a minimum of freeboard
or close to that. Many types of
passenger or cargo vessels may
find themselves in such conditions,
being symmetrically flooded.

In conclusion let us direct our
attention to the fact that no
special consideration is given in

this paper to taking into account
the fluid dynamics in the flooded
compartments. This does not mean,
however, that the liquid cargo
effects should be ignored. Quite
the reverse-special studies j 9J
show that in the presence of free
surface the liquid cargoes in com-
partments exert influence on all
the dynamic characteristics of the
ship, such as inertia, resistance
to motions, stability and exciting
forces. These effects can be taken
into account by using a number of
corrections to relevant coefficients
in the equations. As a result, in
treating the dynamics of ship both
with or without flooded compart-
ments, provided the damage is due to
shifting of cargo, the equations of
ship motions can be taken to be
equal in form (structure) without
detriment to the quality of analysis.

EQUATIONS OP MOTIONS

For the analysis of dynamic
behaviour of a damaged ship in waves
differential equations of motions
are suggested which are developed
within the framework of an approximate
hydrodynamic theory of motions with
a finite amplitude 6 . This theory
is based on a number of assumptions
which make it possible to benefit
from the principal advantage of the
linear hydrodynamic theory
which consists in a breakdown of
forces into categories. Most of the
forces including inertial/damping
forces and all components of excit-
ing forces are determined using the
rules of the linear theory. The re-
storing forces are an exception.
When these forces are calculated,
excessive hydromechanical pressures
should be integrated over an
instantaneous wetted surface with
allowance for the fact that the
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angles of damaged, ship inclinations
are finite.

An additional feature of the
nonlinear interaction of an oscil-
lating ship and green water is that
time-independent exciting forces
ana. moments can arise in principle.
When oscillations of a low-freeboard
ship or a damaged ship of low resi-
dual buoyancy are considered the
forces of this category have the
first order of small value. Por a
ship drifting in beam seas the main
reason giving rise to these forces
is accumulation of sea water when
the decic is regularly washed over
by waves and entrapped water does
not drain away in time between two

successive wave encounters | 7J. A
constant heeling moment of a finite
magnitude is also generated due to
shifting of cargo in holds. Thus a
general representation of the
structure of exciting forces for
the damaged ship case is more
complex than that for the intact
ship case.

The sway and heave of a damaged
ship drifting in beam seas are
described by linear differential
equations with sufficient accuracy
required for practical calcula-
tions 8J. Therefore, only the
nonlinear roll equation is given
below, which reflects all principal
features of the dynamic behaviour
exhibited by such ships in waves
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Two fixed coordinate systems are
used in the rei-ations given above.

The first system, 0 5 c y z is tied

to the painted waterline of the
ship at a static heeling angle

V^t ( U^ - axis is directed to the
bow, Oy - axis - to the starboard,

0^ - axis is positive downwards

normal to undisturbed free surface).
The second moving coordinate system
Uxyz is tieci to the v-aterline of
the upright ship.

The guidances for calculating
the weight of water entrapped on
deck P^,, its coordinates t.y^,?-J
given in formula (4; and components

of exciting forces from (5) can be

found in Hef. [?], [. 5 J , [ 6 ] ,
respectively.

It is seen that roll equation (1 )
coupled with other types of
motions (2) by cross terms has to
retain at least the terms accoant-

ing for nonlinearities in the re-
storing moment and. damping moment.

Investigations show that these fac-
tors are of fundamental importance
for the prediction of rolLlg stabU-L-
ty and capsizing risks.

From (1) and (3) it follows thc-t

the relative heave has a consider-
able effect on the ro} 1 of th&
darnaged ship. l-'irstly, this effect
shows itself in a high variability

(1-st order of small value) of the
restoring moment (3) , secondly, it
gives rise to an additional excit-

ing moment described by the laat
term in the right-hand part of (1 ) .

On the whole the conditions men-

tioned above lead to a subharuonical
build-up of ship oscillations in
the frequency range corresponding

to severe heaving. At a static

heeling angle "B^ the threshold of
parametric resonance is significant-
ly lower because the depth of

amplitude modulation of the re-

storing moment is increased (in"/
this case 0 •4s 0). The severity
of subharmonic oscillations

experienced by the heeled models

can be significantly higher than
that of the upright models [a] .

The validity of the mathematical
model of the damaged ship motions
in transverse plane is Droved, by
satisfactory agreement between the
results of motions calculations and
the data obtained by exoeriments

conducted to study complex sub-
harmonic oscjilat-i ons of a ship
model in the presence of a pseudo-
static heel [ 8J.

Finally, it should be noted that
the suggested roll equation also
reflects the fact that the ship
having some static heel is subjected
to different exciting forces when
the sea direction is reversed. This
is treated in more detail i^[b],[b].

ROLLING STABILITY OP A HEELED SHIP

If a heeled ship is not subject
to shipping of green water then
the risk of capsizing is attributed
to the fact that the damaged
stability curve is unsymmetrical
and has the form given in fig.1.

Gl\

Fig.1. Unsymmetrical damaged
stability curve
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In the cases when the maximum kine-
tic energy of roll

T ~
mfry

is less than the minimum reserve of
damaged, ship dynamic stability

U^Y.G^V-S, (7)iflAx 0 •° m I«AX A
the roll behaviour of the ship
satisfies the condition of dynamic
equilibrium (fig.1) when

A B

In this case an effect of pseudo--
static inclination arises due to
which the mean heeling angle in

n
motions is different from the static
heeling angle Uci I"- calm water

t\/
9 ft

9.+ 9 .- -"- w2S

simulated by one harmonic with a
frequency corresponding to the peak
of the irregular wave spectrum of
a given severity and an amplitude
equal to the amplitude of irregular*
process with an exceeding prob-
ability of 20 %.

The stability of the rolling
mode thus prescribed was checked
using the method of finite dis-
turbances suggested by A.Tondl 10
and based on the variation of ini-
tial conditions for analog computa-
tion of the equations in time do-
main. The maximum limits of finite
disturbances were found from the
following conditions:

H 20%Hi

(10)(U
When the kinetic energy of roll
reaches the limit of the potential
reserve of positive damaged ship
stability

T > U" (9)
mAv WAX

or in terms of fig.1.

B A

the pseudoheel may increase inde-
finitely. Condition (9) means that
the rolling process becomes unstable
and the ship must capsize. The cha-
racter of roll is not so important,
more essential is the roll severity.

This dynamic mode of capsizing
was checked using an analog compu-
ter and found valid on the basis of
three cross-coupled equations
including (1). The irregular input
process at each of the three inputs
of this set of equations was

H
20%

where u^ and B^, - amplitude
values of angular displacement and
its velocity in a given stationary
mode of rolling.

The risk of capsizing was asses-
sed for ships with unsymmetrical
stability curves of various maximum
stability arms (̂ Z — and vanishing
points in order to obtain data of
practical interest. Fig.2 shows the
studied versions of stability curve.
The initial metacentric height,
static heeling angle and nondimen-
sional coefficient of roll damping
were assumed, the same for all cases
covered by the numerical experiment
and equal to 0.75 m, 15°, 0,20 ,
respectively. The part of the
stability curve corresponding to
the inclination on the opposite
side of the ship was assumed linear
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with an error to the advantage of
safety.

Pig.2. The versions of the
unsymmetrical damaged stability
curve under study

The selected characteristics of
the curve make it possible, on the
one hand, to assess the USSR Regis-
ter of chipping requirements
concerning the stability of da-
maged ships (1-st version of the
curve), on the other hand, to
judge the safety level of a large
group of 3000-10000 m3 displacement
high-freeboard ships which have
relatively high values of meta-
centric height and other stability
characteristics corresponding to
the 2-nd and 3-rd versions of the
curve (fig.2).

Based on the results of rolling
stability studies obtained for"
various sea states an interesting
plot was constructed where the
safe zone of damaged stability was
separated from the hazardous one
(fig. 3). The maximum arm of the
damaged stability curve [^T. ̂ was
taken as a generalized charac-
teristic of stability. It is seen
that the damaged stability curve
complying with the requirements of

the USSR Register of Shipping
((?£.,,:c 0.10 m) ensures the safety
of the damaged ship in sea states
not over number 4.

GZm, M

0,3

V

0,1 —?'/

SAFE
ZONE

^

^^

UNSAFE
ZONE

^^

^3%,M
2,0 U 6,0 8,0 10

SEA
STATE I 5 \ 6 | 7 I g~l

Fig.3. Safe level of stability
for a damaged high-freeboard ship

ROLLING STABILITY OF A SHIP IM
UPRIGHT CONDITIOETS

The mechanism of a pseudostatic
inclination experienced by a dam-
aged ship in the case discussed is
mainly considered as the result of
systematic shipping of green water.
Accumulation of sea water on deck
during ship motions in waves results
in a special heeling moment (4),
and the following formula is sugges-
ted to determine the arm of this
moment |_ 7 J

JLC9H QZ(fl)SGZ-w
<J1)

w

where QZ(H/ - the righting arm of
the static stability curve of the
damaged ship in calm water when no
water, P , entrapped on deck.
Fig.4 shows limiting curves of
heeling arms due to water on deck
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for a flush-deck ship (the lower
curve) and a ship with a high bulw-
ark in extreme conditions |_8J. The
curves are calculated basing on the
following proportions B/d 2.1-2.3
and D/d 1.15-1.30 characteristic
of the ships whose models were tes-
ted in damaged conditions in waves
[3],L4]..

8(r^, M

Fig.4. Limiting curves of reduced
heeling arms due to water on deck
(A - flush-deck ship,B - ship with
a bulwark)

The graphic/analytic method
suggested in | ? J for finding the
pseudostatic heel in the considered
case can be successfully used to

•estimate the heel and stability of
the damaged ship. The method pro-
vides good agreement with the experi-
ment [_ 7 J and opens up a possibility
for assessing the main characteris-
tics of the minimum safe stability
curve of the damaged ship which
prevents capsizing in a given sea
state.

The investigation into the
stability of rolling of a low-free-
board ship using the method of J^..
Tondl [10] reveals that it is cha-
racteristic of these curves that

the pseudoheel of an oscillating
ship fl , tends to the heeling angle
OtAiflw corresponding to the maximum

anarm of the curve. -Pig. 5 gives
illustration of such curves.

Pig,5. Definition of minimum safe
stability curve for a low-freeboard
ship

Considering the above defini-
tion of the minimum safe stability
curve, one can indicate permissible
maximum righting arms of the dam-
aged stability curve CrE. required
to avoid capsizing of the damaged
ship in high sea states when ship-
ping of green water occur in the
most intensive way. These data are
determined from the curves of figi 4
and given in the table below.

Maturally, for lower sea states
the requirements to the" parameters
of the minimum safe stability curve
of the damaged ship should be less
strict. It is proved by the model
test data [3 ] , [4]- Analysis of
the model test data using the
maximum arm LcZ — as a generalized
parameter of residual buoyancy and
damaged stability made it possible
to arrange the results and to obtain.
an important plot of the safe level
of damaged stability versus the
sea state in irregular waves.
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Table 1. Characteristics of the minimum safe stability curve of
the damaged ship

At

At

At

u f-MAA*

^mAx '

0" mftx

15°

30°

45°

0.

0.

0.

25

16

10

<
<
<

GZ
K
(̂

M

Ml

<

4
4

0.35

C.25

0.16

8

The plot is given in fig.6 and
corresponds to the case of a sym-
metrically flooded ship freely
drifting with its damaged side
beam-on to seas and systematically
shipping green water.

G^m^M

2,0 ^0 6,0 8,0 10
SEA

STATE L5 7

£'ig.6. Safe level of stability
for a damaged low-freeboard ship
in waves (•-U.S. tests, 0 - U.K. tests)

Mote that this plot agrees well
with the data of Table 1 referring
-to extremely high sea states.
Table 1 gives practically the
same values of the maximum am Gr2~
as those found from the experimental
curves of fig.6 in sea state 8 for
the case when £r^ ̂  of the minimum
safe stability curve is in the
range of heeling angles from 10° to
20° which is characteristic of the
models of a Mariner-type ship ^ 3 J
and car ferry | 4 J tested on even
keel. The lower curve corresponds
to the conditions of the tests con-
ducted in the USA [ 2 J when a

flush-deck model without a bulwark
was tested. The higher curve refers
to a car ferry model from the U.K.
tests [ ^ J - In damaged conditions
this model represents a low-free-
board. ship with a bulwark of an
infinite height.

CONCLUSION
The methods proposed for the

calculation of pseudoheel solve
the problem of predicting draft,
heel and damage stability of a dam-
aged ship during free drift in
waves. These methods were used for
an analysis of the materials cover-
ing the results of experimental
studies on the safety of low-free-
board ships in regular waves |_7J
and damaged ships in irregular
waves |_3J, ; 4 j . Among other
things, the methods gave the clue
to understanding the mechanism of
.the damage ship capsizing, thus
making it possible to obtain in-
formation needed for the assess-
ment of the possibility of survival
for such a ship with the given
residual buoyancy and damage
stability. It has been found that
the maximum arm of the damage
stability curve may be taken as a
criterion of safety for a damaged
ship drifting in waves.

NOMENCLATURE

a) Main particulars
£ -
B -
d -
V -"o

breadth,
depth <>
draft,
volume displacement in calmwater.,
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<"^wo - mean value of waterplane
area at an angle of heel

E E
^,_ ?z~,-raean value of coorcinates

of the center of floata-

tion in the second ahip-

fixed coordinate system
P - radius of floatation curve
Js

of a heeled ship

"st — ^^-i-io heeling angle
heeling angle correspond-
ing to the maximum of the

stability curve

[^MO — initial metacentric height

CtZ,^"' '^^''yent and. maximum right-
ing arm of static stability

curve

b) Characteristics of ship's
dynamic behaviour

A x — transverse moment of
inertia of ship mass

y 2?-coordinates of ship's
gravity center in the
second ship-fixed coordi-
nate system

A;j

r̂-iv
' ^
pCW

added-mass coefficients
damping coefficients
variable exciting forces
constant components of

exciting forces
restoring forces

c) Characteristics of waves and
ship motions

0 — wave encounter frequency

Hp%- wave height with an
exceeding probability p %

^_, ^-^/

y ,^— instantaneous horizontal
and vertical displacements
of ship relative to wave

surface
Q - pseudostatic heeling angle

variation in heeling angle
of ship in motions

current value of absolute
heeling angle

^ — volume weight of water
^ - time

variance of angular velocity
of ship motions
kinetic energy
potential energy

T -
U -
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DESIGN EXCITATIONS FOR DYNAMIC SHIP STABILITY ASSESSMENT

by J.G.M. Alexander and D. Vassalos

Abstract - This paper documents the application of a new method for deriving design excitations that can be used
to assess the dynamic stability of ships. The method is based on the concept of mapping a weighted response of a
dynamic system under study from a random domain to a deterministic domain. The key benefit of adopting the
proposed approach is to include information about the dynamics of systems into the development of "design excita-
tions". This ensures that the characteristics of both the environment and the dynamic system influence the derived
excitation. The results of the study propose an empirical formulation that produces a design excitation for assessing
the dynamic stability of vessels that operate in the southern North Sea. The proposed empirical formulation is com-
pared with other "design waves" that have been developed over the years, and comparisons are drawn.

This paper utilizes a theoretical development,
and in so doing, develops an equivalent excitation
to be used for assessing the dynamic stability of
ships that replaces the complex wind and wave
environment in which the vessels operate. The
resulting excitation is dependent on fundamental
vessel parameters, therefore, a number of vessels
are examined in order to develop an equivalent
excitation that is applicable over a range of vessel
sizes-

INTRODUCTION

In all branches of engineering the importance of
predicting the response of dynamic systems to real-
istic excitations cannot be over-emphasized. With
the advent of powerful computers the level of
complexity of the models used to describe dynamic
systems has been drastically increased. So much so,
that the amount of time required to calculate repre-
sentative responses can often be prohibitively long.

It has long been realised that the use of "design"
excitations that represent the environment can
reduce the amount of calculation required to pro-
vide representative responses.

The problem with considering design excitations
based solely on environmental characteristics is that
the important properties of the dynamic system are
neglected, that is, their preferential response to exci-
tations of specific frequencies. What is needed is a
simple form of excitation that is equivalent to the
excitation that would occur within a random envi-
ronment, and also contain information of how the
system would respond to the range of frequencies
present.

The outcome of the research is the proposal of
empirical formulae based on both vessel and envi-
ronmental parameters. Finally, comparisons are
drawn between this new equivalent excitation and
other "design waves" that have been developed over
the years.

THE NEED FOR AN IMPROVED EXCITA-
TION

The effective modelling of complicated dynamic
systems is a time consuming and expensive task.
Over the years, it has been realised in many fields
of engineering that any reduction in computation
time while retaining the integrity of results was an
important step in improving speed and therefore
cost effectiveness. Hence, the concept of "design
excitations" was developed.

These were specially developed excitations or
loading that embodied the types of excitation a
given system would be likely to experience during
its operational lifetime, but in a much reduced time-
scale.

Dr. Alexander : British Telecom Research Laboratories, Martlesham Heath, Ipswich IP5 7RE, U.K.

Dr. Vassalos : Department of Mechanical and Process Engineering, University of Strathclyde, Glasgow G2, U.K.
- 142 -



The basic problem with this type of approach is
due to the fact that although much research effort
had been made in the areas of deriving representa-
tive excitations, very little thought had been given
to the area of incorporating the dynamic
characteristics of the system under study into the
analysis. Clearly, it must be obvious that if (in a
simple linear example) the dynamic system is com-
pletely de-tuned from the excitation environment,
then performing an analysis based on representative
information from the environment is likely to prove
unfruitful.

This idea is not new. Earthquake safely regula-
tions [1] have already recognized that the relative
probabilities of occurrence of earthquakes of
different magnitudes should be taken into consider-
ation. This probability variation has been observed
in other fields of engineering, notably marine
technology.

The earliest work in the field of vessel stability
was provided by Grim [2], who developed an equiv-
alent design wave. This wave minimised the differ-
ence between the underwater volume of a vessel
calculated in a wave of \ = Lgp, and that obtained
from an irregular wave realisation generated from a
wave energy spectrum.

The other important contribution of integrating
vessel characteristics and environmental parameters
was provided by Lewis [3]. Environmental weight-
ing was incorporated in a combined probability
function of bending moment. This led Lewis to
conclude that the worst cumulative bending
occurred, not in the most severe seastate, but in a
more moderate one. This meant that the elusive
"worst possible storm" may not need to be found.

For the fore-going arguments the authors
decided to research the area of developing a design
excitation that embodied the characteristics of not
only the environment, but also the dynamics of the
system that would operate in the said environment.
Thus, a new methodology in developing design
excitations was developed based on the concept of
mapping weighted dynamic responses between
domains of excitation [4].

SUMMARY OF THE WEIGHTED MAPPING
CONCEPT

In brief, the concept relies on weighing a suitable
measure of the response of a dynamic system with
the probability of occurrence of the excitation caus-
ing the response. This expectation value is
expressed thus:

<<1>>=:E^)•^±^) (1)

where <() is the weighted response (in this case
weighted roll response)

£41(1) is the measured roll response.

.t is the vector of environmental parameters
(usually wave amplitude, period and
windspeed).

or is a small range in the selected environ-

mental parameters.

Using the weighted response for different
domains of excitation, a solution set may be pro-
duced by finding the intersection between the two
domains, thus :-

(2)

where (<}>);; is the weighted response form the ran-

dom domain, and <<}>)̂  is the weighted response
from the deterministic domain. This solution set
defines the excitation from different source domains
that can produce an equivalent effect. This is the
concept of mapping weighted responses between
domains of excitation.

MODEL OF VESSEL DYNAMICS

The foregoing method does depend on the type of
model used to represent the dynamic system.
Therefore, the chosen representation employs a
method of assessing the dynamic stability of a
vessel developed in the University of Strathclyde,
namely the "Energy Balance" method- This method
was originally proposed by Welaya[5J, and subse-
quent research and applications have been docum-
ented in many publications, see for example [6,7,8].
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Briefly, however, the basic theory is as follows.
In order for a vessel to be assessed as "safe", the net
energy input to the dynamic system by the environ-
ment (ie. wind and waves) must be balanced by the
restoring energy of the dynamic system. Tills is
akin to the Weather Criteria proposed in numerous
IMO documents. However, the key development of
the Strathclyde method in the explicit inclusion of
the wave effect. This wave effect alters the
dynamic righting lever curve to produce the char-
acteristic "butterfly loop" for roll restoring lever of
a vessel in following waves (see fig. 1). The
hysteresis of the roll restoring lever is the direct
consequence of the wave passing along the vessel
(changing the underwater volume) as the vessel
rolls.

Considering the physics of the situation, it is
clear that a vessel will roll from some initial angle
on the windward side to a final roll angle on the lee-
ward side determined by the nature and amount of
input energy and by the restoring energy of the
system. However, this method of evaluation is slow
and costly in computer time. A possible alternative
is to choose judiciously the initial and final angles
of the roll cycle and use a more abstract quantity as
a representative measure of the response of the

dynamic system, for example, the net energy (ie. net
area under the diagram). Clearly, if the net energy
is positive, then the vessel can be assessed as "safe".

The relationship between the "true" final roll
angle and the abstract net energy measure is not
maintained over a range of input excitations. How-
ever, provided the deviation can be shown to be
small, it is reasonable to use the more abstract
measure. Fortunately, this is shown to be the case
[9]. Therefore, the work illustrated in this paper is
based on using the net energy of the dynamic sys-
tem as a measure of the response.

It should be noted that the Energy Balance is
quasi-dynamic and hence the analysis undertaken in
this paper considers only the following sea case
where dynamic effects are minimised.

PRACTICAL APPLICATION OF THE
METHOD

In order to test the method, three representatively
sized vessels were selected, and their responses
were evaluated in a set of seastates representing a
geographic region. The selected ocean region is the

southern North Sea, as described by data provided
byBMTLtd.[10|.

Delerminisfic Excitation Treatment

Each of the vessels was assessed in a series of sinu-
soidal waves in a range of operating speeds. The
wave length was selected that would result i-n the
poorest possible assessment (response). A further
variation of both wave amplitude and windspeed
was perfonned for each vessel, all other variables
being kept constant.

The results of the analysis for one of the three
vessels is illustrated in figures 2 and 3. This sys-
tematic analysis creates the solution domain on to
which the results from the random domain will be
ultimately mapped.

Random Excitation Treatment

The ocean region under examination is comprised
of 15 seastates. These were used to produce 15 sets
of representative wave realisations. The realisations
were generated using the technique of "shaping"
white noise devised by Cuong et al. [llj, using a
JONSWAP energy spectrum to model each seastate.

Hogben [12] indicated that wind velocity is only
weakly coupled to zero crossing period, therefore,
representative wind velocities are chosen for each
band of significant wave height. The representative
wind velocity is taken to be the mean value for all
the occurrences of wind velocity within the band of
significant wave heights of interest. This data is
also provided by BMT Ltd.

A series of assessments for each vessel, at each of
the selected operating speeds, was performed in
detrimental sections of the generated wave realisa-
tion. These sections, or wave packets (not to be
confused with wave groups), were selected as being
detrimental to tlie test vessels depending on the zero
crossing period and the amplitude.

In this particular series of tests, the poorest assess-
ment at each speed considered was selected as the
measured response of the vessel in the chosen
seastate.

Weighting and Solution

In accordance with the proposed method, it is
necessary to weigh the responses for each vessel in
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both the landom and deterministic domains An
analytic modei of Joint piobabihty density of wave
amplitude and period in a seastate is used Tins
function was onginall) put forwaid b\ Cavanie et
al [13]

The function does not include any variations due to
wmdspeed This is reasonable since it is assumed
that the wmdspeed generates the seastate. and thus
lemains constant throughout the analysis 1'he
effect of the magnitude of the wind velocity is
included in the dynamic stability assessment

The solution set between the weighted domains is
found Figure 4 shows the solution amplitude of the
deterministic wave for one of the vessels at one of
the selected speeds of operation m each seastate
The variation of vessel speed has no drastic effect
on the resulting equivalent excitation and as such
can be omitted fiom turthel calculations

Regional Solution

The work earned out so far, provides equivalent
excitation (wave amplitude and wind velocity) for
sets of individual seastates An additional weight
ing procedure is required to provide equivalent
excitation that represent the long term statistics of
the environment This is achieved by weighing the
equivalent excitation foi each sea&taie with the
exceedence probability (ie the probability or a seas
tate existing with a greater significant waveheight)
If the only variable to be considered is that of
significant wave height, then the exceedence prob
ability can be written in terms of stringency That
is, the percentage likelihood of that significant wave
height m the region being exceeded during the
period that the long temi statistics are applicable

The results for the equivalent wave amplitudes aie
given graphically in figure 5 for five levels of
stringency A consistent pattern of increasing
amplitude with wavelength can be clearly seen
throughout the levels It should be noted that the
amplitudes appear to maintain realistic magnitudes,
bearing m mind the dimensions of the test vessels

COMPARISON V V I F H PUBLISHED WORK

Although the method of deriving the design excita
tions is new, and therefore, not directly comparable
v, ith previously published work, an "order of
magnitude" comparison should be possible, even to
establish whether or not the method produces realis-
tic values

Thiee empirical formulae used extensively m
stability research [14,15,2] are shown m figure 6
Tl ere is clear agreement in trend between the
empirical formulae and the equivalent wave ampli
tude, m particular, at the smaller wavelengths where
spread m equivalent excitation values is compressed
(see fig 5) Taking one of the empirical formula as
an example, if we compare Gnm's wave [2] with
the weighted solution wave over the range of
lengths presented, then some msight into the agree-
ment may be gained At short wavelengths, Grun's
wave appears to agree in magnitude with the
weighted solution at a stringency level of about I %
However, for mid-range wavelengths (40m), me
agreement between the Gnm wave and the
weighted solution wave occurs at a stringency level
of about 12% Similarly, at the longest wavelengths
in the range, the agreement again occurs when the
stringency level is 12% This indicates that either
all the empirical formulae possess variability with
level of stringency, or that incomplete information
regarding the likelihood of "testing" excitations or
vessel dynamics has been incorporated during
development

Another way of examining whether the pro-
cedure produces sensible results is to compare me
equivalent wave with the maximum wave that could
possibly exist in the region Hogben [16], stated
that the maximum wave amplitude expected m a
given seastate would be 1 07/-/,,, (at the 90% confi-
dence level) Therefore, in the same seastate the
equivalent wave must have a smaller amplitude If
we consider seastates that are only exceeded 1 % of
the tune then the maximum wave possible will
have an amplitude of 7 2 metres, whereas the equiv
alent wave amplitude for the same level of
stringency is always less than that value (see fig 5)

Clearly, tnere is not enough information to
ensure that the equivalent excitation is sensible over
the entire range of vessel lengths For this reason a
further senes of tests were performed on vessels up
to 400 metres m length
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The usage of proposed procedure is laborious.
Clearly, in order to apply the results of the research
in practise it is necessary to develop an empirical
representation of the results.

It is necessary to determine the important para-
meters that represent the environment and the
dynamic system of interest. In this particular
application, the dynamic system is a vessel in fol-
lowing seas. Clearly, it is not possible to include all
the parameters that influence the characteristics of
both the environment and the vessel systems. Only
the dominant parameters can be considered. Exten-
sive work determining the sensitivity of such para-
meters and their effect on the dynamic stability
assessment was carried out by Barrie [9] which
helps in concluding that in the following sea case,
the only vessel parameter that need be considered is
length.

In the case of the environment, it becomes
apparent that there is remarkably little variation in
the long term statistics of expected maximum sig-
nificant wave height between ocean regions. How-
ever, the mean and modal values of zero crossing
period does vary significantly between regions.
Due to the fact that the distribution of seastates in
any given region is skewed, the actual modal zero
crossing period is dependent on significant wave
height, or in other words the level of stringency
chosen. In the southern North Sea, however, the
variation of zero crossing period is confined to
within one second, and can therefore be regarded as
an insignificant variation with wave height. There-
fore, the modal value together with the level of
stringency, were the selected parameters chosen to
represent the environment.

The final non-dimensionalised equivalent wave
function is shown in figure 7. The task of deriving
an empirical formula is simply a matter of surface
fitting. A third degree polynomial is fitted to
non-dimensional wave length, and a linear function
is fitted to level of stringency. The resulting func-
tion is expressed thus :

^(s, ̂ ) •= 0.277 - 0.349^ + (0.423 - 0.772s )Xp

+(0.431.?-0.270)^

+(0.039-0.055s)^, (3)

in me ranges u./^ < Ap < 4.U6

0.01 <s<030

where s is the stringency level expressed as a
decimal fraction (ie. 1% = 0.01)

\Q is the normalised wavelength given by :

(4)

TM is the modal period of the region

and the critical wavelength is selected thus :

\ = 0.67L,,/,

The second function pertaining to the equivalent
wind velocity is a more straight-forward problem
and can be expressed as a simple exponential thus :

(5)

By using the above empirical formulae, representa-
tive equivalent wave and wind excitations may be
calculated for vessels operating in the southern
North Sea. This excitation can be subsequently
applied to the stability analysis of the said vessels
using the Energy Balance method.

FURTHER CONSIDERATIONS

The work described in this paper considers the first
area of application of a new method for deriving
design excitations based on characteristics of the
dynamic system as well as the environment in
which that system operates.

In many ways, the model considered in this work
is crude. The omission of "true" dynamics prevents
the more subtle effects from being included in the
analysis, for example, unidirectional seas and wave
groups.

There appears to be no reason to prevent the
technique from being applied to other areas of
dynamics, for example, an equivalent excitation for
longitudinal bending would appear to be an obvious
contender. Likewise, other engineering disciplines
could also be considered as possible areas of appli-
cation.
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CONCLUSIONS

On the basis of the work presented in this paper, the
following conclusions may be drawn :

1. Using the concept of mapping weighted
responses of dynamic systems between
domains of excitation, it is possible to relate
the response of a vessel in a random environ-
ment to that experienced in a deterministic
environment.

2. Applying the technique to a number of
representative vessels in an ocean region,
empirical formulae can be developed to pro-
vide equivalent excitations for the dynamic
stability assessment of vessels in that region.

3. Due to the generality of the approach, it
seems likely that the technique may be suit-
able for application in a number of engineer-
ing fields.
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Fig 1: "Energy Balance" Butterfly Diagram
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ON THE DYNAMICS OF SHIP INSTABILITY

B..E-D. Bishop (1) W.G. Price
(1/3)

P. Temarel (1) and E.H. Twizell
(2)

Conventional methods of estimating dynamic stability are restricted to the roll equation
governing one degree of freedom. Allowance for non-1-lnearities when predicting large roll
responses leading to capsizing does not compensate for the physical deficiency of such a
rudimentary representation of the physical system.
The authors have advocated the use of a physically less restrictive mathematical model in
which coupled sway, yaw and roll are admitted in the equations of motion- This approach
reduces artificial constraints, justification for which is not at all clear and the effects
of which are likely to be significant in the ship stability and capsizing phenomena. This
more general approach has permitted a number of successful predictions and explanations to be
reached and also provided greater physical insight.
In this paper the linear equations governing the antisymmetric motion of a rigid ship are
developed. Fluid actions are expressed in terms of convolution integrals. The formulation
of the problem includes the effects of waves and rudder deflection. The dynamic stability or
instability of a ship represented by such a model is investigated.

1. INTRODUCTION

It is not possible either to build a ship
with complete symmetry port and starboard or
to propel it on an absolutely straight
course with a fixed zero rudder angle. There
will always be a slight tendency for the
vessel to turn away from motion straight
ahead. Superimposed on this unintentional
motion, which will be ignored, there may be
other antisymmetric motions due to the effect
of waves, rudder deflection and directional
instability. It is these, particularly the
last, with which this paper is concerned.

In the past papers [l,2] a directional
stability analysis of a ship allowing for
time-history effects of the flow was present-
ed. It was shown that the characteristic
equation describing the directional stability
of a ship may have more roots than are
predicted by an 'instantaneous theory' which
assumes that the motion at any instant
determines the fluid forces and moments at
(1) Department of Mechanical Engineering
(2) Department of Mathematics & Statistics

Brunei University
Uxbridge, Middlesex, UB8 3PH.
United Kingdom.

(3) Address from 1 October 1990 -
Department of Ship Science
University of Southampton
Southampton, S09 5NH.

that instant. Unfortunately, the prediction
of instability by analytical means is not
easy and it is the purpose of the present
paper to develop a numerical model which
may be used to predict the onset of direc-
tional instability and which takes into
account the history of the ship's motion.

The current work is intended to expand
on and supplement earlier work where the
frequency dependence of the fluid actions -
represented by oscillatory coefficients
[3-5] - and the effects of trim and forward
speed on slow motion derivatives [6] were
investigated, and their influence on the
stability characteristics of a rigid ship
assessed.

The equations describing the couoled
linear antisymmetric motions of a ship in
terms of roll, sway and yaw are formulated
by expressing the fluid actions by means of
convolution integrals. The characteristic
equation of the motion is expressed in terms
of nine functions which represent the relat-
ionships connecting sway force, rolling mom-
ent and yawing moment with sway velocity,
roll angular velocity and yaw angular veloc-
ity. These nine functions, which are expres-
sed in terms of a parameter \, are not
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generally known in closed form- The
parameter A must have a negative real part
to ensure dynamic stability of the ship.

An empirical formula, which models-
each of the nine functions in terms of the
frequency of oscillation, e.g. the wave
encounter frequency, is proposed.

This is achieved by adopting a discrete
nonlinear least squares algorithm to obtain
the corresponding optimal values of the
parameters of the model formula which is a.

rational function of the frequency; such a
numerical method is outlined in Appendix I-
Inverse Fourier transform tables give the
corresponding impulse response functions
and Laplace transform tables then give the
model forms of the nine functions of A
occurring in the characteristic equation,
the roots of which are obtained numerically.

It is convenient to write the equations
of motion in a dimensionaless form, thus
enabling the variation in the roots of the
characteristic equation to be monitored as
various parameters change.

2. REPRESENTATION OF THE FLUID ACTIONS
Consider a rigid ship with an orthogonal
right-handed system of body axes Cxyz fixed
to it with origin C at the centre of gravity
of the ship and the positive Cx axis lying
in the plane of symmetry along the forward
longitudinal axis. Cy is perpendicular to
the plane of symmetry and positive to port
while the Cz axis is positive vertically
upwards- For such a ship moving with
forward speed U, the linearized equations
of anti-symmetric motion involving sway
velocity v(t) , roll angle (pit) or roll
angular velocity p(t) = 0(t) = dtp(fc)/dt,
and yaw angular velocity r(t) may be
written in the form [i-3]

m(v+rU)=AY = (AY) + ( & Y ) + ( A Y ) + ( A Y ) ,
v p r 6

I p-I r=AK = (AK) + ( A K ) + (AK) + ( A K ) , + K i . O (1)xx xz v p r 6 cp'

-I p+I r=AN = ( A N ) + ( A N ) + ( A N ) + ( A N ) , .zx zz v p r 5

where m is the mass of the ship, I andxx
I are moments of inertia and I is azz xz
product of inertia. The components AY, AK

and AN are small perturbations of sway force,

roll moment and yaw moment, respectively,
applied by the surrounding fluid. The
indices refer to the corresponding contri-
bution, e.g. (AY) denotes the sway force
component due to sway velocity v(t), while
(AY) represents the sway force due to the
rudder deflection 6(t). K = - p g V GM.

The most general linear expressions
available for these fluid loading compon-
erts were originally proposed by Cummins
[7] and generalized later [8,9]. These
expressions are derived from convolution
integrals and, unlike "slow motion
derivatives" which are constant for a given
U, they make allowance for the time history
of the ship's motion. For example, in still
water

(AY) (2)y (SJ (t-s)ds
- v v

in which y (s) is an impulse response
function. This is, in fact, a first approx-
imation to a complete nonlinear representa-
tion usinq a Volterra series [9]. Suppose,
now, that the ship is moving in lonq-crested
waves- The fluid actions depend on the
relative motions of the water; thus

(AY) = y (s)[v(t-s) -v (t-s)]ds (3)
v v w "

where v (fc) is the lateral velocity of thew -
wave.

This representation can only be an
approximate one resting as it does on the
Froude-Kryloff hypothesis that the wave
pressure is not upset by the presence of the
ship. Moreover, v (t) is assumed either tow
be constant along the hull, which cannot be
so in oblique long-crested waves, or to be
an average value taken along the length of
the hull. For present purposes it is
unnecessary to examine the question of how
an expression for v (t) miaht be found.w

Turning now to a typical rudder term in
(1), it can be expressed as

( A Y ) y , ( s ) i3(t-s)ds. (4)

Extending this approach to all compon-
ents of the fluid actions, the equation of
motion (1) become
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i(v+ru) = ] y (s) [v(t-s)-v (t-s)]ds
J v w

+ v (s) [p(t-s)-p (t-s)jdsI R - w

+ i"3 Y (s) [r(t-s)-r (t-s)]ds

j y^.(s) 6(t-s)ds

(5)

* * *
where v , p and r are constants andw w w
i = /(-I) -

With these assumptions in mind, consider a

typical integral in the equations (5-7) ,

for instance, the first integral in equation

(5) may be split in two parts, namely

I p - I r = - pgVGMU)xx xz -3 -r
(AY) = v e

v 0
At , . -As_y ( s j e ds

J-» v

+ k (s) [v(t-s)-v (t-s)jds
v w

- v exp(io) t) ! y (s)exp(-it.; s)dsw e j v •'• e

(10)
+ k (s) [p(t-s)-p (t-s)]ds ( 6 )

J -,« P w (AY) -= Y ( A ) v e fc - y (01 )v exp(.iL; fc)v v 0 v e w e

+ k (s) [r(t-s)-r (t-s)]dsr w

+ k , ( s ) o(t-s)ds
6

and

-I p + I r = n (s)[v( t -s)-v (t-s)]dszx zz i v w

in which y (o> ) is the Fourier transform ofv e
y (s) and Y (A) is the Laplace transform of
the same impulse response function.

Finally, assuming that &(t) = S e'o
then a typical rudder term given toy equation
(4) becomes

+ n ( s )Ep( t - s ) -p (t-s)]ds
. _ P w

, At ,. , -As, ,, - A t (11
V Y o ( s ) e ^ 'Vo6

(7)

+ n (s)[r(t-s)-r (t-s)]dsJ r w

+ n , ( s ) 6(t-s) ds
6

• —03

where y ( s ) , y (s) , y (s ) , y . t s ) , k ( s ) ,v -'p -r 6 v
k (s) , k (s) , k , ( s ) , n , , (s) , n (s) , n (s)p r 6 v p r
and n,, (s) are impulse response functions,

6

p is the density of water, g is the

acceleration due to gravity, 7 is the

displacement volume and GM is the meta-

centric height-

Suppose that the motions v ( t ) , p( t )

and r ( t ) are all proportional to e , where

A is a parameter, and define column vectors

q ( t ) = [ v ( t ) , p ( t ) , r t t)] '1 and qo=[VO'PO' rO ]T]

T denoting transpose, such that

as it is unlikely that a rudder will have a

significant memory effect and so y,, (s) willo
approximate to a delta function-

Equations (5-7) can then be written in

matrix form, as follows

D ( A ) q e fc = M ( O ) )q expdu t) + uo e lt (12)

where

U = [ Y , , K N,,]6 6 6

with y K,. and N - constants,0 6 6

mU-Y ( A )r-AY ( A )
P

A2! -AK ( A ) -AI -K ( A )xx p xz r (13)

+pgVGM

D ( A ) =

mA-Y ( A )
v

-K ( A )

i . \ At r •» n - L A t ; ^<q ( t ) = q^e = [v^, Aq)^, r^] e . (8) -N ( A )v -A"I -AN ( A ) AT -N ( A ) izx p zz r ,

Similarly, a vector q (t) •= [v ( t) , p ( t ) ,
^w w w

r ( t ) ] can be identified which representsw
the wave motions. Assume that the waves

are sinusoidal with encounter frequency iii ,

then
* * * m *

q (t) == [v ,p ,r ] exp('i(JJ t )=qexp( io . t)_w w ^ w w e . . w e

(9)

M(LJ ) =e

y (in )v e

k (^ )v e

n (o> )
v e

y (n> )P e

k (hi 1p e

n (hi )P e

y (^ )r e

k (LU )
r e

n (hi )r e

(14)
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The coraplemenr-ary function o) the

equation of iTiotion (12) satisfies the

equation

D ^ ) q ( t ) = 0 .

If c i ( t ) is not to have a trivial form, that

i& if q ?' 0, then the determinant of D ( )

must vanish, giving

D ( A ) ; = 0. (15)

Thi-s is the characteristic equation of the
motion. It has roots ^ , A ,... and the
ship suffers dynamic instability -if any of
these roots has a positive real cart, for
then q(t) will grow with time. In other
words the ship cannot perform its intended
function of moving straight ahead when the
rudder is undeflected. A real positive
root will relate to a spontaneous unidirec-
tional and growing departure from motion
ahead, while a complex root with a positive
real part will correspond to a growing
osciJlatory departure from the reference
otion. In either of these events the ship

-i s d-iy^et-ionalty unstable or dy na'-n-i cat iy
A.W t-ai) u-'. in the event that directional
instability did occur, it would quickly
become of overriding importance. Its
•severity would be such that the ship would
cease to be controllable by means of its
rudder and could very well roll onto its
beam end.

It will be convenient to write the
equations of motion (5-7) in dimensionless
forms. This is achieved by dividing equa-
tion (5) by '̂ DU2!̂ , where L is the length of
the ship, and equations (6) and (7) by
)JU L^. The dimensionless characteristic
equation becomes

D(/1 (16)

where

D P ) =

n?-Y ( ? ) - A Y ( A ) m-Y ( A )v p r

-K ( ? ) ? I -)K. ( A ) -AI -K ( A )v xx p xz r

+VGM/(IP• ? )n

-N ( / ) -A2! -AN ( A . ) AI -N ( A )v zx p zz r

(17)

whore F (=U //Lq) is the Froude number. Then
parameter ^ and all other constants and

functions are now in dimensionless iorm such

that, for example, "^AL/U, in = ro/(^pL 3) ,

Y / ' ) = Y ( ' ) / ( ' pUL ) , etc. E2] .v v

The variation of the roots A ,? , . . .

may now be assessed as the values of the

other dimensionless quantities change.

Equation (16) will, therefore, be used in

studying the variation of the zeros of D ( X )

as GM/(LF^) changes for a fixed Frouden
number; there is experimental evidence that

the dimensionless roots vary with Froude

number [lo].

3. NUMERICAL MODEL

It is particularly unfortunate that the

prediction of instability by analytical

means is very difficult indeed. To date,

the best that has been achieved has relied

on highly simplified formulation of the

matrix D ( A ) given in equation (17) . The

nine functions Y ( A ) , Y ( A ) , Y ( A ) , K ( A ) ,.. -, - .v. ,. p^ r^ ^ v
K ( ) ) , K ( A ) , N ( A ) , N ( 1 ) and N ( A ) inP^ r v p r
D ( ? ) are not known in closed form and in

the existing literature they have been given

constant values [6]. Resorting to approxi-

mat]ons of these functions by constants

ignores the history of the ship's motion.

Such historical data can be measured and

used to compile a more sophisticated nume-

rical model, as is done in the following

section

Data are, however, available describing

the variation of the fluid actions with the

frequency of oscillation (u in the form of

(di'nensionless) velocity and acceleration

oscillatory coefficients, namely Y (hi) ,

Y . ( .») etc- such that
v

r
y ((is) y (s) exp(-ims) ds

(18)= Y..(h') + 1 i Y - (ui)v v
These data may be used to find empirical
numerical models which anproximate the nine
functions - Inverse Fourier transform tables
then crive aDproximations to the nine impulse
response functions y ,y (sJ , . . . , follow-

ina which Laplace transform tables give
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numerical models which approximate the nine
functions. Clearly, empirical formulae
must be chosen which fit the experimental
data as closely as possible and have inver-
se Fourier transforms. Then, these inverse
Fourier transforms must have Laplace trans-
forms which are used in equation (16) to
determine the roots > ,̂  ,.., -

Visual inspection of the data rovodls
that Y (") , for instance, may be modelled
by the equation

ca r 1____,____1____1 (15)
—— i ———————_———————————— -|- |

V-1 = 2. a7 + (b-»i)a- -+• (b+^u)

in the interval 0.05 ' ^ - 2 i- (see Figures

1 , 2 ) , with similar models for the other

eight functions.

Optimal values of the parameters a, b

and c in equation (19) may be computed,

using the nonlinear least squares algorithm

outlined in Appendix I.

The inverse Fourier transform of

Y ( ) , as given by (19) , is

as ,ce cos bs, s <- 0

s > 0
(20)y (s) =

-as L,ce cos bs ,

and Laolace transform tables then give

o (a+X)
Y ( ? ) = A > (21)

b2 + ( a + A ) ^

Using expressions similar to equation

(19) for other elements of D ( ^ ) in equation

(17) it is now possible to obtain the roots

' ,1 , . - . of equation (16). These root's

can be obta-i-ned iteratively using the

Newton-Raphson method, however, this -i s a

cumbersome process and the derivation of all

the roots cannot be guaranteed- On the

other hand, it is possible to expand

equation (16) into a polynomial

21~22= r' +D ( > + ... + d, \+d (22)
1 o

from which all the roots can be obtained.

4. DISCUSSION OF NUMERICAL RESULTS
The data used to illustrate the

numerical model developed are for the vessel
EDITH TERKOL [4-6 ]. In the absence of any
relevant experimental results the frequency
dependent derivatives (i -e - oscillatory
coefficients) are calculated from the

corresponding nydrodynumic coeffi cients

using three-dimensional potential flow

-inalysis [ll,12]. The velocity oscillatory

coefficients Y (( ) , N ( ' - . ) , Y (u) , N ((.)
v v r r

are corrected so that their zero frequency

values are comparable to existing experi-

mental results [i0,13]. This correction,

as can be seen, from Figures l (a ,c ) is

<i )plied throughout the frequency range.

All calculations refer to a iroude number

F =0.2 ana level tnn.

Although the numerical model of section

3 does not make explicit use of the inverse

Fourier transform of equation ; ?0) , tests

were carried out to examine the suitability

of the Fourier transform Dan given by

equation (18) . Some examples are shown in

Figure 1 where D indicates the frequency

dependent input data while the solid line

indicates the values derived using the

velocity impulse response function obtained

from the relevant velocity oscillatory

coefficients. The agreement is reasonably

good despite the relatively small frequency

range 0-05 < u < 2.1 (^-/s) taken.

rhe results of modelling the velocity

osC) Llabory coefficients according to

equation (19) are illustrated in Table 1 in

terms of the optimum values of the paramet-

ers a ,b and c. Examples of these least-

squares f i ts are shown in Figure 2 where D

indicates the input data and the solid lines

represent eauation (19) . As can be seen,

although the overall fit is good, it is

particularly lacking in the low frequency

region. This is significant as it changes

the slow motion derivatives, and thus the

corresponding behaviour of the vessel in

question.

The d1tension less roots of the charac-

teristic equation were calculated from

equation ( 2 2 ) using the oarameter values

shown in Table 1 and m = V = 0.00577,

I =0.0000213, I =0=1 , I =0.000265,
XX XZ ZX 2Z

L=58.6 and q=9.81 m/b 7 . The resultantm '
dimensionicss roots are shown in Table 2 for

GH/L F2 =- 0.1 The accuracy of the solu-

tions were vorifiod using the Newton-Raphson

iteration -
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It must be noted, however, that equa-
tion (21) imposes a restriction, namely
/ > -a. By inspection of Table 1, this
imnlies that Real (A ) > -0.1-347, however,i.
tnis detail can often he ignored [14].

It is interesting to examine the dif-
ferences in the roots of the characieri&tic
cc uation when different models of fluid
action representation are used. values of
the slow motion derivatives are shown in
Table 3 where Case Icorresponds to the in-
put data [6] while Case 2 corresponds to
values determined by the numerical model of
equation (19) and employing equation (18)
for 0.05 < (ii ^ 2.1 (r/s) . The correspond-
ing roots of the characteristic equation
are shown in Table 4.

Direct compdnson of the roots
snown in Tables 2 and 4 is not valid as
they represent different fluid action models -
However, it is possible to compare the over-
all stability characteristics. The calcu-
lations were repeated for a range of values
0 •£ GM/L F2 < 1.0. Case 2 - with slow
motion derivatives relevant to the numerical
model introduced - indicates stability -
d;rectional as well as dynamic - for all
the range of GM/L ̂  values. On the other
hand, the roots of Table 2 reveal a dvnamic
-i-stability for GM/L F2 < 0.8n
5. CONCLUSIONS

Analytical prediction of the phenomen-
on of directional instability of a ship is
a matter of some difficulty if the history
of the ship's motion is to be taken into
account. The task is made easier by dn
'instantaneous theory' employing slow motion
derivatives J-n wnich fluid actions are
assumed to correspond to prevailing motions-
Such a theory, however, predicts that the
characteristic equation of the motion has
fewer roots than .LS the case when memory is
'admitted.

It has been the authors' purpose to
present a physically more realistic
numerical model which, incidentally, locates
more of the roots \ ,\ ,... of the charac-
teristic equation (l6). This is achieved
by expressing, first of all, the nine

functions of A which appear in the charac-
teristic equation as rational functions of
u, the frequency of oscillation.

Optimal values of the parameters of
these model functions are found by using a
discrete nonlinear least squares routine -to
analyse observed data. Tables of inverse
Fourier transforms and Laplace transforms
then yield the constituent functions of the
characteristic equation, the roots of which
are determined.

Numerical experiments were carried out
using dimensionless data relating to the
EDITH TERKOL, a coastal tanker. The numeri-
cal results obtained for a fixed Froude
number predicted that the real part of one
of the roots of the characteristic equation
associated with the data sets remains
positive for a large metacentnc height (i-.e.
GM/L/ 0.8F ) which is not predicted by then
instantaneous theory. The consequence pre-
dicted by the present numerical model is
that the vessel is dynamically unstable for
a larger metacentric height contrary 10 tne
predictions of simpler models which fail to
locate crucial roots of the characteristic
equation -
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TABLE 2
Dimension]ess roots \. of the characteris-i
tic equation (22) for GH/L F2 = Q 1n

TABLE 1
Values of the parameters a,b and c used in
equations (19) and (21)

Function

Y (X )v ^
Y (X )-.P -v^
K d)v
K ( A )
^P -.
K C\)r
N (X)^v
N ( X )
.P -
N ( A )r

a

0.5120

0-4561

0.2860

0.4545

0.4614

0.2268

0.1347

0.5811

0.5432

b

1.929
1-850

2.004

1.849

1.791

3-.988

2.016

0.841

2.128

c

-0.2054

-0.0118

0.0112

-0.0115

-0.0009

0-0002

0-0054

-0.0009

-0.0205

0.473 ± i 8.827
-0.104 ± i 2.006
-0.215 ± i 1.984
-0.253 ± i 1.879
-0-302 ± i 2.011

-0.396
-0-404 ± i 1.394
-0.471 ± i 3.850
-0.511 ± i 1.813

-0.613
-0.663 ± i 0.775
-0.701 ± i 9.666

TABLE 4
Roots of the characteristic equation using
slow motion derivatives for GM/LF / = 0.1.

Case '- Case 2

TABLE 3

Values of slow motion derivatives x IQ-

0.

-0.016

-3.

176

± J 3 .845

840

-0.457

-2.091

±

-0

i

.778

4 .484

Y
V

Y
-.P
Yr
K

V

K
-.P
K
r

N
V

N
.P
Nr

Case 1

-56-8

0

4.70

0

0

0

-14.3

0

-9.70

Case 2

-84.2

-4.73

2.50

-4.62

-0.39

0.043

0.567

-1.61

-7.37

Y.
V

Y.
P

Y.r
K.

V

K.
P

K.r
N.

V

N.
P

N.r :

Case 1

-24.7

-1.97

1-64

-1-95

-0-219

0.047

1.61

0.041

-1.15
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Cas

-24

-1

1

-]

-0

0.047

1

0.041

-1

e

-

-

•

1

.7

97

64

95

219

61

15

Case 2

-23.7

-1-44

1.99
-1.41

-0.108

0.048

1.65

-0.089

-2.10



0.25 0.50 0-75 1.00 1.25 1.50 1.75 2.00

0.25, 0.50, 0.75^J_.00, 1.25, Î ..1.75, 2.00,

0.25 0-50 0.75 1.00' 1.25 1.50 1.75 2.00 a

Figure 1. Examples of the Fourier transform pair described by equation (18). a) Y ( m ) ,
b) Y (10) , c) Y (iri) , d) Y.(LJ) , e) Y. (hi) and f) Y.(LU) ; o indicates original data.

p r v p r
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APPENDIX I

Consider the set of N data points (e ,a )m m
m=l,2,...,N, where e represents a value of
" and â  is the observed value of Y(e )111 m
The nonlinear least square criterion
requires that the sum of squares

^ •) rS(a,b,c) = i- f- =J om=l m | m 2TT

0.25, 0.50. 0.75. 1.00, 1.25. 1.50. 1.75, 2.0U

A =
a^b+e ) 2

• m

+ ~

{o - ^ A ]
|_ m 2-rr J

)
(23)

a -Hb-e )m

be minimized, this minimum of s being
reached by computing optimal values of the
parameters a, b and c.

Let x r T-. i-i-La ,b , c J and
let f = f(^) . [fi^,...^,,]'1' with

~ - .. 1. Z N

^ = ^^ for m = 1 * 2 , . . . , N (see equation
( 2 3 ) ) . Define a matrix p = [p ] of order

N x 3 in which the element

P = 3f /9xmn m n
so that, for equation (23) ,

2
P^i = - — ( e . + g ) + ca-— (e +g ) + ca-

2ir m m ir
, 2 2,(e +g ) ,m -'m"ml

^- [(b+£ )e2 + (b-e )g2]TT m m m -'m^2 =

and

-m3 ^— (e +g )^TT m m
where

^ m = i/ /[a2+{b+£^)2] and g^ = i/fa^tb-e ) 2]

and m = 1 , 2 , - . . , N ,

Construct, now, the square matrix (̂ SP111? of
order 3. Then the algorithm

.(k+1) . (k )

^ k=0,l,2,..., (24)

in which Y is a parameter and the super-

script k denotes iteration number, may be

used to obtain the optimal values of a, b

and c which minimize S in (23) from some

starting vector x° = [a^, b^; c^f. In

(24) I is the identity matrix of order 3.

Equation (24) is known as the Levenberg-

Marquardt algorithm for minimizing S [15,16].
("kl

Criteria for choosing y - • (k = 0,1,2,...)

and convergence criteria are given in many

numerical analysis texts ,([17] for example).

Figure 2. Examples of the numerical model
described by equation (19) . a) Y (m) , b) Y (01)
and c) Y^((U); a indicates original data. P
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EXPERIMENTAL INVESTIGATION OF ROLL DAMPING

CHARACTERISTICS OF A DESTROYER MODEL

D. GUMMING , M.R. HADDARA2 and ROSS GRAHAM

ABSTRACT
An extensive experimental program was carried out in the towing tank of the Institute

for Marine Dynamics, in £ t:. John's, Newfoundland, Canada to investigate the roll damping
characteristics of a nine meter long destroyer hull model. Roll decay records were obtained
for the model fitted with and without bilge keels at a wide range of forwards speeds. Tests
were also carried out at zero forward speed, for the model free to sway and restrained
against sway.

The energy approach was used to analyze these roll decay curves. The damping was
divided into viscous and nonviscous components, and the dependence of these components on
roll angle was investigated.

INTRODUCTION
The past two decades have witnessed a
significant increase in the number of
studies dealing with rolling motion
prediction. This is mainly because of the
increasing interest in the formulation of
improved criteria for the margin of safety
against capsizing. An accurate quantitative
estimate of the roll damping is a
prerequisite for good rolling motion
prediction. In -addition, the use of a
realistic damping moment form is important
when large rolling motion is considered. In
the absence of a concrete theory, estimation
of roll damping is still based on empirical
formulae. Experimental studies of roll
damping are not only important as a tool for
the understanding of the physics of the
problem, but also necessary for the
verification of the empirical methods.

The purpose of this present work is
twofold. First, to provide a data base for

1. National Research Council Canada,
Institute for Marine Dynamics, St.
John's, Newfoundland, Canada.

2. Memorial University of Newfoundland,
Faculty of Engineering and Applied
Science, St. John's Newfoundland,
Canada, A1B 3X5.

3. Department of National Defence,
Defence Research Establishment
Atlantic, Canada.

the damping data for a destroyer hull
model. Second, to investigate the form of
the damping moment at large angles and try
to understand the physics behind it. The
damping coefficient estimates were obtained
using a recently developed energy approach
[1]". One of the main advantages of this
method, is the ability to analyze very short
roll decay curves. In fact, a single roll
cycle can be analyzed to obtain a reasonably
accurate estimate for linear and nonlinear
damping coefficients. This is a major
benefit when dealing with highly damped
models e.g. a model fitted out with bilge
keels and moving with high forward velocity.
Another advantage, is che ability to relate
the damping coefficient to the roll angle
directly, thus yielding a natural division
of damping into viscous and non-viscous
components. In addition, the behaviour of
damping at large roll angles can be
investigated.

MODEL SETUP DESCRIPTION
The roll decay experiments were

carried ouc in the Institute for Marine
Dynamics 200 m * 12 m Towing Tank on a 9 m
long, 13.46 scale model. A body plan of the
model is provided in Figure 1. The model was

Numbers between brackets indicate
references at the end of the paper.
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not fitted with a rudder, buc was fitted
with shaft brackets; liowever, no propellers
•;ere used for these tests Experiments were
carried out with and without bilge keels.
Bilge keel particulars are given in Table 1.

An apparatus was designed and fitted
to the tow tank carriage permitting the
model sufficient scope to pitch, heave and
roll while being rigidly constrained in sway
and yaw. The arrangement eliminated the
sway-roll and yaw-roll coupling terms from
the model damping equation while allowing
the relevant motions with a minimum of
mechanical friction. Also enough surge
displacement was permitted such that the
model trimmed correctly while being towed.
The vertical position of the roll axis, 0,
was fixed for all tests. Rolling was
induced by the release of a moment applied
Co a 2-5 m long mast located at the model
center of floatation.

Model motions were assessed using a
ring laser gyro based sensor package located
at the center of gravity, G, of the model
capable of measuring the six degrees—of-
freedom motions of the rigid body very
accurately. This package consisted of a
triad of ring laser gyros and accelerometers
feeding signals to a microprocessor that
employed an inertial navigation algorithm to
calculate and output the correct motions -
Analog signals were digitized at: 20 Hz and
recorded on a microVax II computer.
Additional information on the theory behind
the operation of ring laser gyros can be
found in [2].

EXPERIMENT DESCRIPTION
Roll decay data were recorded for

three model conditions, nine forward speeds,
and eight initial heel angles. Three
metacentric heights were chosen ranging from
6% to 10% of the model beam. The roll
period was adjusted for each condition to
preserve a constant roll moment of inertia
The nine model forward speeds varied from F̂
= 0 0 to 0.4 while the eight initial heel
angles ranged from 4 to 25 degrees.

A number of zero-speed runs were also
carried out in each condition without

l< i tardily constraining the model to assess
the influence of the sway-roll and yaw-roll
coupling terms. One set of runs was carried
out with the unconstrained model arranged
across the tank to ascertain t"he influence
of tank wall reflection. Two more
conditions of the model were also tested at
zero forward speed. These conditions
correspond to metacentric heights of 4% and
12X of the model beam. The model GZ—curve
for each of the five cases tested is
essentially linear up to a heel angle of 30°,
see [3]. A total of 424 runs were executed
on the model fitted with and without bilge
keels.

LINEAR ANALYSIS
The motion of a ship rolling

freely about a longitudinal axis through the
point 0, as shown in Figure 1, can be
expressed as

'<J> + N(̂ ) + D(̂ ) = 0 (1)
where ^ is the roll angle, N and D are the
nonlinear damping and the restoring moments
per unit virtual moment of inertia of the
ship, respectively. In the linear analysis,
the damping moment is replaced by an
equivalent linear function of the roll
velocity. The equivalent linear damping
coefficient can be determined from an
experimentally measured free roll decay
curve In this paper, we use the energy
approach introduced in [1]. The first cycle
of the roll decay curve is digitized and the
magnitudes of the roll angle î  , i=l,..-, n
are measured. The equivalent linear damping
coefficient Ng, is determined from the
relation

N, = 2 u, h(t,) / S u,2 (2)
where

tx+lu - - r ^2 dt

h(tJ = V(t^) - V(t,)

4'
V(E) = h ^(t) + J D(x) dx

0

The nondimensional equivalent linear damping

coefficient ^, can be obtained by dividing
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-\'̂ . by twice the natural 10] 1 frequency, UJ .

To investigate the reliability of the
results obtained using this method, a
complete roll decay curve was reconstructed
iisine, damping estimates obtained from the
c'.lid lysis of the first cycle of the curve.
Coiiparison of the predicted amplitudes with
t-he expert mental ones showed that: damping
coc- ffi cients obtained using the energy
i.iL- Lhod con be reli ably used outside the
Liir'^i.- of the experimental data, see [ 3 ] -

Because only one cycle is used to
obtain n value for the equivalent
nondimensional linear damping coefficient ̂ g,
-it is possible to relate this value Co the
motion amplitude. The damping coefficient ^g
for a certain forward speed can thus be
c. xpressed as

Ce = ?. W (3)

where ̂  is the roll amplitude at the
beginning of the cycle. This roll amplitude
will be called the initial amplitude. The
procedure was carried out for the roll decay
records obtained experimentally from the six
sets of tests described in the previous
section. These six sets refer Co the. tests
obtained for three values of the metacentric
heights 6%, 8X and 10% of the model beam
(conditions L,M and H, respectively) for the
model fitted with and without bilge keels.
The values for the nondimensional
equivalent linear damping coefficient were
determined. Because of the space
limitation, we show only the damping
coefficients for condition M in Figures 2
and 3. ' Model damping coefficients for the
other conditions are given in [3]. The
resul Cs were also used to investigate the
form of the functional relationship in
equation (3). It seems that the
relationship between the equivalent linear
damping coefficient (Te anu ŝ initial
amplitude 4'o i for a. constant forward
velocity, can be described fairly accurately
by the linear relationship

Co = m 0o + c (4)
This can be seen from the small deviation
of the -data points about the regression
lines shown in Figures 2 and 3. The slope m
and the intercept c are both functions of

rhc- ror'-.'nrd speed and the distance between
Chc center of roll and the center of gravity
of the model OG. Using this formulation, one
can then consider the slope m to be
indicative of the viscous damping component,
while c can be considered as a measure of
the inviscid damping component. The values
of tlie slope m and the intercept c were
evaluated using regression analysis -

In comparing results obtained for the
three different GM cases (L,M and H) , the
dimensional damping coefficient Ng will be
u^ed. The intercept and slope of this
damping coefficient were obtained for the
six sets of experiments referred to earlier.
The intercept has been plotted as a
function of forward speed in Figure 4. The
points have iisen fitted to a quadratic
polynomial in the forward speed. It can be
seen that the values for the low GM case
(condition L) increase at a much faster rate
than in the other two cases. For the model
fitted with bilge keels, the nonviscous
damping component increases with the
metacentric height up to a speed of 1.4
m/sec (F̂ , < 0.14). Above this speed range,
the damping coefficient seems Co have a
minimum value for the medium metacentric
height case (condition M). The same trend is
exhibited by the curves for the model
ui thout bilge keels, except that the
threshold velocity is increased to about 3.0
m/sec (about F̂  = 0.3). This may be caused
by the bilge keels and the sway-roll
coupling as will be discussed later. Two
comments seem to be in order here. First,
the nonviscous component appears to be a
nonlinear function of the forward velocity,
generally quadratic in nature. Second, the
damping curve shows only minor evidence of
die hump-hollow phenomenon observed by Ikeda
et al [6), and attributed to the wave
damping component -

Tlie behaviour of the slope as a
function of forward velocity is much more
cornpl icated as seen from Figure 5. The
analysis is farther complicated by the
presence of scatter in che results. The best
fit for the data points in Figure 5 seems to
be a cubic polynomial. One can identify
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three regions in the three cases where the
model was fitted with bilge keels. In the
first region, for which v < 1.0 m/sec (Fn <
0.1), the slope decreases with increasing
velocity. In the second region, 1.0 < v <
2.5 m/sec (0.1 < F̂ , < 0.25), the slope is
increasing slightly. In the third region,
2.5 m/sec < v (0.25 < FJ, the slope
decreases rapidly as the velocity increases.
The behaviour depicted in Figure 5 can be
explained In ' light of the fact that the
major contributors to the viscous damping
component are the bilge keels. Cox and Lloyd
[̂ ] cite experiments performed independently
by Bolton and Lofft in which the bilge keel
damping coefficient for speeds corresponding
to Fn < 0.1 was observed to be smaller than
the value at zero speed. They hypothesized
that a vortex cancellation mechanism is
involved. According to this hypothesis, the
minimum roll damping moment occurs when the
ship travels a distance equal to the bilge
keel length in a time equal to the natural
roll period. Using this rule, the minimum
damping moment for our model should occur at
a speed between 0.85 m/sec and 1.07 m/sec.
This is in agreement with the data shown in
Figure 5. The fact that the analysis in the
present work shows that this phenomenon is
associated with the viscous component of the
damping supports this hypothesis. The weak
dependence of the viscous component on
forward speed, apparent in the second
region, has also been observed before [6].
This observation led some researchers to
conclude that bilge keel damping is
essentially independent of forward speed
[4]. In the third region, the sharp decline
in the damping coefficient may be due to the
decline in the eddy making component of the
bilge keels.

The values for the equivalent linear
damping coefficient N(, are shown in Figure 6
as functions of forward velocity, for the
case 4'a = 0-3 rad. Also shown are quadratic
fits to the data obtained using regression
analysis. The fits are generally good except
around a speed of 1.0 m/sec, for the model
with bilge keels. This is due to the minimum
in the viscous component of the damping that

occurs at this speed. It is clear that the
viscous component has a greater effect on
the magnitude of the damping coefficient at
the lower forward speed values. The effect
of the nonviscous component becomes more
predominant as the forward speed increases.

SWAY COUPLING
To obtain the free roll decay curves

for the model moving with a constant forward
velocity, it was necessary to attach the
model to the towing carriage as explained in
the description of the experimental set up.
This resulted in forcing the model to roll
about a fixed roll center. Since the model
was free to heave and pitch but restrained
against sway, it is necessary to examine the
effect of this constraint on the measured
values of the damping coefficient. For a
model with a fixed center of roll, see
Figure 1, the measured damping coefficient
B0̂  can be related to the damping
coefficient caused by pure rolling of the
model using the following equation [5]:

B°,4 = B6,, + [ Bz, + B^ ] 1 (5)
where B^^ denotes the pure roll damping
moment, B^ denotes the sway force

hcoefficient caused by roll velocity (̂ ), B^z
is the roll damping moment coefficient
caused by the sway velocity (1.̂ ) and 1 is
the distance between the point of action of
the sway force and the axis about which the
model rolls. The damping coefficient in
equation (5) can be obtained from that given
in equation (2) by multiplying the latter by
the virtual moment of inertia of the model
about a longitudinal axis through point 0.
To separate the different quantities in
equation (5), the model was tested at zero
forward speed without attaching ic to the
carriage. Thus, in these tests the model
was free to move in six degrees of freedom.

The regression results representing
the nondimensional equivalent linear damping
coefficients obtained for the model with and
without sway constraint, for ^o - 0.5 rad,
are shown in Figure 7. It is clear from
these plots that restraining the model
against sway motion does not have any
significant effect on the measured damping
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coefficient when the model was tested
without bilge keels. The same conclusion
applies for the model fitted with bilge
keels in the case of medium GM. If this can
be taken as an indication to what happens in
the case when the model moves with forward
speed, then the results presented for the
mediism GM case in the previous section are
valid representations of the damping caused
by pure roil; however, this needs to be
investigated further. A series of free
running model tests is planned in the near
future. In the two cases of the high and
low GM, there is a difference of about 9.5%
and - 12% in the damping coefficient
respectively. This difference is caused by
the sway force produced by the induced sway
velocity. The damping coefficient of the
restrained model, for low GM, is smaller
than that for the free to sway model, while
it is larger for the high GM case. This
suggests that the distance 1 in equation (5)
has a negative sign for the low GM case and
a positive sign for the high GM case. This
was expected since the model was forced to
roll about an axis considered to be suitable
for the medium GM case.

BILGE KEEL DAMPING
The contribution of the bilge keels to

the total damping of the model was estimated
by subtracting the damping coefficient of
the model without bilge keels from its value
for the model fitted with bilge keels. This
contribution includes both the damping
caused by the bilge keels alone and the
increase in che hull damping caused by the
presence of the bilge keels. The bilge keel
part of the dimensional equivalent linear
damping was calculated as a function of the
forward velocity, as well as the slope and
intercept of this component, see [3]. The
curve for the slope exhibits the three
regions previously observed in the slope of
the total damping coefficient of the model.
The intercept varies as a smooth quadratic
function of the velocity. It is clear from
these results thaC most of the model damping
is caused by the bilge keels. The damping
coefficient is a strong function of the roll

amplitude. When the roll amplitude is small
the nonviscous part of the damping has an
overriding effect and the total damping
coefficient appears to be behaving like a
quadratic polynomial in forward speed. For
large roll amplitudes the effect of the
viscous component is predominant and the
total damping coefficient appears to be
behaving like a cubic polynomial in forward
speed. It is interesting Co note that the
total damping due to the bilge keels has a
weaker dependence on forward speed than
either the viscous or the nonviscous
components individually.

The effect of the natural frequency on
Che bilge keel damping has also been
studied, for the case of zero forward speed.
Interpretation of these results is
complicated by the fact that the roll axis
changes with loading condition, and the
resulting change in the roll moment arm may
have a larger influence than the change in
the natural frequency. In order Co look at
the effect of frequency on the bilge keel
damping component, it is necessary to first
remove the effects of the roll moment arm.
This can be done approximately by assuming
that the viscous and nonviscous components
of the bilge keel damping are proportional
to rg3 and ro2, respectively, where ro is the
distance from the CG to the bilge keel root.
Figure 8 shows a plot of the slope and
intercept components normalized by ro3 and
ro2, respectively. It can be seen that the
normalized slope component is an increasing
function of frequency, while the normalized
intercept component is almost Independent of
the frequency.

COMPARISON WITH THEORY
Theoretical predictions made using the

DREA ship motion computer program SHIPMO [7]
were compared with the experimental results.
Figure 9 compares zero-speed results. It can
be seen that the agreement is good In this
case. The trend with forward speed was not
as well predicted. This seems to be mainly
due to the linear theory used for predicting
the nonviscous component of the damping
coefficient. Analysis of the experimental
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results indicates that this component has a
nonlinear dependence on forward speed. For
the model fitted with bilge keels, SHIPMO
was found to overpredict che damping at low
speeds and underpredicfc it at high speeds.
The theoretical and experimental curves
cross at an intermediate speed which, for
the medium GM case, was found to be about
1.9 m/sec. The dependence of the ncmviscous
component of damping on forward speed
requires further investigation.

It should be noted that the rudder is
an important source of dynamic lift damping
for warship hulls. The absence of a rudder
for these tests resulted in a reduction in
the relative importance of this component.
It is expected Chat the rudder dynamic lift
damping would be well predicted by SHIPMO,
and therefore that the relative error in the
total roll damping at forward speed would be
significantly reduced by the presence of a
rudder.

CONCLUSIONS
In this work, we have presented the

results of the analysis of a series of
experimentally obtained free roll decay
curves for a destroyer model. We hope that
these results will provide a data base for
the damping coefficients of such a hull
form. The method of analysis used allows
the study of the form of the damping moment
as a function of the roll amplitude. This
should be useful in large amplitude
investigations of the motion. The technique
presented was shown to be successful in
identifying the viscous and nonviscous
components of the damping. It also helped
in studying the effect of forward speed on
the damping, especially for the case of the
model fitted with bilge keels since the
damping coefficients could be obtained by
analyzing single roll cycles. Theoretical
predictions for the damping coefficient,
obtained using SHIPM04, are in good
agreement with the experimental results, for
the case of zero forward speed; however,
the agreement was less good for the case
with forward speed. This is a point that
requires further investigation. It is

evident, from the experimental results that
the measured roll damping coefficient is
sensitive to the location of the center of
roll and to the resulting sway coupling. It
is planned to investigate this further by
conducting experiments with a free running
model.

There are a number of qualitative
conclusions that may be deduced from this
s tudy :
1- The roll damping coefficient for this
hull form increases linearly with the roll
amplitude.
2- The nonviscous part of the damping moment
can be represented by a quadratic polynomial
in the forward velocity, while the viscous
component is best represented by a cubic
polynomial in forward speed. The final form
of the total damping moment depends on the
magnitude of the motion.
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Figure 1. Model body plan and
coordinate axes.
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THE TRANSVERSE STABILITY OF A PATROL BOAT TRAVELLING

IN FOLLOWING WAVES

Zhenhai Cao

ABSTRACT

The present paper describes an investigation
of the transverse stability of a patrol boat
travelling in following waves. A series of
partially captive model tests and calcula-
tions of the righting moment in various
ship-wave relative positions are included.
The model was towed in following regular
waves at a speed slightly less than the wave
celerity. The righting moment, trim angle
and sinkage were recorded by means of strain
gage and potentiometers respectively. An
analytical method which was developed by M.
Hamamoto et al in the previous conference
was adopted in this investigation for
calculating the righting moment. But the
formulae of the method have been modified to
enable them to be extended to the calcula-
tion of righting moment for various relative
ship-wave positions up to angles of vanish-
ing stability. A comparision between the
results of the model test and the calcula-
tion is provided. Finally, some comments
about this investigation are made.

INTRODUCTION

There are two factors which determine tlie
stability of a ship. The first one is
extrinsic. It may be called the environ-
mental factor, such as influence of wind and
waves. The second one is intrinsic. That
is the anticapsizing ability or stability
characteristics of the ship itself. If a
ship travels in following waves, the
ship-wave encounter period may become very
long. So the stability characteristics
would be affected by the wave profile
remarkedly. When a ship is positioned on a
wave crest and travelling with a velocity
nearly equal to the phase velocity of the
wave, its stability would be decreased
drastically. However, up to the present,
most maritime countries still use restoring
moment curves calculated in calm water
conditions as the basis for judgement of
ship stability. Along with increase in
statistics of navigation accidents and
deepening in understanding on ship stability
in waves, the loss of stability of a ship in
following waves has progressively attracted
more attention, especially, for high speed
vessels such as destroyers, escort vessels
and patrol boats. This is due to the fact

Senior Engineer, China Ship Scientific
Research Center
Wuxi, Jiangsu, China

that for high speed vessels even if they
have sufficient stability in calm water,
capsizing accidents or large angles of roll
nay frequently occur when they are operated
in following waves. Because the block
coefficients of these vessels are small,
so loss of stability in following waves
would be more serious for them. - Some
authors suggested that the stability
characteristic of a ship in following waves
may be adopted as a criterion for ship
stability [1] [2]. However, in order to
obtain stability characteristics in the
following waves a convenient and well-val-
idated calculation method is badly needed.
It is well known that if a ship sails in
following waves at the same speed as
the wave celerity, the ship's heel is
usually accompanied by definite tririi and
sinkage relations in order to satisfy the
equilibrium of force and moment acting
generally on the ship. Therefore, it is
necessary to obtain an exact method of
calculating the attitude of floatation in
any ship-wave position. As asymmetry
between the fore'oody and aftbody of a modern
ship becomes more and more marked, trim
would almost always occur even if the
ship were heeled in calm water. Therefore,
if influence of trim were neglected, not
insignificant errors may be introduced in
stability calculations.

The author has undertaken a research
project to study the transverse stability of
certain high speed vessels travelling in
following waves. The contents of this
project are divided into three parts* 1.
the calculation method of ship stability in
following waves. 2. a partially captive
model test in following waves and the
comparison between the results of model test
and theoretical calculation. 3. a sugges-
tion on stability criterion of high speed
vessels in following waves. A brief account
of the first two parts of the project is
described in the present paper. The
analytical method developed by Hamamoto and
Namoto [3] in the previous stability
conference and the author's own work as a
modification and a complement of their
method has been applied, wherein stability
characteristics for any given relative
ship-wave position may be calculated.
Partially captive model tests on the model
of a patrol boat had been carried out in the
seakeeping basin of CSSRC. Through compari-
son between results of calculation" and that
of model tests, the validity of the method
and of the formulae have been estabilished.
It seems that the method may be a useful
device for calculating ship stability
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characteristics either in calm water or In
following waves.

THE CALCULATION FORMULAE

According to Froude-Krylov Hypothesis, the
existance of the ship does not change the
structure and pressure distribution of the
wave. So long as the exact relative
ship-wave attitude at various angles of heel
are known and orbital motions of water
particles are taken into account, the
exciting moment produced by the wave profile
on each section of the ship nay be obtained.
By integrating these static moments along
the ship length, the total righting aoment
of the ship in wave can be easily obtained.
There are two coordinate systems adopted in
this paper, one is fixed on earth and the
other on ship. The earth-bound coordinates
OI^TK and the ship-bound coordinates 07YZ
are right hand coordinates systems.
The horizontal plane OI^.T\ coincides with
the calm water surface and tlie origin Oi is
located in the wave trough. The positive
direction of Oi<; is downward. The plane
OXY coincides with design water line of the
ship in calm water and the origin 0 is
located on the same vertical line as the
L.C.G. of the ship in upright condition.
The positive direction of OZ is toward the
keel and that of OX is toward the bow.
Because the ship and wave traveled at same
velocity, the wave elevation ̂  at a certain
time and a certain place nay be represented
by the following equation:

to the locations of the two points of
intersection between the wave profile and
the contour of the cross section. The two
points where the section contour intersect
the vave profile is named P for left and S
for right. Four different situations may be
distinguished as follows assuming that the
silip is heeled in the positive direction.

1. P lies on the Lihip Side Contour at Port
and S lies on the Ship Side or Deck
Contour at Starboard

This situation denotes that the keel
point K of the section lies below the water
surface and the crown point T of section
contour lies above the water surface. This
is the situation for most sections of the
heeling ship in the beginning stage, as
shown in Fig.2. According to Fig.2, ~"1 may
be obtained by the following formula:

(6)
{cos(t);i^b'(2)dZ-sin(t>[J§sZb(Z)dz+
fgP Zb(Z)dZ+.f^p2Zb(Z)dZ] -

(l-tan^)sin(D^3^p^3^^^_

J^;si^Zpb'(Zp)-Zsb'(Zs)]}
Zp and Zs for each section are

may be easily calculated by
formulae (5) and (6). Sut the Zp and Zs are
still unknown at this stage. Let 0' be the
point where axis OX penetrates the section.
Owing to the sinkage and trim of the ship,
the perpendicular distance between O* and
the wave profile becomes:

when the
found, Mr

{,.. = acosk(So+x) (1)

wave pressure p can then be calculated as:
-k£p=pg^-pgae -cosk(^o+x) (2)

The vertical pressure gradient at a .cross
section of the ship is then

(l^^Pgll+ake^scoskao+x):! (3)
Fig.l is a schematic explanation of the
relationship between the ship and uave
coordinates. Formula (3) implies that the
effect of the orbital motion on the vertical
pressure gradient may virtually be expressed
as a change of the water density, with
apparent high density at troughs and low
density at crests. Such an apparent density
at a crass section A(x) raay be written
as:

(4)

In ship-bound coordinates OXYZ, the righting
moment Mr for a heeled ship in a longitudin-
al wave may be written as:

rxF .iv- _
(——)dx-WOGsin(t) (5)

(7)

It is found from Fig.2 that Zp, Zs and O'E
satisfy the following relations:

OtE=Zpcos(t)-b(x,Zp)sin(^)

0' E=Zscos4)+b (x, Zs)sin(l>
(8)

3y comparing (7) and (8), the expressions
for Zp and Zs may be obtained as follows:

g.-x6-b Cx, Zp )sin^-acosk( g.o+x^
Zp=

COSCJ)

(9)
-7 _ C^-xO+b^ x«Zs ) sinj)-acQsk(£,o+x )
£^S'— —' i

COSQ

(10)

The increments of Zp and Zs, namely AZp and
A^s, caused by increment A4) in heel angle
are:

. __ Ai:-xAe-A(i)rb(Zp)cos(i)+ZT]sin(i)1
r costf)-b' ( Zp ) sin<)

(11)
„ _ A^-xAe+A<)fb(Zs)cos(:)-Zssin.l)1

f^'S— — ' . i t f~f \ - icosip+b (.•-s)sin(p

dh.
dZ

(12)
where b ' (Z)=

!XA

n = 1, 2 or 3
dKn denotes the restoring moment,

OX, generated by the buoyant
force acting on the section which is located
at x. n is chosen to be 1, 2 or 3 according

wherei. . dx.about axis

The variables <>. A^ , x, b(Zp), b(Zs),
b' (Zp) , b ' (Zs) , Zp and Zs in fornulae (11)
and (12) are all known. The increment of
sinkage and trim, Ai, and A O , caused by At;
may be obtained by solving the following
simultaneous equations:
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•XF

XA

XF
5

XAAJ [b(Zp)+b(Zs)3dx^9 x[b(zp)
J XA ' x"

.XF
+ b(Zs)7dx= A4> Fi(xJdx (13)

•'XA

rXF .XF
Ad x[b(Zp)+b(Zs)]dx-AO x ' [b (Zp)

•'XA •'XA
.XF

+ b(Zs)]dx = A(M xF (x)dx[XF

'XA• 'YA

where

The increments of sinkage and trim, A^ and
A6 , caused by A<t> may be obtained by solving
the following simultaneous equations. The
detailed derivation of these expressions nay
be seen from reference [4].

^XF,-Ar
AS [b(Zs) - b(Zp)]dx -

•'XA
.XF

A6 x[b(Zs)-- b(Zp)]dx =
J V A^XA
.XF

A(f> F2(x)dx
•'XA

(1°)

Fl(x)=-Hb'^(.Zp)-b2(Zs)Kl-tan : '(t.)cos(t> +
[Zpb(Zp)+Zsb(Zs)]sinO (14)

The new floatation attitude of the ship in a
certain wave profile nay be obtained by
considering these increments caused by A<>.
Then the righting nonient nay be easily
calculated. The derivation of these
formulae are referred to [3].

2. Both P and S lie to the Starboard of
the Central Longitudinal Plane

This situation denotes that the keel
point '< of the section has emerged fron the
water surface. Such an attitude may be
taken up by sections located in a '/ave
trough after the ship has heeled over a
moderate angle, as shown in Fig. 3.

.XF
AS x[b(Zs)-b(Z?)3dx -

•'XA
/XF

A6 x'CbCZs^b^Zp^dx .
-'XA^ X A
.XF

M\ xF.(x)dx
•'XA

where

F, (x) = ![b'(Zp)-b'(Zs)]

(l-tan'4')cos(i) -

[Zpb(Zp)-Zsb(Zs)1sin<) (20)

the following formulae
According to Fig.3, may be obtained by

(^- = - pg[l+ake~kcScos(So+x)^UA /Zp f l
{cos^ „ }b (Z)dZ-sin(t)[ „ Zb(Z)dZ

J ^S / îS
n ' •r

f ^7l./•7\Jr7-} jLl-tan^sin^+ Q Zb(Z)dZJ~ -"————^—t———

[Zpb̂ Zp̂ Zsb̂ Zs)]} (15)
Because both P and S lie on the starboard
side, the relations between O'E and Zp and
the between O'E and Zs take same form as
follows:

O'E = ZpcosQ) + b(Zp)sintl'

O'E = Zgcos 0 + b(Zs)sin(i)

Ey comparing (7) and (16), the following
expressions may be obtained:

-7 _ j--gQt-b(Zp)sin<f)_-acosk(gn+x)
zp - ~ cos'!)

(16)

3. Both P anr-' S lie to the Port of the
Center Plane

This situation denotes that the crown
point T of the section contour is i-nmer^ed
in water. Such an attitude may be taken up
on sections located in a wave crest after
the ship has heeled over a ir.oderate angle,
as shown in Fio.4. Accordin" to

JV

Fig.4, 5J'-3- may be obtained by the following
formula ̂ 'x

dK = -i%[l+ake ^scosk^o+x)]dx r^— r?r^P (•41

{cos4) i-b'(Z)dZ-sin4)[ Zb(Z)dZ
/d •'Zs rZs •'Zs

+L 2b(Z)ZdZ+L 2b(Z)ZdZ] -
J"P J 1

(l-tan'^sintt) ri.3/'? \ t.3/? M^—————^——— [b (Zp)-b (Zs)] -

i [ Zpb3 (Zp )-Zsb1 (Zs) ] tan (psin (f;}
(21)

Zs
^-xjj+b (Zs Jsin^-acosk^. p+x )

cos4>

(17)

The increments of Zp and Zs caused by an
increment of the heel angle may be obtained
from the following expressions:

Secause both P and S lie on the port side,
the relations between O'E and Zp and that
between O'E and Zs have the same form as
follows:

A Z p =

AZs =

_ A£.-x A6lAorb(Zp)cos (j^Zpsin d)1
cos(t)+bf(Zp)sin(l)

(18)
_ Ar,-xAe+A(tifbCZs)cos^-Zssincti ]

cosiJ)+b'(Zs)sin4'

O'E = Zpcos<l) - b(Zp)sin(t>

O'E = Zscoscti -b(Zs)simi)
(22)
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(23)

Dy comparing (7) and (22), the following
formulae may be obtained:

^-x 8-bCZp )'sin(^-acosk( E. q+x )
^D — — i' coscp

7 _ 5-x 0-b (Zs) sin ̂ acosk C g o+x)
"- .1cos<;

The [Increments o£ Zp and Zs cause" by the
increment of heel angle nay be obtained fron
following expressions:

A7 ^ _ A£-xA&-A6[b(Zp)cosd)+-Znsing)1
cos^-b* (Zp)sin'1)

(24)
^ ^ ^ A^-x AQ- A^f b(Zs) cos 'î Zssin cM

cos'j)-b'(Zs)sin(^

The increments of sink-age and fcrim^ Ai; and
AQ , caused by A<^ may be oi-'tainer' by solving
the following simultaneous equations. The
detailed derivation of those expressions are
referred to reference [4].

(-IF ,XF
A(;J^[b(Zp)-b(Zs)]dx-Ae ^x[b(Zp)-b(Zs)j

•dx = Aqi L.F3(x)dx
J A^' / -) r \rXF (.XF (2^)

Ad^^Zp^Zs^dx-Ae ^[bCZp)-

b(Zs)]dx = &4> ,/ xF:,(;:)dx

where
Fa(x) = -1.[b:'(2p)-b:>(Zs)3(l-tan^9)cos(t^

- [Zsb(Zs)-Zpb(Zp)]sin<t> (26)

4. The Sections Emerged form I'ater Surface

The three typical cases mentioned above
may solve all the situations v'-'ere the ship
section is intersacted by the wave profile.
Fut, under certain circumstance, a section
of a ship hull at initial stages of heel ^ay
be totally emerged fron water surface.
'lamely, the sectional areas for these
sections are zero under water. For example,
some sections at the bow and stern F'ay take
up this position provided t'le midship
section is positioned on a relatively high
wave crest (See Fig 11). As the heel angle
increases, these sections uou3d eventually
be intersected by the '-rave profile succes-
sively and the sectional area under the
water surface would be increased progres-
sively. The contribution of these sections
on stability may not be neglected since they
may decrease the restoring nonent. To seek
the critical moments of intersection between
these sections which emerged fron the water
surface and the wave profile, the aearch
method seens to be the best. according to
the results of previous stage of calcula-
tion, the attitude paraneters <i) , 0 , C are
known. So that the value of O 'E at each
section including fcbc sections that totally
energed frou water surface arc known
from fornula (7). The intersection point at
the starboard side satisfies the following
relation of (28).

(28)

In searching for the coordinates of a point
of intersection on the starboard side,

substitute then in formula (28), if the
value of O'E so obtained satisfy (7) and
(23) simultaneously, then that is the point
being searched for which is the exact
intersection point. In actual practice, it
is difficult to natch the value of 0*C
obtained fron (2''3) to that of O'E obtained
fron (7) exactly. If the difference between
the two values of O'E is in the region of
permissible error, then that point is
regarded as the exact intersection point.
Using (29) instead of (28), the intersection
point at the port side nay also be searched
in a similar nanncr.

O'E = Zcos<i) - b(x.Z)sin(^ (29)

According to different locations of P

and S, the functions (-,—), Fi(x) and Fa(x)

nay be calculated and the contribution
of the part of the secti on which new]y
insmerged into vater is obtained. In the
case where the section entered into water,
the search nethod is no longer adopted.

In practical calculations, the computa-
tion r.ust start from the upright condition
(0=0) anc^ advancing for equal intervals of
heel increments ̂  respectively. By
repeating thase operations several times,
the required floatation attitude defined by
0 , €, and 0 may be reached and the restor-
ing moment provided by the ship under this
attitude may be obtained. To start the
calculations, t, and 6 niust first be given
for the upright condition (0 =0) in a
required wave condition. Since the ship is
upright, the immersions at port and
starboard are equal, so that Zp=Zs=Zc.
Putting Zc into formulae (9) and (10) the
following relation is obtained:

Zc = -C;4-xG+-acosk(£.o+x) (30)

To determine the initial values of <; and 6
for a ship placed in a wave profile in the
upright condition, it is necessary to solve
the following simultaneous equations E3] .

rXF ,-XF
AC 2b(Zc)dx - A6 x2b(Zc)dx

•'XA •'XA
.XF

= Aa G(x)dx (31)
•'XA

/XF /XF
Ad x2b(Zc)dx - A6 x'2b(Zc)dx

J XA J XA

F= Aa xG(x)dx
•'XA

G(x) = ^(Zci-kAo^e'^s^osk^o+x)

(32)

L'here Ao(x) is sectional area under calm
water surface.

In practical calculations, equation
(31) nust l)e solved starting fron the basic
case of calm water. By advancing A a each
tine, the required values of C, and 9 for a
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ship in a certain wave profile may be
obtained after several iterations. The
contour of each section of the ship may be
divided into several regions. The section
lines in each region may be simulated by a
polynomial as follows:

b(x.Z) (33)
where n=l,2,3 or more.
The region number of the section contour may
be divided and the order of the polynonial
which simulated the section lines in a
certain region depend on the form and curva-
ture of the section. In general the region
number of the section contour is about
seven and /the order of the polynomial is
less than five.

PARTIALLY CAPTIVE MODEL TEST IN FOLLOWING

The main object of the test was to provide a
comparison of the results between calcula-
tion and testing as a means of validation.
The model for test was a patrol boat model.
The principal characteristics of the model
is as follows.

L 3.1 ro
B 0.4 m
d 0.12 m
A 63 kg
KG 0.16 m

The test was carried out in the seakeeping
basin of CSSRC. The wave length chosen for
the' test was 3.1 ro and the wave height was
0.12 m. The wavemaker is of the pneumatic
type. The model at a certain heel angle was
captivated at the lower end of a dynamometer
equipped with strain gages. The model and
the apparatus are free to pitch and heave,
but refrained from roll, sway, yaw and
surge. The heel angle of the model is
adjustable and may be locked after each
adjustment. The model was towed under the
towing carriage. Transverse force and
moment act on the heeled model were measured
by the strain gage while pitch (or trim
angle) and heave (or sinkage) were measured
hy servos and potentiometers. The carriage
and model were kept still in front of wave
maker at the beginning of each run. When
the wave front generated by the waveinaker
has reached mid-length of the basin, the
carriage and model was started, and made to
follow the wave celerity. There is little
possibility that the model speed may be made
exactly equal the '-/ave celerity, due to the
fact that the carriage and wavemaker are two
independently controlled systems. The model
speed is made always slightly less than the
wave celerity, so that the wave crest was
encountered by the model only once during
each run. The encounter frequency was kept
about 0.04 IIZ. The hydrodynamic effects
acting on the model may thus be neglected
under such a low model-wave encounter
frequency as shown by the test results.
Ultiicr these conditiuua, stationary values of
the global forces and moaents acting on the
model, and values of trim and sinkage may be
obtained for various ship-wave positions in
a single run. For each angle of heel, the
model is towed under the same wave condi-
tions for five runs or more and the average

of them is taken to reduce random errors.

COMPARISONS OF RESULTS BETWEEN CALCULATION
AND MODEL TEST

For the model tested and calculated under
various ship-wave relative positions the
results are shown in Fig. 5-Fig.l4. (Among
them: Fig A denotes the relative ship-wave
position at upright condition, Fig 3 denotes
the QZ Curve) Four typical relative posi-
tions are respectively: midship located at
the wave crest (̂ 3 + KG = -^-A )» at the wave
trough (eo+XG= X),at the point of inflexion
on the back of the wave (So+XG=î ) and at
the point of inflexion on the front of the
wave (So+XG=̂  ). The wave length chosen
for calculation is 3.1 in and the wave
heights are 0.12 in and 0.24 ra respectively.
The former is the sane as the height chosen
for model test. Thus, the results between
calculation and model test DEV be compared
conveniently. The nodel test values were
plotted en Fig.5-Fig.lO. It is shown fro.n
these figures that the results of calcula-
tions and of the no.-iel tests are in good
agreement with one another.

CONCLUDING RK'-JARICS

The present paper describes the stability of
a patrol boat travelling in following waves.
Through stability calculations of the model
in following waves with- two different yave
height and through model tests in the sane
following wave the following conclusions are
reached.

1. The stability characteristic of a ship
in following waves raay be calculated by the
method provided in this paper. The relative
position between ship and wave ciay be
arbitrarily chosen and the calculations raay
be extended in range to the angle of
vanishing stability.
2. ''•'hen partially captive model tests in
following waves are carried out in the
seakeeping basin, the test results of
various relative ship-vave positions nay be
obtained during a single run by using the
slight difference of speed between the nodel
and the wave.
3. The results between calculation an;l
."lodel test are ^ood in agreement, thus
validating the accuracy of calculation.
4. The method is also suitable for
calculating stabi3 ity characteristic of a
ship in calm water. In thia case the wave
amplitude may be inputted as zero.
5. As far as the model of this patrol boat
is concerned, the stability in a following
wave with a 0.24ra wave height is less than
that with a 0.12 m wave height for any
relative ship-wave position. As far as the
relative snip-wave position is concerned,
the stability is the worst when the midship
section is located at the wave crest
followed by the case when the uidship
section is located at the point of inflexion
on the frontal slope of the wave. They are
all smaller than the corresponding stability
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in calm water.

NOMENCLATURE

L Ship length
B Ship breadth
b(Z) Offset of cross section
d Section draft at upright condition
Zp Distance between the origin and

left intersection in Coordinate Z
Zs Distance between the origin and

right intersection in coordinate Z
a wave amplitude
Aa Increment of wave an'plitude
\ wave length
k wave number
p water density
g Acceleration due to gravity
£;o Distance betvccn center of ^ravity

of the ship and the origin of
earth-bound coonh'nates in £.
direction

XF Distance between center of gravity
of the ship and the FP in coordi-
nate x

XA Distance between center of gravity
of the ship and the AP in coordi-
nate x

OG Distance between center oC gravity
of the ship and the origin of
ship-bound coordinates in coordi-
nate Z

XG Distance between center of gravity
of the ship and .nids'lip section in
coordinate x

9 Trin angle
A6 Increment of tn i;
<1) Heel angle
J4' Increment of hee]

Vertical sinkage or heave measured
at point 0, the origin of tlie
ship-bound coordinates
Increment of sinkage
Representative draft of the
section, defined as the sectional
area divided by the sectional
breadth on design water line.

Incorport'tirg Theoretic-
al Advances in Useabic
Ship Stability Cnteri-a
Proceedings of Interna-
tional Conference on
the S.i-Tcs'Tip Project:

[I] C.Kuo, et al:

Ship GtoMlity curl
Safety June l'X;6.
Intact 3tabi]ity or Siup
i n, I'ol 3 ovine ' 'Lives

[2] Uunler iTelas

Proceedings of STA7i'32
Get.1982.

[3] ^asami llanar.ioto and '{ensaku ;;o,ioto:
Tra.isvcrbe Stability of
Ship in d Folloying
Sea
Proceedings of S'lA^,.!?
Oct.l°32.

[4] Zhenhai Cao: Theoretical ^'ori.ul^o at.ol
Calculation ^roccc'ure
for Calculating InCcict
Stability of Ships in
Following '-.'aves
Technical /eport of
CSSRC (in Chinese) 198C

Fig. 3
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Fig.5 Calm water condition Fig.8 Midship located at the point of
inflexion on the back of the wave
a=0.06ra
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GZ(cm)

4.0 h

2.0 h

80 <t>(degree)

Fig.6 Midship located at the wave crest
a=0.06m Fig.9 Midship located at the point of

inflexion on the front of the wave
a=0.06m

Fig.7 Midship located at the wave trough
a=0.06m

So+XG

Fig.lO Change in trim with relative
position of model to wave
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Fig.11 Midship located at the wave crest
a=0.12m

Fig.14 Midship located at fie point of
inflexion on the front of the wave
a=0.12m

Fig.12 Midship located at the wave troush
a=0.12in

80 ^(degree)

Fig.13 Midship located at the point of
inflexion on the hack of the wave
a=0.12m
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SAFETY LIMITS FOR SMALL FISHING VESSELS AT SEA

Kiyoshi AMAGAI and Nobuo KIMURA

In this paper sea conditions under an approaching typhoon were investigated off the
coast of Hokkaido. Measurements were done on the ship's motion of small fishing vessels in
danger of capsizing under these exceptional conditions.

From these data, the power spectra of wind waves and ship's motion were obtained.
Rolling response functions were calculated for typical fishing vessels in Hoikkaido.

From the above results, the extreme maximum rolling angles of these ships were pre-
dicted in rough seas. Work safety conditions were studied using the distribution of acceler-
ation on deck in conjunction with the prediction of maximum ship's motion. Human balance
threshold values for on deck situations were obtained using a linear discriminate function.

Analyzing the above information produced the following results.
1. The static safety range of the transverse stability in various fishing operations is in

agreement with experiential wind velocity.
2. Safety dynamics for typical fishing vessels are explained in consideration of extreme

maximum rolling and pitching angles.
3. The range between which the crew was unable to maintain their balance was also obtained.

Two aspects of safety limits at sea for fishing operations are explained. These two
safety aspects are the crew balance threshold and the maximum rolling angles.

INTRODUCTION

Fishing vessels of less than 5 gross
tons ( GT ) are predominant in the sea of
Japan. However, additional ship's types in-
clude those with the capacity of 19 GT, 96
GT, and 124 GT. In terms of gross tonnage,
the proportion of various sized fishing
vessels in the sea of Japan is shown in
Table 1. Stability of each fishing vessel
over 20 GT is determined by the ship's
stability rule, it's draught rule under
loaded conditions and the vessel's perform-
ance standard. In addition, important mat-
ters of stability to small fishing vessels
less than 20 GT are given by the vessel's
safety standard. Through the use of these
important matters of stability, the safety
of Japanese fishing vessels can be secured.
Every year fishing vessels capsize in the
sea of Japan. Some of these accidents may
occur due to limited attention given to
these vessel's safety standards. Investiga-
tions are regularly conducted to determine

the cause of these incidents. In this
paper, authors examined vessel's static
stability under actual sea conditions for
both 19 GT and 124 GT fishing vessels.
These are the typical sizes for fishing
vessels in Hokkaido.

Fishing vessel's movement limitations
are studied by calculating the spectra of
ship's motions under actual a typhoon con-
ditions. Furthermore, the authors estimated
a linear discriminate functions capable of
describing when physical limitations for
humans experiencing on-deck acceleration
results in their inability to maintain
their balance. Also investigated was the
relationship between excessive vessel's
movement and safe on-board working condi-
tions. And we studied regarding the limits
to movement of the fishing vessels in terms
of safe working.

FISHING VESSEL'S STABILITY QUESTIONNAIRE

A questionnaire was conducted to pro-

Faculty of Fisheries, Hokkaido University, 3-1-1 Minato-cho, Hakodate, 041, Japan
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vide additional information on the stabil-
ity of various sized vessels under stormy
weather conditions. The results from this
questionnaire are presented in Table 2.

STABILITY OF FISHING OPERATION

Vessel's stability is significantly
effected by the type of fishing gear being
utilized. Since a given vessel may change
gear types with each season, the stability
of each small fishing vessel also can
change seasonally. In addition, the deploy-
ment of gear affects stability. Therefore,
even when only one type of fishing is
underway, vessel's safety conditions may
change from hour to hour. The transverse
stability during various fishing opera-
tions of 19 GT and 124 GT fishing vessels
are shown in Table 3. When 19 GT fishing
vessels leave port, the position of the
center of gravity is highest and the trans-
verse inetacentric height (GM) changes sig-
nificantly with the type of fishing to be
conducted. Conditions of the 124 GT fishing
vessel refer to data obtained from the ship
yard.

SAFETY DETERMINATION BASED ON A STABILITY
ANALYSIS

The principal dimensions and body
plans of B type ships ( 19 GT ) and C type
ships ( 124 GT ) listed in Table 3 are
shown in Fig.l. The stabilities of both
ships were examined depending on their C
coefficients. This study conducted stabil-
ity analysis Cl, C2, and C3 coefficients
obtained from vessel's statical stability
curves. The C2 coefficient is defined by
the ship's stability rule. The Cl coeffi-
cient determines whether or not large quan-
tities of sea water are being washed across
the deck due to rough sea conditions. The
C3 coefficient is used in the case where
the shipping water on deck is included in a
calculation. Fig.2 shows the GM-Freeboard
diagram with a solid line as an example
where the C2 coefficient of a B type ship
every trim equals 1. The right side of a

solid line ( C2=l ) is the safety zone and
the left side is considered unsafe. Each
condition shown in Table 3 is entered in a
non-safety zone for each case. However, the
calculated results of ship's sides are
added and presented in Fig.3. At a wind
velocity of 15 meters per second (m/sec)
each condition is within the ship's sta-
bility safety zone. However, when wind ve-
locity reaches 19m/sec conditions are con-
sidered unsafe. In addition, if shipping
water on deck is included, each condition
is considered unsafe when wind velocity is
15m/sec. Fig.4a and 4b show the analysis of
C type ships. Conditions are considered
safe when wind velocity is 19m/sec provided
these vessels are leaving the fishing
grounds and returning to port. However,
this situation is considered unsafe if the
wind velocity reaches 26m/sec. These re-
sults indicate that when the wind velocity
is excessive, fishermen accurately sense
danger and suspend their fishing opera-
tions. The maximum wind velocity value of
22m/sec or 25m/sec is sufficient to capsize
a 19 GT fishing vessel.

TYPHOON WEATHER CONDITIONS

Wind Velocity
In 1979, Typhoon 20 traversed the

Japanese Islands from south Co north caus-
ing serious damage to fishing fleets in
northern Japanese waters. The route and
transit time of Typhoon 20 are shown in
Fig.5. The change of the wind velocity at
each observation point is shown in Fig.6.
The numerical values in parentheses de-
scribes the shortest distance from the
route of the typhoon to the corresponding
cities. The time is shown with an arrow.
The wind velocity was at its maximum imme-
diately after the typhoon had passed. How-
ever, the duration time of individual wind
gusts decreased as the typhoon's distance
increased.

Waves
Wave height was measured at ten places

in the coastal waters of Hokkaido. The wave
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height, and period observed offshore of
Tokachi port. arc shown in Fig-7. The maxi-
mum wave height in Tokachi was measured at
two o'clock on October 20th 1979. The maxi-
mum wave height, wave period, significant
wave he ight, and s i yni fi cant. wave period in
Tokachi were 10.5m, 12.0sec, 7.19m, and
12.3scc respectively.

Wave SpecLrum
From October 19th to 20th, wave height

was measured continuously by supersonic
wave recorders located offshore of Tokachi.
The wave spectra calculated from these data
are shown in Fig.8. Characteristics of the
wave spectra in Tokachi are as follows. As
the typhoon approached, the spectrum peak
gradually Increased and the wave period
became longer. The maximum peak occurred at
two o'clock October 20th. The wave spectrum
moment values (mO) and the band quantity
(£ ) were calculated from each wave spec-
trum and are shown in Table 4. The compari-
sons between these mO and with those of
the 1TTC wave spectrum and the Fierson-
Moskowitz wave spectrum are shown in Fig.9.
The mO of the wave spectrum observed when
the typhoon passed Hokkaido showed a larger
value than the ITTC mO or the m0 for the
Pierson-Moskowitz wave spectrum.

LIMITS TO MOVEMENT OF THE FISHING VESSELS
BY THE SPECTRUM OF SHIP'S MOTION

Ship's Motions of 19 GT Fishing Vessels in
Rrouah Seas

In early morning, when the wind from
8m/sec to lOm/sec did not stop blowing,
fishing fleet leaders discussed whether
or not they should attempt fishing. As a
result, the whole fleet left for cod fish-
ing using gillnets at 03:40. Because vio-
lent pitching occurred, the ship's speed
was decreased by half speed at 04:07. The
order to turn back was given to the whole
fleet by fishing fleet chief leader at
04:20. The authors got on board a 19 GT M
type ship whose body line is shown in
Fig.10. After leaving port, the vessel's
rolling and pitching motions were measured.

Fig.11 and 12 show the power spectra from
these pitching and rolling measurements.
The spectra from 1 through 4 occurred when
an M type ship went to a fishing ground in
bow-seas. The spectra 5 occurred when an M
type ship returned to port in quarter-seas.
Because pitching of an M type ship became
violent as it approached the fishing
grounds, it was determined necessary to
tu^n back. The power of the rolling spec-
trum after turning back was bigger compared
to the spectra when approaching the fishing
grounds. This i-s remarkable from a safety
viewpoint. Pitching amplitude became small
after turning back, but rolling amplitude
increased significantly. These probability
density curves were confirmed from the
result of a chi-square test having approxi-
mations to a Rayleigh distribution with the
dangerous rate of 5 %. Statistical and
spectral analyses results for the time
series pitching and rolling data are shown
in Table 5. The maximum conceivable pitch
limit for a 19 GT M type ship occurs when
the m0 value equals 4.1.

Estimated Movement Limits for 124 GT Type
Fishing Vessels

The relationship between a frequency
response characteristic of ship H y ^ ( o i ) ,
a wave spectrum of S r c ( f ^ ) , and a spectrum
of ship's motion S y y ( o i ) is given below.

SyyCco } = [ H y ^ ( c o ) • S^( til) (1)

These quantities may be replaced by
Hy^( D e), Ŝ ( 0) e), and Syy( (D e) so that
the output-input relation becomes

Syy( oie) = | Hy^(o) e) j - S^( ue ) (2)

Therefore, the spectra for pitch and roll
motion can be calculated by the frequency
response characteristics of rolling and
pitching of a 124 GT fishing vessel ( C
type ship ). The wave spectra for this
situation in Tokachi after the typhoon
passed are shown in Fig.8. The m0 moment
for these estimated spectra was calculated.
The probability distribution extreme values
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(3)

ior piccning and rolling motions are con-
sidered approximates with the Rayleigh
distribution. The maximum value,significant
value, and expected value can be predicted
from Table 6 by using the following rela-
tionship.

E = Hrms == 16m0

In this paper, the band width quantity
( £) was calculated at route 2/3. The maxi-
mum expected value for the pitching and
rolling is 1000 times every two hours and
is shown in Fig.13. The rolling period of a
124 GT fishing vessel is about 7 or 8 sec.
Therefore, a rolling motion happens 1000
times every two hours. Accordingly, a maxi-
mum expected value of rolling activity was
estimated. Shown in black in Fig.13 is
where the rolling angle was more than 20
degrees.. 20 degrees is the angle that a
bulwark of a C type ship would sink into.
the water. The rolling angle of a C type
ship exceeded 20 degrees to the wave in
beam-seas and quarter-seas after four hours
the typhoon passed. This wave spectra's mO
value was from 8.04 to 9.43 and the rolling
spectra's mO value was from 7.86 to 10.29.
When comparing this wave spectrum mO moment
with the ITTC spectrum's mO value, the wind
velocity is equal to 25 m/sec.

ONBOARD MOVEMENT AND BALANCE
LIMITATIONS FOR CREWMEN

In addition to vessel safety concerns,
the authors also investigated with the
viewpoint for crew safety. This was done
with specific regard to potential occupa-
tional accidents which may occur when the
fishing vessel experiences hazardous weath-
er conditions. It was noticed that the in-
ability to maintain balance on board in
heavy seas resulted in on-deck injuries and
manoverboard situations. The ship's motion
acts as a dynamic oscillatory balancing
force in the work and actions of crewmen
on board the vessel. Accordingly, it is
necessary to clarify the relationship be-
tween vessel's motion and the maintenance

of balance of humans onboard.

Method for Evaluating Crew Balance on Deck
Individuals on board make linear re-

sponses to vessel's motion. The authors
utilized an input-output model describing
how a human body's center of gravity (C.G.)
is accelerated by a vessel's oscillatory
motion; especially with respect to the
ship's acceleration on deck. The accelera-
tion on deck is an important element when
the balance condition of a crewman is
evaluated. The size and frequency of accel-
eration have an effect on human balance.
The maintenance of balance was judged on
the basis of whether or not the subject
could hold a posture on a FORCE-PLATE
(- 60 X 180 cm ) through the end of the
measurement time. The experiments were done
repeatedly under various sea conditions.
One measurement time is equal to one
minute. As a result, we could discriminate
whether or not a crewman could maintain his
balance on deck by evaluating the X, Y,
and Z-directional acceleration. The primary
moment (ml) in the power spectrum for ac-
celeration generated on deck was considered
a discriminatory factor. This was deter-
mined because the maintenance of balance
relied on frequency. The relationship be-
ween the ml value and the subject's balance
condition is shown in Fig.14. Each axes
indicates an ml value in each direction.
Dotted marks indicate a subject's stable
posture condition on deck. An X-mark indi-
cates the subject had completely lost his
balance. It Is anticipated that the mainte-
nance of balance becomes difficult when
values of ml in each direction exceeded a
given range as shown in Fig.14, Therefore,
the authors judged that these are proper
discriminatory factors in order to evaluate
human balance on deck. The linear discrimi-
natory function through the use of ml in
each direction is defined below.

T = Cx • Mix + Cy • Mly + Cz • Miz

where Cx, Cy, and Cz are relationally esti-
mated coefficients. On the basis of 256
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data samples, these coefficients were esti-
mated logically. If in one set Cx=l, then
Cy=0.1659, Cz==0.1133, and a discriminatory
standard of T=0.220 is the result. The
classified results from 256 examples using
equation (4) is shown in Fig.15, It is
determined that T=0.220 is a threshold
value beyond which the subject cannot main-
tain his balance.

The Limit to Movement of a Fishing Vessel
Based on the Value of Index T

Since it is not possible to evaluate
maintaining of balance with only roll and
pitch information, the value of T comes
into application. When a C type ship trav-
ersed the Tokachi area while returning to
port with 10 knots, the T-values on deck
were calculated by the O.S.M method. This
example is considered as beam-sea condi-
tions. The black area in Fig.16 indicates
when the T-values on deck are greater than
0.220. With the exception of Number 7 spec-
trum, maintaining balance is difficult on
deck near the stern of the vessel through-
out the wave spectra. Occupational risk is
expected to decrease if the crew is warned
with sufficient time to stow fishing gear
and deck machinery. The extent to which
accident risk may decrease is dependent on
the vessel's balance as indicated by the
distribution of T-values.

CONCLUSION

Stability analysis and spectra analy-
sis of typical Japanese fishing vessels
were conducted to establish vessel safety
limits aimed at preventing capsizing and
reducing life-threatening situations at
sea. On the whole, the authors have estab-
lished that fishermen evaluate wind ve-
locity primarily on the basis of the struc-
tural limitations of the vessel itself.
However, results from this study suggest
many capsizes occurred due to factors of
human limits rather than vessel's limita-
tions. The primary factors causing capsizes
include the following interrelated ele-
ments :

1) disregarding of weather forecasts; 2)
misjudging transit time needed to reach
safe refuge from an approaching storm; 3)
poor preparation for oncoming stormy weath-
er; 4) poorly stowed gear and equipment;
and 5) inadequately maneuvering to waves.

In other words, capsizes occurring
under conditions that are within the physi-
cal tolerance limits for the vessel, are
strongly influenced by how the ship's crew
maneuver the boat when attempting to com-
pensate for the various external wind and
wave forces. Accordingly, it is necessary
for operators to recognize that the ship's
motion in heavy seas will strongly be in-
fluenced by: 1) positioning of the vessel's
load both in the hull and on deck; 2) the
ship's course; and 3) vessel's speed.

The authors have pointed out the risk
of capsizing for small fishing vessels
based in Hokkaido by using wave spectra mO
values measured under typhoon conditions.
Human limitations to keeping balance on
deck was described by simultaneously
solving linear discriminate functions. The
establishment of safety limitations for
crewmen moving about on small fishing ves-
sels has also been proposed. It is strongly
suggested that further examinations should
be conducted toward identifying the most
appropriate operation methods that encour-
age increased safety conditions for both
fishing crew and vessel.
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Fig.16 The distribution of che range where
the crew is not able to maintain
his balance
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AN ANALYSIS OP SHIP STABILITY BASED ON TRANSIENT MOTIONS.

MOHAMED S. SOLIMAN*

ABSTRACT

Numerical analysisof the steady state and transientmotionsof the semi-empirical nonlineardifferential
equations, which have been used to model the resonant rolling motions of two ships, are presented in
this paper. Examination of the safe basin in the space of the starting conditions shows that transient
capsizes can occur at a wave height that is a small fraction of that at which the final steady state motions
lose their stability. It is seen that the basin is eroded quite suddenly throughout its central region by
gross striations, implying that transient capsize might be a reasonably repeatable phenomenon, offering
a new approach to thequantification of ship stability in waves. Such an approach has the twin advantages
of being both conceptually simpler, and at the same time more relevant, than one based on the steady
state rolling motions. The latter analysis can be dangerously non conservative.

1 INTRODUCTION

Although sea states are essentially random processes
(but not necessarily stationary ones), a short train or
pulse of regular waves that can excite resonant motions,
can usefully be viewed as a worst-case scenario when
considering capsize. For practical purposes a long train
of regular waves can be considered to have a probability
of zero. Despite this, most researchers in the extensive
literature on ship capsize under regular forcing, focus
on just the single predominant steady state motion, be
it harmonic, subharmonic or even chaotic. In this, they
follow the tradition of classical analysis, despite the fact
that for a boat, with its relatively light damping, regular
waves will manifestly never persist long enough for
transients to decay substantially. Not only is steady state
analysis inapplicable, for this reason, but we show that
it is also grossly non-conservative.

In this paper we focus attention on the transient
motions of a ship which we investigate against the
background of the steady-state behaviour [1]. Firstly, we
present a steady state bifurcation diagram, in the control
space of a wave height parameter, H, against wave
frequency, co, at which distinct local bifurcational
phenomena take place. These typically include a jump
to resonance at a cyclic fold bifurcation (saddle-node);
a build-up of subharmonic oscillations at a flip
bifurcation, as well as a stability boundary of capsize
conditions.

Secondly, we consider the transient motions of a ship
subjected to a short pulse of regular waves: and since
starting conditions of a ship at the beginning of a pulse
may vary widely, and in any event are unknown, we look
at all possible transient motions. The simplest and most
direct way to do this is to take a grid in the starting
conditions of roll angle, 60, and angular roll velocity, Qy.
Running simulations from each grid point, we can easily
map out the safe basin from which transient motions do
not lead to capsize within the specified duration of the
pulse. Now as Soliman and Thompson [2] have
identified and quantified for an archetypal driven
oscillator there can arise a loss of engineering integrity
accompanying the rapid erosion and stratification of the
safe basin as a control parameter is varied. We show here
mat this behaviour does indeed take place in the
analytical models of two real ships giving a critical wave
height, H1, at which the ship loses the bulk of its calm
water stability. We use engineering integrity curves and
transient capsize diagrams to quantify this behaviour.

2 GENERAL ROLL EQUATION

We consider, in common with many authors [3,4],
that the roll motion of a ship, when subjected to wave
and wind moments, can be modelled by the non-linear
differential equation

0)

Department of Civil Engineering,
University College London,

University of London, England.
where I is the roll inertia (included added hydrodynamic
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velocity and acceleration respectively), B(Q) is the
non-iinear damping moment and C(B) is the non-linear
restoring moment; these represent the stabilizing
moments. The wind moment. W^(Q,t), and the wav-...
moment, M(t), represent the de-stabilizing moments.
Both these moments occur randomly in real seas but for
the sake of simplicity, and for a wor.st case scenario, they
can be considered to be deterministic quantities.

In order to illustrate the ideas presented in this paper
we have considered two different ships which have been
well documented and researched following their
capsizes. Both have the following specific equation of
motion:

9 + c-i9 + f c 2 1 9 | 6 + (•36' + c, | 6 | 93 4 <;̂

(2)

The first is the GaK/[5), with a GZ curve and damping
characteristics taken from [6]. Here /?i = 0.0555,
/?2 - 0.1659, q - 0.2227, c^ = 0.0, ̂  = -0.0694. c, = 0.0,
c-s =-0.0131 and 1=64489. The second is the Edith
rerkol f7|. Here ft, =0.0043, ^=0.0225, c, = 0.385,
^-0.1300, ^=1.0395, c,= -4.070, (-5-2.4117 and
1=1174 (taken from |^]). We have approximated from
these that their linear natural frequencies, &)„, are 0.47
and 0.62 radians per second respectively and their
equivalent linear damping ratios, ^, are 0.075 and 0.01.
The latter value of damping is unrealisticaily low, but is
adopted uncritically in this study to illustrate the effect
of damping on our analyses. We have assumed in
common with other authors that M ( t ) = A sin (i),r where
0);; is the wave frequency and A is the amplitude of (tie
wave moment which in general will be a function both
of the wave frequency and heighl|9|. We have also
assumed for the sake of simplicity that the wind moment
is a constant value independent of roll angle and time:
it is zero unless otherwise stated. We refer to the ratio
of the forcing frequency to the linear natural frequency
as CD, such that &) - (O^Ao,, and refer to a wave height
parameter H, such that H=-4//(t)^.

3 BACKGROUND THEORY

Before summarizing the results, a brief review of the
dynamics theory, mapping techniques and terms
employed is appropriate! 10). Considering the
single-degree-of-freedom system f l ) it is well known
that to completely define the motion of a ship under
given environmental conditions Csuch as wave height,
period, etc) and from certain initial conditions (roil angle
and angular velocity), the three dimensional trajectory
in (9,9,;) phase-space must be determined. Trajectories
which do not lead to capsize, will eventually settle down
to a bounded stable motion (for example periodic or

motion is called an anmctor. Ail starting conditions
which generate trajectories that tend towards an
;mractor, thus define its basin or domain of attraction.
There may be alternative co-existing attractors,
depending on the starting conditions, but we shall define
the union of the basins of all the non-capsizing attractors
as the.s-a/i" basin.

In the case of a ship rolling in regular waves, the
concept of phase space is extended bythePoincaremap,
for which the continuous trajectory is replaced by a
succession of points obtained by stroboscopieaily
sampling the motion of the ship at the wave period. This
sampling technique produces a sequence of points
(Poincare points) in the (9,9) plane which may converge
to a fixed point corresponding to a stable periodic state,
converge to alternating points for subharmonic motion
(a period N attractor with N points visited in sequence)
or possibly to a chaotic attractor. Such sampling
techniques have been employed in the field of non-linear
dynamics for their obvious advantages of summarizing
the morion in a relatively simple fashion.

0.5 06 0-7 0.8 0-9
normalised wave frequency

Figure 1. Typical resonance response curve for
the Gaul (H=0.24). Here the solid lines represent
stable steady state response; arrows indicate a
jump to and from resonance. Dashed lines
represent the unstable steady stale response.

4 STEADY STATE BEHAVIOUR.

4.1 Bifurcation diagram
Excitation, corresponding to a slowly evolving sea state,
can lead to resonance or large amplitude rolling as
shown, in figure 1. As we slowly vary the frequency, so
that transients have always effectively decayed, we see
that the roll response is a smooth function of co at all but
two values. At co=0.77 there exis;s a dangerous but not
fatal jump to resonance, in the sense that the ship
restabilizes at a greater amplitude of oscillation. At

iR/i



.shows the unstable steady suite solutions, and although
they are not physically realizable, and indeed will not
appear in the direct lime domain simulations, thev
provide useful information about the global behaviour
and for example play a key role in determining domains
of attraction 111 j. It is observed that due to the overall
softening nature of the restoring moment curve the peak
amplitude of oscillation occurs below the linear natural
frequency. Such observations clearly illustrate that
resonant frequencies should be avoided. Such resonant
behaviour can also be observed by gradually increasing
the wave height from the fundamental H = 9 = 6 = 0
state until the ship capsizes for a fixed value of wave
frequency. Complex bifurcations of the steady states
were observed as, for example at co=0.8(), there is a jump
to resonance at 1-^=0.21 and then a flip to an n=2
subharmonic at H^O^. A further increase in H results
in a period-doubling cascade and chaotic motion leading
to capsize at H^O.45. It was also found that the optimal
capsize condition, corresponding to capsize under a
minimum H, occurs at about ffl=0.70.

Having outlined that steady states can undergo various
complicated bifurcations including folds, flips and
ultimate capsize, we show how the ship motion in 'a
slowly evolving sea state may be summarised using a
steady state bifurcation diagram. Such an analysis may
help in predicting instabilities and capsize- Regions
showing when and how the ship capsizes may be
determined- Dangerous and fatal jumps to resonance,
subharmonic oscillations and chaotic behaviour may be
determined, all of which can add to the overall
understanding of ship behaviour and capsize
phenomena. Before summarising the results, we give a
brief review of the analysis.

4.2 Analysis
The relationship between two consecutive Poincare

points in the Poincare map will be governed by a
complex non-linear relationship, but close to a fixed
point (whether it be periodic or subharmonic) we may
approximate the Poincare map by a 2-dimensional linear
map in the form

9,,i=a6,+fte, (3)

9^,=c6,+^9,

in which 9 , + i , 9 , + i can be evaluated numerically for any

(9,, 6,) by making a numerical time integration through
one forcing period- In this variational equation it is
understood that 6 and 9 are measured from the fixed
point. The nature of the stability of the system may be
determined by calculating the eigenvalues, X,,^, of the

Jacobian matrix , . For stability both of these mustie d\

be less than one in modulus- The stability can be
characterized by the position of the eigenvalues in the
complex plane] 101.

In a changing sea-state both the fixed point and the
coefficients of the linear map will vary .so that the
eigenvalues will describe a path in the complex plane.
If the eigenvalues are real one of them can cross the
stability boundary at +1, a cyclic fold (a saddle-node
bifurcation), or at -1 producing a f l i p bifurcation (a
transition to resonance of order n=2). These events are
clearly of interest to the naval architect 112i - The fold
point (points A and B in figure 1) corresponds to a
resonant hysteresis jump which may cause the ship to
capsize if the resulting transients are large enough to
carry the ship beyond its righting moment limit, or may
cause the ship to oscillate at a different (and often a
considerably larger) amplitude. The crossing at -1 results
in the ship oscillating in a n=2 subharmonic manner.
This, as has been shown, is often the precursor of chaotic
oscillations and hence capsize [13].
Using such stability properties we have drawn a steady

state bifurcation diagram which summaries the
bifurcadonal behaviour of the ship over a whole range
of frequencies and wave heights. We focus most
attention just below co=l as resonant phenomena will
normally govern ship safety. Figure 2a shows the
bifurcation diagram for the Gaul such that WM=O.
Bifurcations can easily be seen from this diagram; e.g.
at a =0.75 the ship initially oscillates in a periodic
manner, but as H is increased the ship makes o.dan^erous
but not fatal }wx\p to resonance at A] in which the ship
starts to oscillate at an increased amplitude. A reduction
ofHat this stage would cause a jump from resonance at
B), giving rise to a region of resonant hysteresis as
typically shown in figure 1. A further increase of H
beyond A| results in a flip bifurcation at C and as can be
seen the ship capsizes shortly afterwards at H''=0.38. By
keeping H constant and varying the frequency also
allows us to determine the regions of resonant hysteresis
in the frequency plane. Indeed in real situations both the
wave frequency and height change simultaneously and
such behaviour can be interpreted by this diagram. The
steady state stability boundary, //^(oi) indicates the
region of inevitable capsize. Figure 2b shows the
bifurcation diagram for the same ship subjected to a
steady wind moment by ineorparating a static bias term
in eqn (1). It can be seen that this asymmetry increases
the likelihood of capsize by lowering the steady state
stability boundary- At Q) = 0.85, H^O.26 for the biased
system, whereas H^O.54 for the unbiased case.

5 TRANSIENT BEHAVIOUR

5.1 Safe basins
A ship subjected to a train of regular waves can exhibit
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Figure 2. Steady state Bifurcation diagrams for rhe Gaul depicting: Dangerous folds (jumps to
resonance (Ai); from resonance (B,)); Fatal folds (instantaneous capsize (A;)); Subharmonic
instabilities (period doubling (C)); Capsize fiom a chaotic attractor; Regions of inevitable capsize.
Contours of transient stability, (^,(B), are also shown in figure 2a.

a multitude of modes of capsize [14] as well as having
various types of stable steady states. Indeed these steady
states can undergo intricate bifurcating patterns until
they reach the point of capsize [15].

In this section we consider the transient motions of
a ship subjected to a short pulse of waves, by making
safe basin studies, as they are both easier to perform,
and at the same time more relevant to ship capsize than
the steady state analyses. There are several reasons for
this. Firstly, for a ship with its relatively light damping,
regular waves will evidently never persist long enough
for transients to have decayed substantially for steady
state behaviour to take place. A short pulse of regular
waves can thus be viewed not only as a worst-case
scenario, but as a more realistic representation of a sea
state than a long train of regular waves. Secondly since
the starting conditions of a ship at the beginning of a
pulse may vary widely, and are indeed unknown, we
must look at all motions rather than focus obsessively
on one predominant steady state.

Finally we show that by making such a transient
analysis the area of the safe basin, A(H,CD), can fall
dramatically at a steep cliff at H1, which can often be at
a small fraction of H3, the wave height at which the final
attracting steady state loses its stability.

By acknowledging that a ship from 9p,6n can
experience various combinations of wave height, wave
frequency and wind moments, we can say that the five
dimensional phase-control space spanned by
(QO, 9o; H»to* ̂ y) defines the ensuing morion. (Pomcare

phase space has already been defined as 9,9 space while
control space refers to the external parameters such as
H, co or Wy). To determine a safe basin, we use fourth
order Runge Kutta numerical time-integration s from a
simple grid of starts, typically 100 by 100. Each
integration is continued until either the roll angle exceeds
a capsizing criterion, 9c, at which point the ship is
deemed to have capsized, or the maximum allowable
number of cycles, m(=16), is reached, in which case it
is assumed that the ship will remain upright under these
conditions [16]. In this way we can define a set of points
in the five dimensional space that do not capsize in m
cycles and hence define a transient safe basin[17]. In this
study we have chosen Qc = x for the Gaul and Qc = 0.88
for the Edith Terkol.

Specifying the controls and taking a grid in the (9o, 9o)
plane allows us to draw the conventional cross-sections
in the phase-space of the starting conditions: while
specifying 9o, 9o (say (0,0) in the case of the ship starting
originally in its equilibrium position in calm water) and
taking a grid in (H,(£i) plane allows us to draw the
cross-section of the transient basins in the
two-dimensional control space[l].

In contrast to the steady state analysis, we are making
no note of the final steady state motion (attractor) of the
ship to which the non-capsizing motions might settle,
whether it is harmonic, Subharmonic, small amplitude,
large amplitude or chaotic oscillations. At many control
settings there can be of course many competing
attractors, as in a region of resonant hysteresis, some
with exceedingly small regions of attraction.
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5.2 Erosion of the basins and the transient capsi/e
diagram

Figure 3 shows a sequence of safe basins, for fifteen
equally spaced values of the normalised wave height
parameter, tW////^, for the Gaul Here the frequency is
kept fixed at co=0 85, d value of interest as it is close to
the optimal cdpsize condition It can be seen that there
little change in size or position of the transient basins up
to h=0 60 However after that the basin boundary
becomes fractal (infinitely textured) due to a homoclinic
tangling at H^ in the underlying dynamics)! 8] Starts
within this fractal zone lead to chaotic transients which
oscillate hesitatingly for an arbitrary length of time
before the ship either capsizes or settles to a safe steady
state harmonic rolling Moreover, fractal zones are
particularly sensitive to initial conditions, external
forces such as an impact load or random noise can often
push trajectories across basin boundaries and thus cause
d ship oscillating ongindlly in a safe basin to oscillate in
an unsafe basin and hence cause capsize j 19,20] This
phenomena is not serious in itself, provided that the
fractal zone to which J t is confined remains as a thin layer
around the edge of the boundary, as it does for I I JLISE
above HM However as H is further increased the fractal
boundary soon becomes incursive with thick finger like

stnations penetrating into the very heart of the central
zone resulting in a dramatic erosion of the safe basin
Here we can quantify the size of the basin, A, within the
window represented by our grid, by recording the
proportion of starts that do not capsize within in wave
periods As can be seen from the integrity curves (figure
4) the ship retains practically all of its still water stability
up 10 a cnncdl value H1 (=0 32), and thereafter loses
almost all of it Indeed, the value of H' in which the ship
loses most of its calm water stability is sometimes not
so well defined It is thus more convenient to plot in the
(H.ff)) plane, contours of Hp where we define H'p as the
value of wave height in which the ship has lost P% of
its calm water stability Indeed, the three dimensional
(-4 , H , co) si'rface completely defines the area of the safe
basin for any given H and <S By fixing h), and taking a
cross-section in the (A H) plane gives us the typical
integrity curves, whereas fixing A we may obtain a
contour of transient stability Hp H'^ then represents the
contour in which the ship has lost all of its calm water
stability i e Hjust above H\ whereas Hy represents the
contour in which the ship retains all of its calm water
stability These two contours represent upper and lower
bounds on the transient stability, Hp can then be chosen
for the required margin of safety Figure 2a shows
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Figure 4. Integrity curves representing the erosion of ihe safe basin described in figure 3

several transient contours. It can be seen that steepest
c l i f f ' occurs at about w=Q.70.

This behaviour clearly illustrates how the steady state
analysis that predicts the final capsize, say H^O-54 at
0)^0.85, dangerously over-estimates the overall stability
of the ship. Such results clearly display, for a designer,
that H1 should be adopted in preference to H5 in defining
the operational locus in the (H,co) domain-

Similar studies were made for the biased system. The
effect, as expected is to reduce the value of H1 [1]. We
have also made a safe basin study for the Edith Terkol
(figures 5, 6). Here we observe that unlike the previous
case considered, the erosion of the safe basin is both less
dramatic and starts to take place at .a relatively small
value ofH. The reasons for such behaviour are discussed
in the next section.

6 THE EFFECT OF ROLL DAMPING.

As is to be expected, both the steady state and transient
behaviour of the Gaul and the Edith Terkol were
different. However by examining the the normalised
integrity curves of each ship we may make a relative, if
not completely justified, comparison. As can be seen the
Edith Terkol loses its integrity at a much lower value of
H/H^ than the Gaul. We believe, that this feature is
mainly due to the fact that the Edith Terkol was much
more lightly damped (using the model considered here),
than the Gaul.

Indeed making numerical simulationsofan archetypal
capsize model with both linear and nonlinear stiffnesses
and linear damping ratios of ^==0.005, 0.025, 0.05 and
0.15 reveals that the damping level determines the
process of the erosion of the safe basin (see figure 7) and
hence the transient capsize diagram. This study uses the

Figure 5. Similai t iguie lo fig 3 bin foi [he l-,d;ih 'i\-ikol. Vv^=().() and
-0 88 < 6 < 0 S8 -0 52 < 0 < 0 52 9, --- S) SS // ' - 0 22
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Figure 6- Integrity curves representing the
erosion of the safe basin described in figure 5.

canonical escape equation of Thompson [15] both with
and without the stiffness nonlinearity, the linearized
system being deemed to fail if the displacement x
exceeds unity: more details of this comparative analysis
will be given in a forthcoming paper [21]. This type of
behaviour, although difficult to analyze practically due
to the nonlinear damping effects, can help the naval
architect in his design. Bilge keels can be designed such
that a minimum damping level can be achieved for a
given ship.

7 CONCLUSIONS

(a) Using steady state analysis, we have drawn an
(H, co) bifurcation diagram. We have defined regions of
inevitable capsize; jumps to resonance as characterised
by a fold point; and subharmonic instabilities as
characterised by a flip bifurcation. The optimal
capsizing wave height occurs at about 70% of the linear
natural frequency and obviously that frequency should
be avoided. This behaviour is obviously very important
to the naval architect and such a diagram would
obviously be helpful to his dynamic analyses of ship
stability.

(b) We have used a simple and direct method for
finding the critical wave height by analysing the
transient basins and engineering integrity curves. We
have shown that using this method several important
deductions can be made.

Roll stability analysis using the classical methods,
such as harmonic balance, which locates the main
attractor, tests its stability (using a perturbation or
Liapunov analysis) and then follows the evolution of
daughter attractors, abandoning each in turn as it
becomes unstable, is both a daunting, if not impossible
prospect (strictly impossible in detail due to the
inevitable appearance of subharmonics of infinitely
higher order). We have used numerical path following

0--1 0.6 0.8 1.0

Normalized forcing magnitude

Figure 7. The effect of damping on the erosion
of the safe basins for linear and nonlinear
archetypal capsize models. Here the canonical
escape equation and its linearization are
considered with co = 0.85 and p = It,.

routines to overcome this problem. However whichever
technique is used the results can be misleading in terms
of ship stability. We have shown that the ship up to H1

retains all its calm water stability, and thereafter loses
almost all of it, as exemplified by the integrity curves.
Classical methods would find the ship stable up to H3

which is obviously, for practical purposes, grossly
non-conservative. Using Liapunov functions, in
estimating the domains of attraction, would also be quite
impossible due to the homoclinic tangencies and hence
the extremely complex shape of the safe basins.

(c) By plotting Hp contours we can make a critical
judgementfor the safe operational locus (H', co) of a ship
subjected to a short pulse of regular waves. The sudden
loss of safe basin does moreover suggest that a transient
capsize diagram can offer a useful and repeatable index
of capsizability, that might have important implications
for naval architects [16].

(d) The roll damping plays a most critical part in the
erosion of the safe basins. This was illustrated by making
a safe basin study on both linear and nonlinear
archetypal capsize models. Such behaviour
demonstrates, that as well as designing a ship with a
minimum criterion for certain characteristics of its
righting lever arm, a minimum damping level should
be included to ensure greater stability.

(e) The stability analysis considered by making a safe
basin study can equally be applied for non-capsizing but
dangerous motions. Indeed a linear safe basin study can
be made (section 6). For example we have considered
that the Edith Terkol loses its stability at the angle of
vanishing stability (Oy == 46°): however for practical
purposes motions can become dangerous to both the
passengers and the structure of the ship when the ship
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execures large ampiituaes. .10 ior a mure reason a uic
analysis the ship can be deemed dangerous once the
motion exceeds a given angle of roll (say 2511} and that
angle rather than the angle of vanishing stability can be
chosen as a limiting criterion- Indeed by comparing ;'
realistic approach with the extreme limiting condition
gives a feel for the margin of safely made in this transient
analysis; analogues to elastic and plastic design in the
field of structural engineering can be observed here.

(0 Advances made in recent research in the field of
nonlinear dynamics can he!p to understand dynamic ship
phenomena.
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THE EFFECT OF WIND ON SMALL VESSELS

2)E. Aa. Dahle LJ. D. Myrhaug" and S.J. Dahl 3)

ABSTRACT

Small vessels, and in particular small
fishing vessels, are subject to several
environmental forces. Of these, wind forces
arc of particular interest because the
windage area often is relatively high-

Rccently, IMO has adopted a weather
criterion to ensure safety in beam seas with
wind. However, the wind profile near the
sea surface is undefined in the criterion,
and is dealt with in the paper. The
calculation method is explained, and should
enable a better estimation of the wind
moment for steady wind. More important;
wind gust near steep land formations, or
fall winds, are also covered in the paper. To
indicate the large angles of heel that can
occur as result of wind moments, a recent,
serious accident is described. The
calculations indicate that angles of heel
above 90 degrees are feasible for strong fall
winds from the side. Practical advice on
avoidance by design and operational
guidance are also discussed.

INTRODUCTION

International concern for safety of ships has
been concentrated on ships in international
trade. The lower length limit is about 24 m.

For fishing vessels below 24 m in length,
FAO/ILO/IMO issued "Guidelines for
design, construction and equipment" in
1980. These guidelines are based upon the
Torremolinos Convention text.

For open boats and for decked vessels
below 12 m, no international design
guidance exists- However, a set of

Governmental Fishing Vessel Accident
Commission, Department of Justice,
Oslo, Norway.
Division of Marine Hydrodynamics,
Norwegian Institute of Technology,
Trondheim, Norway.
Norwegian Maritime Directorate,3)

Oslo, Norway.

regulations called "Nordic Boat Standard"
were first published in 1983, covering the
safety of all types of vessels below 15 m in
length. During 3989 these regulations have
been extensively revised, and they arc
recently published as"Nordic Boat Standard
1990".

The safety of smaller vessels and their
crew is nevertheless considered a matter for
the owner only. In some countries, however,
safety of small vessels is gradually being
considered as a national matter-

A clear philosophy should be the basis for
development of safety guidelines or
regulations. Such a basis is risk that a
vessel is exposed to.

Risk is defined as the product of
frequency and consequence, and the vessel
design process will include measures to
reduce hazard frequency and consequences
of hazards.

HAZARDS IN TRANSIT

Hazards while underway are general for all
types of vessels. Those related to the intact
stability of the vessel are hazards

• in following waves;
• with wind from the side;
• with waves and wind from the side;
• with water on deck;
• with ice accretion.

These hazards have been subject to
extensive studies in several countries, and
are still on the agenda in IMO. A criterion
for simultaneous severe wind and rolling
was agreed upon in IMO in 1988.

The frequency of such hazards depends
upon environmental conditions and mode of
operation. Operational restrictions related
to vessel heading and speed, wave height,
wind and operational area (including
weather forecast availability and reliability)
seem to be a logical approach to control the
hazard frequency. This matter has been
elaborated in general by Dahle and
Ncdrclid [1J and specifically for dangerous
waves by Dahle et al. [21.
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consequences 01 enecL or environmeiiLai
forces can to some extent be controlled by
design measures, adjusting the capability of
the vessel to withstand defined environ-
mental forces.

In present regulations and guidelines the
latter approach is prevailing. A typical
example is requirements to stability of the
vessel. These are given without any
reference to what level of external moments
and forces that the stability of the vessel is
expected to withstand, and without any
indication as to how to reduce or avoid such
external moments.

It seems that guidelines or regulations
should be supplemented by explicit identi-
fication of relevant hazards (e.g. the vessel,
with its level of stability, is unsafe in
weather intensity above Bf 7), with
subsequent advice on how to control the
hazard (e.g. seek shelter or don't leave
harbour when weather above Bf 7 is
expected).

INFLUENCE OF DESIGN AND
CONSTRUCTION ON SAFETY

Intact stability is an important element of
safety in relation to hazards imposed by
the environment, and should receive due
attention in the design and construction
process of smaller vessels. However, proper,
safe operational procedures for the intended
service and environmental conditions have
to be followed to maintain the hazard
frequency on a low level. This is more
important for small than for large vessel
simply due to the relative size of the waves.

Small vessels should have relatively large
GM values, a relatively wide range of
stability, and strong and reliable closing
appliances. There are several reasons for
this:

• small vessels are operating near
/coasts, encountering waves of a

dangerous nature due to wave
refraction and reflection, shallow
water effects and wave-current
interaction;

• for vessels operating near steep coasts,
exposure to fall winds are frequent;

• broaching is also a hazard more
frequently encountered by small
vessels than by large;

• shifting of cargo is considered more
likely on small vessels.

Jinn. u r̂ nJEJrNî E. ur vvu^u \JI^
SMALL VESSELS

In the following, the specific hazard of wind
from the side will be discussed. Even when
the weather is moderate, vessels operating
near steep coasts may experience extremely
strong wind gusts, or "fall winds".

Experience in Norway has shown that
fall winds can reach force Bf 12 when the
wind force is otherwise not above Bf 8.
Farthermore, the fall wind can have a
direction different from the prevailing wind
direction. Waves under these circumstances
are of small size as the wind is coming from
land.

Fall winds attack unexpectedly, and the
frequency of the fall wind hazard cannot be
controlled by the vessel operator by change
of course before being hit.

For small, coastal vessels, not being
subjected to operational restrictions, an
important part of the design basis should
therefore be the ability to withstand the
consequences of the following hazards:

• steady wind offeree Bf 8;
• wind gust of strength Bf 12;
• moderate waves.

If the design does not meet these
minimum requirements with reasonable
margins, operational restrictions should be
imposed, or the design should be changed-

The probability of downflooding is an
important aspect regarding the ability to
withstand the fall wind hazard.

CALCULATION OF WIND MOMENTS

Calculation of wind moments and the
effects on a small vessel are described by
Wills et al. [3J. In the report, a wind profile
with height above the mean sea surface as
the only variable is given.

In Appendix 1 to this paper, a more
refined method for calculation of the steady
wind profile is described, taking also the
roughness of the sea surface into account.
The roughness factor is dominated by the
geometry of the waves.

Also m Appendix 1, it is stated that wind
gusts do not exhibit a boundary layer as
does steady wind. For small vessels this is
of importance as the wind gust moment will
increase considerably as compared to
calculations with a wind gust profile.
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1A.KL.K 1. Environmental data at time of
accident.

Data

Vessel particulars
(see Fig. A2.3)

Place of accident

Description of
accident

Significant wave
height
Wave length

Steady wind
Gust wind

LOA = 8.4 m
B = 2.9 m

Fjord, Northern
Norway

Vessel had steady
wind from the
side, was subject
to sudden fall
wind, foundered

1 m
10 m

19 m/sec
33 m/sec

To demonstrate the calculation of win^
moments, a serious accident with a small
vessel in strong winds m confined waters on
the coast of Norway has been chosen. The
vessel capsized in 1989 and the crew of 3
was lost. The accident was investigated by
the Norwegian Accident Commission for the
Fishing Fleet. The cause of the accident was
large heel angles in very strong winds,
causing by flooding of the deck and
subsequent downflooding through deck
openings. The external conditions for the
case were as shown in Table 1 and the
vessel is shown in Fig. A2-3 (Appendix 2).

Following the calculation procedure
outlined in Appendix 1 the results are as
given in Table 2 together with the
observations. The predicted values are
obtained as follows: The wave period
associated with the observed wave length is
T = 2.5 sec. Use of U^Q ^ 19 m/sec and T
= 2.5 sec. in Fig. Al.l (Appendix 1) (which
represents the solution ofEq. (A1.5)), gives
the drag coefficient (Cp). The friction
velocity (u*) and sea surface roughness (zp)
parameters are then obtained from Eqs.
(A1.3) and (A1.7), respectively. Then the
mean wind velocity profile is given by Eq.
(A1.2), which gives U^ = 19.7 m/sec
corresponding well to the observed value.
The significant wave height is determined
from Eq. (A1.6) and appears to be in good
agreement with the observed value. The
standard deviation (o ) and the intensity of
the wind gust (<\/U]o^ are ^lven ln Eqs.
(A1.10) and (Al.ll), respectively. It appears
that the observed maximum wind speed
(U^Q ̂ ^) exceeds the mean wind speed by a
factor of 4.6 o^. It should be noted that U^o

TABLE 2. Observed and predicted
environmental parameters at
time of accident (for details,
see Appendix 1).

Parameters

U\0 (m/s)

^.max ^m/s^

CD

u* (m/s)

ZQ (m)

H^m)

a^ (.m/s)

^u/Uio

"lO.roax - "10

1̂0

Results

Observa-
tions

19

33

-

-

-

1

-

-

0.74

Predictions

19.7

-

0.0038

1.17

0.012

0.83

3.03

0.16

-

TABLE 3. Heeling angles in steady wind
and in wind gust.

Data

Constant heeling angle
in steady wind

Instantaneous heeling
angle in wind gust

43 degrees

>90 degrees

is the wind speed commonly referred to in
weather forecasts. The profiles for mean
(steady wind) and wind gust are shown in
Fig. A2.2 (Appendix 2).

HEELING ANGLE IN STEADY WIND
AND GUST WIND FROM THE SIDE

With the actual stability curve of the vessel,
and applying the calculation procedure
discribed by Wills et al. [3J, the heeling
angles for steady wind and wind gust can
be calculated. The calculations are given in
Appendix 2, and the results are given in
Table 3.

The sample calculation shows that the
steady wind component leads to heel angles
up to 40 degrees. The fall wind, however, is



nature, and constant strength from the sea
surface upwards, leading to an heel angle of
90 degrees or more. Such angles occur in
spite of the contribution of the bulwark to
the form stability of the vessel being taken
into account. Such large angles will
normally cause foundering due to
downflooding and lack of stability beyond 90
degrees of heel.

The heel angles are calculated in a
simplified manner by neglecting
hydrodynamic damping and the change in
drag coefficients caused by heel.

DOWNFLOODING

It has been demonstrated that water will
enter the deck for the small fishing vessel
discussed above- However, this should not
endanger the vessel. The reason for the
foundering in this case is downflooding
through unprotected openings. It is an
unfortunate fact that the hatches on several
small, Norwegian vessels are equipped with
weak covers which are not fastened. The
coamings are often flush with the deck. In
addition, the door to the wheel house is
sometimes left open even in bad weather.
This was the case for the vessel discussed
above.

In general casualty statistics show that
downflooding is one of the most important
causes for foundering of smaller vessels.

INFORMATION TO THE SKIPPER

Even for a vessel which is properly
designed, with stability margins and proper
closing appliances, the skippers actions are
of major importance to the safety of the
vessel.

Based on accident statistics, which
indicated that faulty operations were a
major contributor to capsize and foundering
of small vessels, the Norwegian Maritime
Directorate (NMD) realized the importance
of providing the skippers with some opera-
tional guidance. This comes in addition to
the approval of the stability in accordance
with the regulations, when applicable, and
mandatory safety training for professional
fishermen.

For the smaller vessels, not subject to
control by NMD, the operational guidance is
given on a poster in the wheelhouse. This is
based on stability calculations in accordance
with "Nordic Boat Standard" and shows
four typical loading conditions indicating
the maximum allowable loads for each
condition.

stability are given in the poster:

• secure doors and hatch covers;
• secure catch and fishing gear against

shifting, or move fishing gear and
catch from deck to hold;

• minimum freeboard should be above
0.2 m;

• avoid excessive trim;
• avoid following seas;
• avoid excessive forces from fishing

gear;
• do not go to sea when icing is

expected. Remove all snow and ice
from the vessel.

The posters are distributed to the vessels
through the local fishery advisers along the
coast of Norway and also by the surveyors
of the Norwegian Ship Control.

For larger fishing vessels under NMD
control, an illustrated Operational Manual
has been worked out. It is still under
preparation, and has not yet found its final
format. The Manual covers the following
topics:

• the responsibility of the skipper;
• the design process;
• the inclining test;
• the presentation of the stability

particulars to the skipper.

The intention is through regulation to
supply this general information together
with the approval documents for all fishing
vessels being newbuilt or converted to an
extent requiring review and approval of
stability. In addition the surveyors of the
Norwegian Ship Control will distribute this
information to existing vessels in connection
with renewal of certificates etc.

CONCLUSIONS

In the paper it is demonstrated that the
wind profile for steady wind can be
accurately calculated based upon the
roughness of the sea surface.

In addition, for vessels operating near
steep coasts, strong gusts or "fall winds"
may occur unexpectedly. Fall wind exhibit
an even wind profile from the sea surface
upwards,

The wind moments for steady wind and
fall wind can be found separately by
numerical integration by dividing the ships
lateral area in suitable horizontal strips.
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steady wind component leads to heel angles
of 25-40 degrees. The fall wind, however, is
extremely important due to its dynamic
nature, and constant strength from the sea
surface upwards, leading to an heel angle of
90 degrees or more. Such angles occur in
spite of the contribution of the bulwark to
the form stability of the vessel being taken
into account. Such large angles will
normally cause foundering due to
downfl coding and lack of stability beyond 90
degrees of heel.

The heel angles are calculated in a
simplified manner by neglecting hydro-
dynamic damping and the change in drag
coefficients caused by heel-

Unfortunately, small vessels often have
inferior closing appliances. Therefore they
are sometimes subject to downflooding as a
consequence of heeling angles for which the
bulwark is submerged.

In areas with fall winds, it therefore
seems reasonable to design a small vessel
with sufficient stability to prevent the top of
the bulwark to submerge in fall winds.

Also, the closing appliances should be of
good quality, and should always be closed
under difficult circumstances.
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APPENDIX 1

Wind modelling over the sea

The wind velocity is usually splitted in two
parts, that is, as mean wind and wind
gust. If the mean wind, U(z), and the wind
gust, u(z,t), have the same direction, then
the total wind is given as

(Al.l)U(z,t) = U(z)+u(z,t)

where z is the elevation above the sea
surface and t the time. The mean wind and
wind gust will be discussed subsequently in
separate sections.

Mean wind

The mean wind is commonly assumed to
be given by the logarithmic velocity profile
(Schlichfcing [4])

U(z) = — In (±) (A1.2)
K 2Q

where u* is the friction velocity parameter,
ZQ is the sea surface roughness parameter
and K ^0.41 is von Karman's constant. The
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logarithmic boundary layer flow model is
considered to be valid when the air is in
neutral stability and the flow is steady.

The drag coefficient referred to the
z^o = 10 m elevation wind speed U 10"•10 IS

defined as

c. - (^ (A1.3)
^10

It should be noted that U^o is the wind
speed commonly referred to in weather
forecasts. Following Toba and Koga [5J the
sea surface roughness parameter for
irregular waves is given by

(A1.4)

where Tp is the peak period in the wave
energy spectrum and -y = 0.025- By
combining Eqs (A1.2)-(A1.4) the drag
coefficient can be expressed as

Figure Al.l CQ versus U^ tor given
values ofT according to Eq.
(A1.5) (reproduced from
Toba and Koga [5J).

(A1.8)P = 0.012

CD =
(A1.5)ln(-

which determines CQ implicitly for given
values ofU^o and T The results are given
graphically in Fig. Al.l. The results in the
figure and the meaning of c/U^o wlu ^e

discussed subsequently. Thus the mean
wind profile is determined from Eq. (A1.2)
by using u* and ZQ from Eqs. (A1.3) and
(A1.4), respectively.

It should also be noted that according to
Toba and Koga [5J, the significant wave
height is given by

H, = 0.062 (gu,^2 T372

where g is the acceleration of gravity.

It is worth noting that the sea surface
roughness parameter can be rewritten to
the form

P/ * 111 (•
ZQ- — ; 3 -7—

g U,

where c is the phase velocity of a sinusoidal
wave in deep water with a wave period
corresponding to the peak period in the
wave energy spectrum, that is, given by
c = gT /27i. Eq. (A1.7) can be taken as a
generalization of Charnock's [6J formula
originally given by

(A1.6)

(A1.7)

g

which has been widely accepted. Wu [7]
proposed an optimal value of p = 0.0185-
The ratio c/u^ (or C/U-.Q), which enters in
Eq. (A1.7), is often referred to as the wave
age.

Fig. Al.l shows Cr, as a function ofU^o
for UJ^Q > 3 m/sec for different values of T
(full curves). Three values of the wave age
are also given (broken curves), where the
value c/U^o = 1.3 gives the maximum values
of Cp which correspond to the saturation
condition for wind waves for the respective
wind velocities and wave periods. From Fig.
Al.l it appears that Cp increases as U^
increases for specified T values; CQ
increases as T increases for given U^g
values; it is noted that C^ is much more
sensitive to T than to U^; and Cp
increases with wave age C/U^Q.

It should be noted that in the present
description the sea surface roughness
parameter (ZQ) is representative for that
over a larger region of an irregular sea
surface- Thus ZQ, as well as the associated
shear stress at the sea surface and the
mean wind profile near the surface,
represent the regional average characteris-
tics over irregular wind waves, rather than
the local conditions over an individual wave
in the sea-state. The local air flow circula-
tion might be modified over an individual
sinusoidal wave, where separation and re-
circulation below the wave crest occur.
Buckles et al. [8j.
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Finally, it should be noted that the waves
considered herein are purely wind waves,
and thus, in cases where large swells also
are present, T and c values related to the
wind waves components should be used
(Toba and Koga [5]).

Wind gust

The wind gusts are reasonably well
modelled as Gaussian stochastic processes
and are therefore fully described; by the
wind gust energy spectrum, S(.f)'. Many
spectral models have been proposed, but
among these the Harris and Davenport
wind gust spectra have been widely used
and accepted (Davenport [9]). However, it is
worth noting that both these formulations
are based on wind information over land. It
seems to be well documented that wind gust
spectra obtained from measurements over
sea contain significantly more energy at
lower frequencies compared to those over
land (Forristall [10], Ochi and Shin [11}).
The implications of this are particularly-
important for the response of structures
which are very sensitive to low-frequency
excitations, but is probably not very
important for the wind effect on smaller
vessels. The Harris spectrum has been
recommended for use over sea for
f > 0.01 Hz. which should be relevant for
the present purpose. The Harris wind gust
spectrum is given as (Harris and Deaves
[12])

fS(f) 4x

^2.x2f6

If

u.
(A1.9)

x - I " 1800m
U10

which gives the energy in the wind
fluctuations (gusts) in the direction of the
mean wind. It is noted that according to
this formulation the wind gust is
independent of the elevation above the
surface, and only dependent on U^Q (which
is specified) and u* given by Eqs. (A1.3) and
(A1.5). Integration of the spectrum in Eq.
(A1.9) gives the variance of the wind gust,
i.e.

(A1.10)a,

where Eq. (Al.3) has been used, and CQ is
given in Eq. (A1.5).

More details on other wind gust spectral
formulations are given in Forristall [10J and
Ochi and Shin [11].

APPENDIX 2

Heeling under the influence of wind

When heeled over under the influence of
constant wind from the side, an equilibrium
exists between the wind force and the
hydrodynamic reaction force caused by
sideways drift. The static heeling moment is
made up by these forces and the distance
between them.

Superimposing this moment on the
stability curve of the vessel, the static angle
of heel is found, see Fig. A2.1. The main
difficulties in such a calculation is to
determine the drag coefficient of the part of
the vessel above water, and the point of
attack of the opposing hydrodynamic force.

When a wind gust hits the vessel, the
reaction force will act through the centre of
gravity of the vessel. As sideways drift
velocity increases, a hydrodynamic reaction
force is set up- The resulting forces,
moments and coupled roll and drift motions
can be found by using computer programs.
The coefficients to be used are, however,
relatively uncertain. The principle for
finding the dynamic heeling angle under
influence of gust wind is shown in Fig.
A2.1. Damping is neglected.

which gives the following intensity of the
wind gust referred to the 10 m elevation

o, 2.586 i/Co (Al.ll)
U10

( area a = area b )

Figure A2.1 The principle of finding
static and dynamic angle of
heel for a vessel subject to
steady wind and fall wind
(gust), and with a righting
moment MT>.
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Figure A2.2 Profiles for steady wind and
wind gust. As indicated the
wind gust profile has to go
to zero at -the surface
(probably with a very large
gradient).

The simplified equation for determination
of heeling moments from wind is then

M-Ftt-lp-Cp-A-iy-Vcos^Ovm) (A2.1)
£t

Figure A2.3 General arrangement of
subject vessel.

where
F =
a =
P =

wind force (N)
moment arm (m)
density of air (1.3 kg/m3)
drag coefficient (-)C

A"
D-

lateral side area exposed to
wind (m2)
wind speed (m/sec)u

<i> heeling angle

As described by Wills et al. [3], the
lateral side area A should be divided into a
suitable number of subareas, and the wind
speed should be applied at the centroid of
these subareas. This wind speed should be
calculated from the wind profile.

For gust wind, which has an uniform
profile as explained in the paper, it is
sufficient to calculate the centroid of the
total area A. The calculation of wind
profiles are given in Fig. A2.2 and the
calculation of wind moments are shown in
detail in Table A2.1 and A2.2 for steady and
gust wind, respectively.

The centre of gravity of the subject
vessel, shown in Fig. A2.3, was found by an
inclining experiment carried out after the
sunken vessel was retrieved.

Until the bulwark becomes submerged
the uprighting moment can be approxi-
mately expressed by:

M^-A - GZ=A- GM- sin(t> (kNm) (A2.2)

where
A = displacement (kN)
GZ == righting moment arm (m)
GM =; metacentric height (m)
4> = heeling angle

For the subject vessel, Eq. (A2.2) gives

MR - 4.43 • sin()) (.kNm)

For larger heeling angles, traditional GZ-
calculations must be carried out. The GM-
value of the vessel is almost twice the
figure recommended for larger fishing
vessels (0.35 m).

The bulwark becomes submerged at an
angle expressed by;

(A2.3)(}) B » arctg (2 - F/B)

where
F = freeboard to top of bulwark (m)
B == breadth of vessel (m)

For the subject vessel, Eq. (A2.3) gives

^B - arctg (2 • 0.65/2.9) - 24°
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Figure A2.4 Righting moment M^ versus
wind moments for the
subject vessel.

The imposing of the wind moments onto
the static stability curve is shown in Fig.
A2.4. The heeling angle for steady wind is
about 43°. For gust wind, however, an angle
of equilibrium cannot be found as the wind
moment is higher than the righting
moment.

Consequently, the vessel was turned over
to an angle of heel probably exceeding 90°.
Had the vessel been properly closed, as was
not the case, it could possibly returned to
upright position as it was not loaded.

This case illustrates that the vessel was
not designed for the fall wind hazard, and
that it was also poorly operated under the
circumstances.

TABLE A2.1 Wind heeling moment for
steady wind (U^Q=:19 m/sec).

A 3

12i

T/2 = 0.50m

"

I
2
3
4*'

'] mail. ngging. rail

A,

7.5
1-0
3.5
10

Zm

0-GO
i.70
1.60
2.50

UttY
"10

0.55
0.74
0.72
0.80

WUV
Ui^

0.30
0.55
0.52
0.64

A^(U(iV
"10)'

225
0.55
1.82
0.64

5,26

\ (U(;y
iVz,

1.35
0-94
2.9!
1.60

6.80

M - -l-p-Cp^-^^-cos2^
U

^•p^D-u^nWzyu^z^Ho^

^•P^-^o •[-j-SA^^Wio)2

+5: A^WzW^-Z^-w^

Using Cp = 1.0, the result is:

M -= -1-1.3-1.0-192 - (0.50-5.26 + G.SO-cos2*
2

M ' 2.2 • cos2 <b (kNm)

TABLE A2.2 Wind heeling moment for
gust wind (Uio,max = 33

m/sec).

(See Table A2.1 for geometry of vessel.
Note that gust wind speed is
u = U U^« = 14 m/sec)10,max

n

1
2
3
4

\
7.5
1.0
3.5
1.0

\
0.60
1.70
1.60
2.50

V7?
4.50
1.70
5.60
2.50

14,30

M - Ip-C^EA^^-cos^
J^J

Using Cp = 1.0 the result is:

M - J--1.3•1.0-14.3-142-cos2(t)
Zs

M - 1.82-cos2 4) (kNm}
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THE AMPLITUDE MOTION CALCULATIONS
FUB VW-TYFE HULLS IN WAVES

1}
VOKOBYOV Y u . L .

ABSTRACT
A new approach t.o the determination
of hydrodynamic and kinematic charac-
teristics of floating structures hav-
ing hulls with vertical side walls
(VW-type hulls) under the regular
wave action and deep water conditi-
ons is described The approach raenti-
oned is based upon three-dimensional
boundary value problem approximate
solution.The details are illustrated
in calculations for rolling motion
characteristics of a pontoon with
vertical walls and rectangular plan
view shape.

INTRODUCTION
The determination of stability cha-
racteristics of sea-going vessels
and structures under different wea-
ther condition? includes as an im-
portant element the evaluation of
amplitudes of floating body motions
in waves. In recent years the number
of floating structures having hulls
witn vertical side walls (VW-type
hulls » is permanently increasing,The
plan view shape of such hulls widely
differs from the traditional ship
"aterline shape. That is uhy the
strip method usuallly used for ship
root i on ca1cu1 a lions 1s not v^lid for
tnose VW-type hulls which .̂ re not
elongated In this case .1 new ap-
proach has to be worked out taking
into consideration the fact .if three-
diffiensionality of fluid flow around
the hull of floating structure. Thj •?
report presents ideas of t'-•eating
the problems concerning r-he oscilla-
tion characteristics determination
for floating structure0, wj-r.h verti-
cal side walls and an arb^tr^ry wa-
t.eriine shape in regular waves, The
approach to thy determination of
hvdrodynaroic characteristic", is illu-
strated for VW-type hull with a rec-
tangular waterilne shape. Special
correction of damping force0, is ela-
borated taking into account the flow
separation phenomena for s hull with
sharp edges obtained thei-.'retical re-
sults are realized in a set of speci-
al computer programs. Calculated va-
lues are compared with experimental
results that. were received in the
towing tank of Odessa Institute of
Marine Engineers i OIME TTi.

BACKGROUND

Two methods of determination of hyd-
rodynamic characteristics are known
to be us^d in conver't-lonal theory of
ship oscillation0. The trydi.tion.al
one is based on the procedure? "f hv-d-
rodynamic pressure integration over
a ship hull surface. Being rather
simple and clear the method has some
shortcomings th.it cause diff icul t i -
es in prscti^al n,=..age. Radiation fun-
ction in the vicinity ^f .3 hul l , e -g
rear the singularity system has an
extremely complicated form and it is
necessary to solve a diffract ion pro-
blem to obtain exciting forces,

The second method is free from the
above mentioned disadvantages. It is
based on using only asymptotic expan-
sions of radiat ion functions far
from the ship hull for determination
of damping and exciting forces / ! / ,
.'2.' . But the added trias='e& can not be
expressed directly in terros of radia-
tion potential asymptotics. In this
case the Kramers-Kronig formula may
be used ^-' ; 21

i 1 )\ 'T ) =/\ ) .S )+ -

p1P.I

So fc'r evalus t inR the second method
one need& '"in asvtnpr.otic expansion of
radiation funct ion far from t.h'" hull
and the added ififl'?-0. value when frequ-
ency tends to inf in i ty .

TheoreticaJ approach for determi-
nation of hydrodynamic characte-
ristics

An asymptotic expression of radi-
ation potential is obtained using a
special rather simple method. Its ge-
neral concept can be demonstrated in
details by fol lowing example,

Heaving of a rectangular contour

Let a rectangular contour is float-
ing on a free surface of an ideal
fluid and is heaving with the verti-
cal velocity 0( . t ) = cosot. The velo-
city potential < H y , a , t i can be taken
in a form $ ( y , a , t ) = ^ c { y , z icoscrt +
+ 3>s(y , z) sinot,
1)

Professor, Head of Theory of Ship
Department, Rector of Odessa
Institute of Marine Engineers
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Let, 11'=; div-ii-ie +h^ f luid domain int<.'
two aone=; - intenifl i ?',one | y j '' k- B
T £ ^ l:c. find •^^t'-r-nftJ. aonc: i y ! >
^ S, u ^ s < a-, ' ' '

The Iterative p,^•o•-.>e•Ju^e la . /ffer^d
for determination ^-f S'c and ^c-. func-
tions. Accord me to this procedure
th^ boundary value pr^bl^ii]". iri int^r-
na^ and ext^rn-fl son^1: ar^ polvc-d
one after another "nd 'matching of
the solutions obtained is done step
by step.The "matching" means setting
e^nfll both put'.enti^i" and their nor-
mal r i f - r i vat.3 ve" ffiurd in two son^s
on the boundaries y=±^B. T 5 s < a3 .
As the first step we determine ^c1'1
in the inner region ^s a harmonic
function satisfying the Doundary con-
ditions

^Cl±^E,3 t = 0-$c(y,T) = 1,
9 a
Using the Fourier ^xpansion

4 (" sin(2k-l^.
1 =

2k-l

-•" ' l i^B.ai = 0, 0 < s ,< T;
0 y
3 ^"^l^B^z) = ± fc (3) , T<a<ro:

lira gr^d ^ c i y . a i = 0.
3—^ a?

One can notice that sine component
^s(1) of potential function satisfies

the homogeneous boundary value prob-
lem that comes from ( 4 ) by changing
subindex "o" to "s" and taking f c ( a )
equal to sero,

The potential function ^(y^'a.t.^
= (Sc t11 i y , z ) cosdt + ^ s ^ ' t y . z ) sinCTt
ought to satisfy the radiation prin-
ciple according to which the waves
disturbed by contour motions run
from it to the infinity.The function
$c (\} that satisfies the boundary

value problem ( 4 ) can be expanded in-
to Fourier-Michell integral /4 / :

CO

U^dfJ.

0 < 9 ^ ^ .

we can find $c function in a

(« 4B °o k-i
$c ( y , 2 ) = - ——— 2 (-1) *

Xs k=l
x

*exp[-(2k-l;——f3-T)J*

form

ae- +u-1

+ rc(^ )exp(-a?s^ ,

y - B/2,

g^C^H^c^ , s )d3 ;

-aez «'/r c < 9 )=2<g e $c ( y , a ) d a . (5)

yJ

2)
2k-l

Now we get fc(z) a ^cw(±^B,z)Qy
from the formula { 2 )

4 CD 1' x
fc(a}= - 2 ————exp[-(2k- l ) - (z-T)]=

TT k=l 2k-l B

2 ir
-In c t h — — f z - T f ,

B1C

T < ( 3 )

Everything is ready to make the next
step and to investigate t.hy boundary
value problerfi in the outer aone for
tc potential function

n)
>^c ( y, 3) = 0 ,

By 3 3s "

The system of functions 0(3,4) ^
3? -363

= cosu.3 + —— sinuz, e is full
P

and orthogonal on 0 < a < co , so
it comes from the first equation of
( 4 )

d^
(—— + a;2 )?€('? ) = 0 ,

) g^.u) = 0. 6)

The bounded at the infinity solution
of the differential equations(6) are
obtained in a form

CD

-sz
rc^ )= a cosset + 2sin®^ e *

* f^ (3 )ds ;

2 -u^
S (7 'u)= ~ —— e 0 ( z , m f f z ) d s .

? ^ B , O s a < " ;

+ ^ i^c^fy .Oi = 0.

|y| > ^ B, a? = (4)

Taking into account considerations
about 3's01 function and "radiation
principle", we have a^= 0, g^Cu,^) :^

CD

J -5P3

F s C ^ ) = - 2 c o s / f ^ j e f ^ ( " 3 ) d a .

0
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bo me functions $c*" , $s1" have the
form at the boundaries y = ± ^ B
and y -•- ±"> of the outer sone

' CD

H) 4 f 7C
$c r ± ^ B , a ) = A c ( 3 ) = — — | In cth——(^--T)*

Tt= I SB

2 f x '
^^2) c , -3 (y ,s )=——Ac,s(^)cos—— y*

B

ch——( ( z-T-?j )
B

*{expf-a-(3+^)1E.rff!( 3+^)3-
T -|- y-

-^ln|————)}d? , T < 3 < <" . (7)

2-T 2ii:
ch———( ja -T-^ j )+oos—— y

B B

8T
ch —— (a-T+.T)

B
3d? ,

oo xT -1
*2{(2k-l)[(2k-l)—— + »T]},
k=l B

2x 2x
ch ———(a-T+?')+cos——y

B B

T < a < °o.

$C (±m,3) 2
}«v+ „ expt-ffi3)[l-^xp(-3eT)3*

9s (±°D,S) se

sinae(y-B/2)
*{ }, 0<3<".

coss(y-B/2) (8)

Let us now make the next s-fcep in ite-
rative procedure and find both <Ec (x)

and $s ("E) potentials in the inner
zone. Being harmonic these functions
ought to satisfy the boundary condi-
tions

9— ^(a:} c,s(y, 'n = 0. |y| <^B;
a s

î  C,S{±^B,3^ = A C , S t " 3 ) , T<E<

We expand the unknown"" functions
^ ^ i c . s f y . a ) into Fourier integral

('?= a-T): " •

S^ c,s(y.?-)=Gc,s-(u,y)co3| i -?d}J;
^

0

(9)

T < a < °°. (12)

Now the cosine component of velocity
potential in the inner region equals
to tc10 + <t»c c:z) and its sine component
equals to $s ̂ x). The iteration can be
continued by evaluating

-a— 9^ c ,3(+^B,a) = f^ ( a ) ,
9y ^

investigating the boundary value pro-
blem like (4) in the outer zone and
returning again into the inner zone.
But we can show that it is not neces-
sary. Really, integrating the hydro-
dynamic pressure obtained using the
potential functions Sc01 + $c cx} and
$s <?) along the rectangular contour.

we get added mass ^33 and damping
coefficient U a a expressions

M = ̂  + / > ( = ) ;
"^ "vs.9 BT 3S

86 " -3
1 (^ - ___, y f 91,. ,-1 ^i - ——— A triK 1J ,
'3 3 TC k=l

16

7E3b J
In th——(?-!)*

2b
$ (s) c,s(y.^-)cost.i^d?,

7T J /
(10)

As soon as the functions $̂ c,s(y,̂ -)
are harmonic,the functions Gc,s(y,u)
satisfy the following equation:

9 U 2 ) Gc,s(y,H) = 0.

r s?'* <exp[- -1'0 (T+^+DJ*
J b
0

^ T+^+l
^E^-" (T+^-+l ) ] -^ ln j—————j}*

T-?- +1

Taking into consideration the second
condition of ( 9 ) , we get

00

2 ch u.y |
G c , s ( y , u ) = - —————— |Ac,s(?^cosu^d?.

-ic ch ^nB

*in th—— TdTd^;
2b

(11)

H,, 3^
—————=—————W ( \ ? )*
9T^gB' 7r5 \ y0

Using formula (11), the first formu-
la of (10) and convolution theorem,
it comes

^ - - 7t
* exp{- -9 (T+2)} ln th—— Tdi-:

2b
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^- -1
^ ( '»)„)= 2[(2k-l)(2k-l+—^)3

k=:l x

B
^o= CT-TBTg1 , b = (13)

The results of 3̂3 and IT̂  calcula-
tions are compared with Vugts' expe-
rimental data /5/ on fig.l and fig.2.

Wl-g.l Added mass of heaving rec-
tangle ( solid lines --
theory, dots - experiment)

Fig.2 Damping of heaving retangle
( solid lines - theory,
dots - experiment)

The correlation is good,so the appro-
ximate solution of the linear bounda-
ry value problem for a velocity po-
tential is valid for calculating the
hydrodynamic characteristics. If Has-
kind approach is used /!/, the damp-
ing coefficient u can be found on
the base of asymptotic expression of
$s<n given in (8) when y —*- ± ® :

64
—^ob^C^o) ®xp (-2 —°-) (14)
x4 b

Although formulae (13) and (14) dif-
fer one from the other,numerical cal-
culation both of them gives absolute-
ly equivalent results. This fact may
be considered as a practical proof

'-'.L a fuaaxom^y "GO oDtain the damp-
ing coefficients and exciting forces
using the first approximation of the
boundary value solution in the ou-fcer
zone. This conclusion was confirmed
by the calculation results for a
wide range of B/T values and taken
as a background for solving three-
dimensional hydrodynamic problem.
Boiling of VW-type hull floating
structure with a rectangular
waterline
Let a rectangular pontoon is rolling
on a free surface of deep calm water.
The angular velocity of oscillations
is Q(t) = cosot.The cosine $c(x,y,z)
and sine $sfx,y,z) amplitudes of the
velocity potential $(x,y,a,t) =
$c(x , y , a )cosot + 3>s(x, y, z )sinot are
harmonic functions in a fluid domain
and satisfy the following conditions
on the hull surface

L
; y , z ) = 0,

Bx

}y|<^B, 0<z<T;
Sc(x,±^B,2) = -a;

$s(x,±^B,a)=0,

)x|<^L, 0<s<T;

9y

a

B z3z

x j < ? s L ; j y j < ^ B . f l5)

The fluid domain may be divided into
two zones: an internal zone

jxj<^L; jy[<'$B; Tsz<®,
and an external zone

|xJ >^L; jy(>^B; 0<a«".
Following the procedure described in
the previous paragraph we find the
potential $ctl) in the inner zone from
the boundary value problem

-, -' z - *fl rt ^ - (11
) <&c (x ,y ,z)=0,

a x' a y'6 a z2

j x j <^L; j y | <^B; T<z<co;

Sc^'d^L.y.zi^O, \-y\<^B;

$c"(x,±^B.a)=0, | x l < ^ L , T<z<'";
0»ĉ (x,y,T)=y, |x|<^L, |y|<̂ B,

iim grad $c (x,y,a)=0.
a — co

(16)
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tisties the same type of the bounda-
ry value problem with zero potential
derivatives, on a hull surface. So

^ s ^ ( x , y , a ) = 0 in the inner aone. The
solution of the boundary value prob-
lem (16) can be found on the base of
sine Fourier expansion o£ a linear
function

• °o sin mn
u - x = - 2 2 ————— , 0<^<2TT.

• ni=l Tri
So it comes

•ss, \K., ̂ -'2D , •£, )-\1, \ X [ <- '§1-1, US:Z<°0;
8y

lim grad <&c, s ( x , y , a ) =: 0,
a --»-, ro

| x | > ^L, | y | > ^B,

The potential function 3s ( x , y , 3 , t ) =
= ^c^tx.y.aicosat + Ss^tXiV^ )sin(Tt

satisfies the radiation principle,
The solution of the boundary value
problem (18) is taken in a form of
Fourier-Michell integral /4/:

is m+1
S, ( - 1 ) *

, <ti • 4B "
' <&c ( x , y , z ) = — — — 2

TT" m=l 1=1

2wM-y (21-1 )TI:X
sin———cos————

B L

(!) f ^ <3U
^c ( x , y , z ) = G ( x , y , u ) 0 ( z , u ) — — — — ^ +

U2 +*"

-aez
+ Uc ( x , y ) e

G! (x , Y , u ) =-

* ̂ -^-l.^3-^1' n7)

(1)
U c ( x , y ) = 2 a e ^c ( x , y , z ) e dz. (19)where ^ P,q

Formula (16) gives a possibility t^
find the potential <ic(1) deriva.tives'
on the boundaries between inner and
outer aones

g ̂
— — ( ± ^ L , y , a ) = Q ( y , z ) ,
9 x

j y | <^B, T < z < a a ,

9^11

— — — ( X , ± ^ B . 3 ) = P ( X , 3 ) ,

3 y

| x j < ^ L , T < a < c o .

The potential functions Sc and t&s'
in the outer aone satisfy the bounda-
ry value problem

^ a2 a 2 ^
i $c - s ( x , y , s '' = 0 ,

0 x2 9y2 ^a 2

x | > ^L, |y ^ ^B. 0^ a < =.

9 (1)
< —— + s) 3*c , s ( x . y , 0 ) 0,

Qz

j x | -- ^L, | y j ^B;
^ f-u- ^c i ± ^L , y ,E ) =
Bx

0, 0<s^T ;

Qi y , s i T '-2.<n:s',

3 c'-- <&c rx ,±^B,3) = {
9y F i x , s) , To^";

ft!
^s t ± ? 2 L , y , s ) = i l . l , y l < ^B; ("18)

The function $c is harmonic and the
-aez

set of functions 0 ( z , u ) , e is or-
thogonal, so it conies

t-— +
Bx3

f0-. 9

B x
+ % 2 ) U c ( x , y ) = 0 ,

| x j ? ^L, | y | > ^B.

Osing t.he Kirhgoff formulae we can
express the magnitudes of G ( x , y ) and

U c ( x , y ) in an arbitrary point of xy-
plane outside the rectangle bounded
by straight lines X Q = ± ^ L and yo=±^B.
The integral operators in these for-
mulae include values of known deriva-
tives and unknown functions along
the sides of rectangle. The deriva-
tives mentioned are obtained from
the boundary conditions in (18) and
t.he second formulae in (19) .

The same "ay may be used for deri-
ving ' I ' s^i^Xiy, a ) function from "bounda-
ry value problem (18) . The final exp-
ressions can be found after satisfy-
ing the radiation principle. The far
field asyroptotics of the radiation
potential includes

~?8Z

U c ( x , y ) e cosat and U s ( x , y ) *
-ees

* e sinot.. Functions Uc , s (x , y) are
1'aken in the far field where r^^^'Fy3

tends to infinity. The expressions
for Uc.s include values U c , s ( x ,y )
of these functions on? the sides
x <,=3:^L. ] y i < ̂ B; | >: j ^ir^yo =±-^B of the
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rectangle. The values mentioned are
determined as solutions of a set of
simultaneous integral equations of
the form

Uc(x ,y > ( ^ N o f s R )
^^li'uci-^K } ±

Us(x ,y ) JOV J^ (^g)

a •JoCasE)
± ° U s ( ^ , 7 K } -

w No(ffiB)

;, NoOeR)
- uc^'?)^-< ^ +

^ ^W}

- JoW)
^ ̂ ^'v^ }] d1

yu N^(<eR)
( 2 0 )

It has to be noticed that
-3

-i— U c , s ( ? , 7 ) are known and that

H c . s C ^ , ^ ) = Uc,s(x^y,; i are unknown
functions. A numerical iterative me-
t.hod for solving set. of integral equ-
ations (20) was specially worked out,
At the first step it is taken Uc,s =
0 and at the next steps i=l,2,,.. it
i s taken

(i-1)
Uc,s(^,^ )=Uc,s (^ ,^ ) in the right-

hand side of (20).Computational expe-
riments confirm high effectiveness
of the proposed method.The far field
asyroptotics of radiation potentials
for another modes of oscillation can
be found in the same way,

Hydrodynaiaic forces acting on
VW-type hull structure in
regular waves

Exciting forces and moments acting
on a floating body in regular waves
can be obtained from Has kind-Newroan
formula /!/. The complex exciting
force amplitude Xj = Xcj + iXsj
( j = l ,2 , . , . , 6 ) is expressed in a form

ETC"

- ^j-^- ^w)rdad9,
BrJ

0 0

(^w-9- $j
Qr

(21)

where regular wave motion potential
gr^,

^w(r,9,aj=—— expC-ffia+iaer cos(9-0)3;
<J

3'J - j-th mode radiation potential
far field asymptotics.

The integration in (21) is held for
r—— 03. Final formulae are complica-
ted and not presented here.The compu-
tational results for VW-type rectan
gular pontoon with L/B = 3.607,
B/T=9.733 are given on figures 3

and 4. Undimensional exciting force
Xa for swaying and exciting moment
3L for rolling motions are plotted
versus undimensionai frequency S>
for three angles of wave heading.

Fig.3 Sway exciting force at dif-
ferent heading angles JS .

Fig.4 Roll exciting moment at
different heading angles ft

The formula for wave damping coef-
ficients utj may be found from Has-
kind-Newman relation /2 / based on
the analysis of wave flow energy
from the oscillating body to the in-
finity. The results of the numerical
calculations using these formulae
are given \̂ m fig.5, where nondimen-
sional wave damping coefficients 4̂
and u.̂ ^ are plotted versus i> . The
added mass coefficients are calculat-
ed according to (1) and a special me-
thod of principal value integral com-
putation is used. The results are
shown on figure 6 for sway added
mass 2̂2 and roll added moment ̂ ^
coefficients.

Rolling and swaying motion
calculations

If a linear approach is taken the mo-
tion of a floating body in regular
waves is described by a set of six
linear differential equations. In a
case of double symmetry of a body
(symmetry with reference to diamet-
ral plane and midship section) the
set of equations is decomposing into
two independent systems (surging and
pitching, rolling and swaying) and
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separate equations for lies v ing and
yawing.

Treating the stability problems we
investigate an ordinary set of diffe-
rential equations for heaving and
swaying but use two corrections in
them. First of all, nonlinear resto-
ring moment Dl(8) is taken into con-
sideration; secondly, approximate me-
thod of calculating the separation
damping phenomena is used- So the
total damping force Cmoment} is
taken as a sura of the wave damping
component and the additional damping
component caused by the vortex sepa-
ration on rectangular sides of a
hull as on the plates translating or
rotating in the i.unt'orni tic.w for
example, the additional damping mo-
ment due to flow separation is equal
to W^ [y(+ ;Psign9,

L L T 4
-t- __(__) 1 ,W ^ = pLS Cxr

16T B32B

Cx being a resistance coefficient
for a flat plate. For simplicity the
quadratic damping i5 substituted by
its linear analogue based on the equ-

ality of damping moment work per pe-
riod of oscillations.So the equation
of r:' 11 in -• reTfifl in s 1 inea r but the
total damping coefficient has two
parts, one being a function of frequ-
ency of encounter. The solution of
linearised differential equation of
rolling can easily be found by a
simple iterative process. The analy-
sis based on th^ computational re-
sults shows the negligible influence
of vortex separation damping to the
•ooT.0 ] damping of sway, That' s why the
sw.py oscillation equation remains
linear.The floating structures which
performance at sea is studied have
usually large dimensions and displa-
cement. So for practical use a set
of two linear differential equations
of rolling and swaying has to be
"ol'-'ed and for specific cases only
the equation of rolling has to be
taken nonlinear using nonlinear res-
toring moment Dl(9). The computatio-
nal results for rolling of a rec-
tangular pontoon with L/B=3.607 and
B/T=9.733 are given in fig.7.There
are two curves.One curve corresponds
to t.he solution of set of equations:
another one to the solution of a, se-
parate equation of rolling.The dots
correspond to the experimental re-
sults obtained in OFME TT.

, , i , ->; :1 - : ; ; T.";;e '^ ,o(.^

CONCLUSIONS

The effective method has been worked
out for calculation c'f hydrodynamic
forces acting in waves on VW-type
hull floating structures with an ar-
bitrary waterline shape. It. makes
possible to de-r.erT^ne the hydrodyna-
raie character! sticp omitt ing strip
method assumption'" , A simple ides
? i v e s a c ha nc'- TO t..̂  ke i n to ace 0131! t-
the damping fore?- .''orriponi-nt dne Tn
vortex separation w h i l e hull is .-"15-
ciiiating.

The comparison shows good enough
agreement of theoretical results and
experimental data -
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Nomenclature

added mass;
P,J

<7 - frequency of encounter;
y. - damping coefficient;
P',J
p,j - modes of oscillation;
B -- beam of a hull (contour);
T - draft of a hull (contour);
x,y,z - Cartesian coordinates;
E- [u] - the integral exponent func-

tion of the argument u;
x ,y and ? , ? - cordinates of the

points belonging to a rectan-
gular contour { x.y=±^L, j yj <^B,
|x|<^L, ŷ  =±^B };

differential operator along an
external normal to a contour;'
integral over the contour ̂;

1(6) static stability arm;
, 6^- sway and roll motion ampli-

tudes;
c^uc. - maximum wave slope.
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R = ^XK -?)•' + Cyk -*?)•' - radius;
Jo(u),No(u) - Bessel functions of

an argument u;
Xcj(Xsj) - cosine (sine) amplitude

of the exciting force
in j-th mode;

,r^ - wave amplitude;
0 - angle 'between the direction of

wave front propagation and
hull ceterplane;

r = ^ f x 2 + y^ - radius;
X,

X = ———— - undimensional exciting
force amplitude for
swaying;

22

undimensional exciting
moment amplitude for
rolling;

X
d*r^LBT

ff^L/g'-

-TLTg'

undimensional frequency
of encounter;4<L7g'

u.U22 PLBT ' L BT
nondimensional wave damping coef-
ficients for swaying and rolling'

Ay, = /22 "2Z

1 - 1
' ^LU = A•^ ~ ^Hii

?LBT

nondiioensionai sway and roll
added masses;

P - displacement of o floating body;
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SURVIVAL TESTING, A TOOL AND TECHNIQUE TO ESTABLISH THE SAFETY LEVEL OF
MARINE FLOATING STRUCTURES; SMALLER VESSELS - TO LARGE OFFSHORE STRUCTURES.

TERJE NEDREHO, MARINTEK A/S, TRONDHEIM, NORWAY

ABSTRACT 1. GENERAL PHILOSOPHY ON SURVIVAL TESTING

At Marintek, stability research has been
performed for several years. This research
often have implied testing of specific
designs in critical wave situations. Single
investigations have been performed to find
the reason for an actual capasizing event.
More systematic testing with a number of
models have been performed to estabiish
the correlation between the ruling static
stability - criteria and the probability
for even "stable" vessels to experience
capsizing. The last type of investigations
refer to the study of the i nf 1 uence of
dynamic motions on static stabi1ity.
Smaller vessels, fishing vessels, coasters
and large offshore structures such as
drilling-rigs and floating product-ion
systems have been tested. This paper pre-
sents the technique and philosophy behind
the survival testing methods and summarizes
the unpublished results for several actual
designs. The presentation of the results
is made in order to show how, -in addition
to identifying poor designs, survival
testing is a method and a tool to:

Following an accident, investigations are
often performed to find the reason for
the mishap. We are using theoretical tools
as well as model tests to find the answers,
which is the normal procedure adhered to
by Norway through all the years we have
been a sea industry nation. In modern
days when the pub lie op i n i on is watch i ng
more closely, investigations follow every
large sea disaster. Results from these
investigations form the basis of the
ruling stability criteria today.

Theoretical tools for calculating
dynamic motions have been improved.
However, even when using supercomputers,
the advanced theory does not handle the
extreme motions, characterizing the cap-
sizing event presize enough. Modern model
test tecniques are, however, improved. Our
knowledge of wave kinematics and the waves
statistical properties enables us to
accurately model the effects in a labora-
tory. This has provided new light into the
investigation of accidents.

1. Increase the physical understanding
of the dynamic capasizing event in various
wave situations.

2. Qualify ruling stability criteria
and improve existing stability procedures.

3. Define operational procedures to
avoid critical situations.

Terje Nedrelid, Div. Mgr., Marintek,
P.O.Box 4125, 7002 Tr.heim, Norway.

The symbiosis of advanced'theoretical
tools, advanced model test technique and
improved knowledge of wave statistics has
put us i n a posi t i on of doi ng someth i ng
new: Survival testing of marin structures.
In effect this means that we today perform
survival testing even before any accident
happens. When designing any offshore
structure, this has been normal procedure,
but it is a new idea when it comes to the
traditional shipping -industry.
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One should accept the general stabi-
1 -ity en" ten" a system, even -if this only
counts for statical situations. Substantial
research work during many years snows that
a high level of experience and practical,
real life statistics are built into these
criteria. The new idea of survival testing
of vessels can be used to adjust tne cri-
teria, to estab"! ish a safety "feel ing"
around a new type of vessel. If one does
not accept the design resulting from these
tests, it should be adjusted, in other
words improved. As will be seen, operatio-
nal procedures can also be defined as a
result of this type of investigations.

An offshore structures design -is not
only ruled by stability criteria as such,
it should witnstand any reasonably oefined
weather situation defined by a given
return period. This means that almost a11
larger offshore structures are analysed in
survival situations ("i.e. to withstand a
100 or 1000 year storm). As offshore
constructions varies in geometry, it is
often difficult to estab1 ish the same
"feeling" of safety as for tradi-cionat a
monohun vessel. The survival testing is a
more integrated part of tne design work of
such constructions.

Survival testing should be used to
observe the extreme mot ion of a f1 oat i ng
structure when exposed to environmental
forces. In principle an intact structure
behaviour is analysed, we know, however,
that waterfill ing/flooding and shifting of
cargo often are the part of the total cap-
sizing event. Phenomena such as these have
also been investigated by the Norwegian
research work through the latter years.

The survival procedure wil 1 normal1y
be as follows:

Define critical environmental events.

Test the float-ing structure -in the
critical event and observe the results.

Establish the levels for the capsizing
event with respect to the "size of the
waves, wind and current".

Establish the statistical base for the
occurence of the environmental
situation and the capsizing events.

Perform a parametric analysis, by
theoretical toots or model tests to
find the "sensitiveness" of the design
or the cnteria system.

Use the results according to the given
purpose:
- to approve the design
- to adjust stability criteria levels
- to define operational procedures.

In the following, some results from
examples of survival testing w i l l be pre-
sented.

2. EXAMPLES OF SMALLER VESSELS

Survival testing have been performed on
varies examples of Norwegian ship designs.
The purpose of the tests differed from
one example to the next. Here we w i l l com-
ment on following the examples:

3 smaller fishing vessels
(15-30 m of length)
a small Norwegian coaster
(43 m length)
a traditional supply vessel
a small monohuti planing vessel
(see Fig. la, Ib, lc)

For the fishing vessels and the coaster
the -tests were originally performed with
the intention of investigating situations
concerning the stability criteria. The
foil owing wave-vessel situations were
defined as critical:
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Waves on tue beam:

motions -in large -irregular waves
mot-ions -in breaking waves
motions in tuned combinations of
wave train periods and roll ing
periods, -including breaking waves'.

In follQwjng waves:

loss of stability on a wave top
parametric resonanse in wave trains
broaching situations
critical combinations of quartering
seas, with tests performed i n 1 ong-
crested and shortcrested waves.
Certain combinations with" swel 1 were
also tested.

Parameters such as: Wave ki nemat i cs,
wave heights, static stability of the
vessel and detailed superstructure design
have been var i ed (see Fig. 2 Stab i 1 i ty
curves) through the tests- The stability
of the vessels varied around the minimum
stability given by the existing stability
criteria. The tests were performed in the
Marintek Ocean Basin and in the Towing
Tank No III. Motions, acceleration and
water i ngress were measured. Most of the
tests were referred to the intact vessel.
However, some cases of water f i11i ng in
shelter deck areas were also investigated.

Results

The wave situation chosen for the testing
of the fishing vessels and the coaster.
were dose to a gate or storm conditions
and varied from 4-7m significant wave
height, the breaking waves heights varied
from 6-10 m. It is belived unlikely that
larger waves and stormier weather give
more extreme conditions and cause more
capsizing situations. Rather, this is due
to rolling periods and wave periods, steep-
ness and breaking conditions of the waves.
The weather situations also represent
waves of a certain probability of likely-
hood to o.ccur along the Norwegian coast.

The general impression when analysing
the results from the fishing vessel and
coaster tests is that for an intact vessel
the today level of static stability provi-
des a reasonably good safety against cap-
sizing. Large rolling angles occur only in
extreme breaking waves from the side. For
general wave situations, large vertical
accelerations were measured both on the
f i shi ng vesse1s and on the coaster, (see
Fig. 3). In short-crested waves the vessel
is exposed to, large vertical accelerations
close to lg in all wave directions. This
means that i n a confused wave si tuation,
ship heading changes makes no difference.
This situation is critical with respect to
shifting of cargo. In following waves loss
of stability and broaching situations may
occure, see Fig.4.

when comparing some of the results,
-•.e. in breaking waves from the side, one
shou 1 d note that "A11 the vessel s were
tested for the same scale factor and in
exactly the same waves, plungers and
spilling breakers".

In small breaking waves all vessels
with normal stai1ity experience the same
level of rol 1 ing angle, 30 - 50°- The
vessel with lowest freeboard and positive
stability only up to 50 - 60° heeling is
most exposed to the capsizing event. Some
examples on results are presented -in Fig,
5a, 5b, 5c. If we put all results into the
same diagram we will get an image of the
energy of a breaking waves against the
vessel total resistance against heel ing,
see Fig. 6a and 6b. These diagrams give a
good impression of the sensitivity of any
vessel to ever experience capsizing in a
breaking wave. This can be used for prac-
tical purposes when planning new designs.
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A supply vessel with a very high deck
coam-ing design was investigated for sur-
vival situations. Due to the possibiity of
trapping large amounts of water on deck in
following waves, this situation appeared
to be critical. Survival tests show that
even for large initial stability (GMo >
3-4 m) such a vessel wi 11 capsize. The
observation is that this is caused by the
long period needed to get rid of the water
on deck compared to with the rolling
period. Openings in the coamings were of
no use (Fig. 7).

Fig. 6a and 6b showed that a11 kinds
of sma11 vesse1s can capsi ze in breaking
waves. This is due to their low displace-
ment or stability. Even vessels with total
positiv rightening level arm, a "self-;
rightening" vessel, can be caught by such
a wave and turned around 360°. During sur-
vival testing of a self-rightening, high
speed planing vessel, see Fig. 8, this was
experienced.

when the breaking wave hit "correctly"
the vessel turned around 360°. This hap-
pend as a very rare event. For most of the
tests the mode 1 behaved gent 1 y and on 1 y
minor ro11 ing angles occured. The obser-
vations show that one should carefully
examine the total design of any vessel.
See Fig. 9.

3. EXAMPLE ON OFFSHORE STRUCTURES

During the investigation of the Ocean
Ranger capsizing disaster, a comprehensive
survival testing program was conducted. A
later Norwegian research program, the
MOPS-project, also performed such testing
of offshore structures. Later on a large
number of offshore structures have been
exposed to survival conditions when
referring to environmental forces. A large
amount of results have been gained through
this testing.

For sh i ps we have observed that one
s i ng1e 7 arge break i ng wave may caps i ze a
small vessel. Physically this means that
the angular momentum in roll direction
transferred to the vessel by the wave, is
sufficient to overturn it. A semi submer-
sible is fundamentally different from a
smal 1 ship regarding ro11 and pitch
characteristics. First of all the resonant
periods are entirely different. More
important is the question: what angular
momentum can the rig absorb from the wave?

The case of a semi submersible in
intact condition and w-ith reasonable GM
value can be treated relatively accurately
by present day methods for calculating
wave loads and motions. At least for wave
periods wel1 below the resonant ro11
periods the conclusion is that only small
roll angles can occur, and there is no
danger of capsizing. Many model tests have
confirmed this conclusion.

With such platforms in damaged condi-
ion, the situation could be different. At
a larger angle of list, parts of the pon-
toons wil 1 get dose to, or even pierce
the surface. In such cases even the deck
structure can be subjected to wave loads,
In this situation the wave loads will be
much larger than in intact condition. One
can no longer exclude the possibility that
single waves could transfer such angular
momentum to the rig that it would capsize.

when discussing capsizing of rigs we
also have to add events that involve miso-
perat ion of ba "H ast system, damage and
flooding, thus giving the semi submersible
an abnormal floating condition. At Marintek,
the survival tests in waves were therefore
first conducted for varying draught with
large trim/ heeling angles (5-15°). The
models were opened to allow for progressive
flooding through openings in the columns
and deck houses.
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CONCLUSIONS

The conclusions from the Manntek survival
testing research is that single waves can-
not caps i ze a rig in norma 1 i htact con-
dition with reasonable metacentric hei.ght.
In damaged condition at very large angles
of 1 ist we are hardly able to calculate
theoretically the wave forces and detailed
effect of waves on the capsizing process.
The most efficient way to study such phe-
nomena is therefore by model tests, sur-
vival testing.

Present-day stability criteria have
shown to provide a satisfactory level of
safety against capsiz i ng, as ^ong as
operational failures are avoided.

An intact rig with watertight deck
structure is inherently very safe against
capsizing. This is due to its typical
shape of the righting arm curve, as shown
compared to a ship in Fig. 10.

At MARINTEK a large number of offshore
structures, e.g. floating oroduct-ion
systems/ have been tested for very extreme
weather conditions; storms with return
periods more than 100 years, 1000 years
and so forth. These tests have very seldom
showed tne caps-i z •i ng event as bei ng the
final happening of f'e disaster, not even
for turret moored monohull vessels (see
Fig. 11, the model of The Pe+rojart I
vessel) - Broken moor-ing } me s/sterns,
position systems that have too IOM xnruster
capacity leading to drift-off situa-cons,
water on deck and local damage o< tne
structures i.e. have been observed.

These tests have, however, out us in 5
position to judge tne total safety of the
structure when placed in a given sire
position. The authorities' approval of such
an offshore structure design is based upon
this type of results.

4. ON THE UNDERSTANDING OF THE CAPSIZING
EVENT

For some of the cases studied by survival
testing, the understanding of the capsizing
mechanism and to establish the probability
of the capsizing event was the intention
of the study. It often turned out to be a
very complex explanation as dynamic and
statical phenomena are acting. In theore-
tical terms, hydrodynamical potential
theory effect&'.and viscous phenomena occur-.

MonohuTTs^

The capsizing of a mononul1 vessel is an
extreme physical motion. Linear ship
theory or other basic snio motion theories
can not be extended to predict or calcu-
'ate this phenomena correctly.

The tests hav'e shown that:

For very small vessels (eg. the planing
vessel) it is an event dominated by
dynamic phenomena. This means that
when tne wave hits correctly, the
dynamic wave force east1y turns the
vessel around (the -impulse of the wave
waxer jet.).

For 51"! vessels of some size (i.e.
above 10-15 tonnes d i splacement) the
dynamics related to the water jet impact
is of minor imDortance. This means that
in the cases of the breaking waves, it
is the "auasi-static force" varying as
with the wave profile moves (steepness
of the wave) and the relative position
of the vessel in the wave that counts.
These effects create moments that turn
the vessel into "iarge angles of heel
and capsizing.

For low freeooard vessels, low stabi-
1 i ty and 1 ong ro 11 i ng per i odes, wave
geometry and water on deck create an
even more complex situation, water on
deck do change the initial stability.
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However, the mechanism can stit! be
explained by the "quasi static wave force"
and assumption on how the wave profile
moves and the relative position of the
vessel in the waves.

- H^d and current does necessarily
often not contribute much to the cap-
sizing events, but will always expose
the vessel into ro"l 1 ing motion
situations.

Pf-L?.11 ore structures

Referring to offshore structures of non-
monohull geometry, we experience that the
wave forces does not create large rolling
moments at all. Most of these tests show
that the capsizing event for such struc-'
tures often are purely static, which means
that such structures capsize only when
they are close to sinking situations. This-
is discussed in more detail in Section 3.

5. STABILITY CRITERIA

To Quantify Criteria

The main purpose of survival testing tech-
nique is to quantify stability criteria.
Stabi1ity criteria for floating monohu"! 1
vessels have been developed through a
period of many years. Different survival
test-like results have been put on the
table as an argument for the criteria. ATI
this is done rather unsystematical 1y. The
laboratory fact 1ities, the abi1ity of
making correct measurements and waves have
been varied. However, as a result of sta-
tistics on accident statistics coupled
with futlscale experience, reasonably good
criteria have been established.

A 1 1 tests performed in Norway during
the last decade have shown that the
existing international stability criteria
do function well. It is based on practical
parameters that can be used in a designing
process for vessel construction, and

employed by the approving authorities as
well as the snip owners when they are
planning a journey. The crew onboard when
operating the vessel, can also understand
the parameters used in the criteria, we
should bear this in mind when we discuss
new approaches for a criteria system. we
often mention methods of probability as a
future basis. This implies new pharameters
not very well understood by the typical
practitioner as yet.

Our tests showed that vessels having
at least the minimum required stability,
very seldom capsizes. However, in Norway
we have found, through this type of results,
that by adjusting the requirement for the
rightening lever arm UD to above GO0"8"
heeling, the safety level of Nowegian
fishing vesse "I s aga i ns t caps i z i ng will
increase. The Norwegian maritime authori-
ties have put this adjustment of the cri-
teria into force through the Norwegian
ruling regulations for fishing vessels.
this is an example on how to use the sur-
vival technique to adjust the criteria
system itself.

6. A TOOL TO DEFINE OPERATIONAL PROCEDURES

In some cases during a survival testing
situation, one realize that increased sta-
tic stability does not necessarily lead to
increased safety. The best solution for
increasing safety will be more on an opera-
tional level. If one experiences a criti-
cal event, an operational change of a
parameter could lead to a less critical
situation. This is often the case with a
monohul1 in fo'1 lowing waves. By changing
the heading and speed (see example Fig. 8)
the situation that is close to a broaching,
could be avoided. If practical operational
stabi "lity work onboard a vessel also in
the future will involve an operational
manual, the results from survival testing
in model scale might give important input
to such manuals.
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For offshore structures tne surv 'va .

resting results w in give incut to now TO

operate the tension in tne mooring lines

in critical weatner situations. Resu"-i.3

from survival test-ing can also give mDut

to the control strategy to a ayndinic posi-

tioning system if tnrusters or tnrusters

in combinat-'on with mooring lines are

used.

Some of the resul-cs of tne survival

testing of semi submersible rigs also snow

thai; one can design for larger GM values,

thus creating a situation "iess sensitive

to ooerational fai lures. T"e i-ests have

shown tnat within reasonable limits, the

GM value does not sigmricantly influence

the pitch and roll motion of the ng in

operation.
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AN INVESTIGATION OF VESSEL STABILITY IN WAVES

BY MEANS OF NUMERICAL MOTION SIMULATIONS

Jacek S. Pawlowski1 and Donald W. Bass2

ABSTRACT

The paper presents an application of the notional and algorithmic
framework of a novel, rational procedure for assessing stability of floating
vessels to an investigation of the stability of a small fishing vessel.
Within the procedure the stability properties of a vessel are represented by
stability diagrams. The identification of the stability diagrams by means of
either model tests or numerical simulations of vessel motion, constitutes the
main technigue of the stability analysis. In the paper the identification is
carried out with the use of an advanced, time domain, non-linear numerical
model of vessel motion. The results provide new insights into the stability
of vessels in quartering seas and demonstrate the usefulness of the novel
approach and technique.

INTRODUCTION

The need to rationalize the
existing procedures for assessing
stability of floating vessels, such as
ships and semisubmersibles, has been
widely recognized in the last decade.
The main difficulties in implementing
the required rationalization were
discussed in [1] . They may be
considered to follow from the
inability to abandon the application
of the righting arm (GZ) curve in one
form or another, in the consideration
of the dynamic behaviour of the vessel
in waves. This leads to nominal, see
[1] , rather than rational stability
assessment procedures, since:
stability criteria defined by means of
the GZ curve are not directly related
to constructional features of the
vessel, which determine its safety in
the seaway, and there is no explicit
or well defined relation between the
GZ curve and the dynamics of vessel
response to environmental excitations.
A recent example of an otherwise
rational approach in which eventually
a nominal application of the GZ curve
had to be used, can be found in [2].

In [3] and [I], a new rational
procedure for assessing the stability
of floating vessels was proposed and
developed. One of the features of

the procedure is the appi ication of
stability diagrams to represent
the range of stability and in this
respect may be considered as rational
replacements of GZ curves. One of the
main advantages of the concept of
stability diagram is that it provides
a direct relation between the dynamics
of vessel response to
environmental excitations and rational
stability criteria. As a result
stability diagrams can be identified
by means of model tests or numerical
simulations of vessel motion.

Stability diagrams for
semisubmersibles were investigated in
relation to nominal stability criteria
in [1J. In the present paper for the
first time stability diagrams are
identified by means of an advanced
time domain, nonlinear motion
simulation program, [4] . The study
gives an example of how the rational
stability assessment procedure
developed in [3] and [1] can be
implemented using an advanced
numerical model of vessel motion in
waves. It also demonstrates the
technique, usefulness and implications
of the use of stability diagrams in
the investigation of the stability of
a floating vessel.

Head, Computational Hydrodynamics
Laboratory, Institute for Marine
Dynamics, National Research
Council Canada, St. John's,
Newfoundland

2 Professor, Faculty of Engineering
and Applied Science, Memorial
University of Newfoundland,
St. John's, Newfoundland

THE RATIONAL ASSESSMENT OF STABILITY
AND STABILITY DIAGRAMS

A rational procedure for
assessing the stability of floating
vessels consists of a notional and
corresponding algorithmic framework
through which the knowledge of the
physics of interaction between the
vessel and marine environment is
applied, primarily in the design
process, to ensure a socially
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lives and property. The general
outline of such a procedure was
described by the first author in [3]
and [1] , and only its basic features
need'to be restated here.

A rational stability assessment
procedure must as closely as possible
reflect the physical relationships
governing the " vessel's response to
environmental excitations. In
addition, it should take into account
that the safety of the vessel depends
not only upon the response but also on
the capacity of the hull and operating
systems of the vessel to remain
intact, operational and to protect the
crew and load on board. Therefore a
fully rational assessment of the
stability needs to follow from an
explicit examination of the dynamic
response in conjunction with
constructional features of the vessel
(such as the vulnerability of the
weather deck, efficiency of the
ballast system, etc.). These
requirements cannot be satisfied
unless rational (as opposed to
nominal, based e.g. on the GZ curve)
stability criteria are formulated
explicitly as bounds limiting relevant
parameters of the dynamic response of
the vessel.

It was demonstrated in [ 1 ] that
the above requirements lead to the
following key notions inherent in
every rational procedure for stability
assessment: the generalized
instantaneous configuration of the
vessel, criteria of stability, and
control parameters.

The definition of the generalized
configuration includes all the
parameters of the absolute and
relative (with respect to the water
surface) motion of the vessel, which
determine static and dynamic effects
such as: force loads on the hull and
equipment on board, wetness on deck,
shipping of green water or permanent
submergence of the deck and
downflooding. In particular some or
all of the parameters necessary to
describe the absolute and relative
motion of the vessel are contained in
the definition, depending on the
application.

The criteria of __ stability
represent bounds imposed on the
generalised configurations assumed by
the vessel over its lifetime, within
which the risk of the losses referred
to above is reduced to an acceptable
•minimum. The criteria depend
inherently on constructional features
of the vessel and on its mission.

The control „ parameters are
defined by parameters determining the
geometry of the buoyant volume (i.e.
the volume which if submerged
contributes to the buoyancy force) ,

the vessel. The control parameter^
are totally or partly controlled by
the designer and operator of the
vessel, and in any environmental
conditions the values assumed by the
generalized configuration of the
vessel depend upon them for a given
regime of the vessel's operation
(defined for example by forward speed
and course angle).

The procedure for assessing
stability provides an algorithm for
bounding, within certain risk limits,
the possibility that during the
lifetime of the vessel the generalized
configuration assumes unacceptable
values defined by the criteria of
stability. Since the generalized
configurations depend on control
parameters (over a set of considered
environmental conditions and regimes
of operation) and the control
parameters evolve constantly over the
lifetime of the vessel, the
fundamental purpose of the procedure
is to ensure that the evolution of the
control parameters does not lead to a
violation of the stability criteria.

It follows from the definition of
the procedure for assessing stability
that as a result of its application a
range of allowable evolutions of the
control parameters must be found,
which corresponds to the adopted
stability criteria and to the assumed
set of environmental conditions and
regimes of operation. It was
explained in [ 3 ] and [1] that the
range of allowable control parameters
can be expressed in a simple form by
means of a stability atlas consisting
of a number of stability diagrams.
Each stability diagram applies to a
given environmental condition,
operational regime, geometry of the
buoyant volume and displacement of the
vessel.

For a chosen geometry of the
buoyant volume and displacement of the
vessel, an upright configuration of
hydrostatic equilibrium of the vessel
is defined. In the upright
configuration the projection, K, of
the centre of buoyancy onto a
horizontal base plane, provides the
origin of a system of reference fixed
with the vessel. The location of the
centre of gravity, CG, is considered
as evolving in a plane perpendicular
to the base plane . The coordinates
of CG are read with respect to the
axis defined by the crossing line of
the plane of evolution of CG and the
base plane, with the origin at K (co-
ordinate GG'), and the axis through K
perpendicular to the base plane and
directed upwards (coordinate KG), see
Fig. 2a.

In the described system of
reference the stability diagram
consists of. a pair of diagrams, a
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static diagram and a dynamic diagram.
Each of the diagrams is represented in
principle by two lines, defining the
limiting values of GG' for a given KG.
The static diagram corresponds to
stability criteria imposed upon static
generalized configurations of the
vessel (achieved at hydrostatic
equilibrium). The dynamic diagram
indicates the limiting values of GG'
determined by stability criteria
imposed upon generalized
configurations which the vessel
assumes under the specified regime of
operation and environmental condition.
The construction, of the diagram
implies that for a given displacement
the moments of inertia are single
valued functions of the location of
CG. Otherwise additional diagrams
•must be constructed. The difference
between GG' values read off the static
and dynamic.diagrams on the same side
of the stability diagram for a given
KG, provides a measure- of the
influence of the regime of operation
and environmental condition upon the
stability of the vessel.

The concept of stability diagram
is analogous to that of bifurcation
set applied in catastrophe theory, see
e.g. [5]. The space of control
parameters used in the procedure for
stability assessment and of parameters
defining operational regimes and
environmental conditions corresponds
to the control space of catastrophe
theory. As the control variables
which define the control space are
altered a control trajectory is traced
through the stability atlas. In
particular if the buoyant geometry,
displacement, regime of operation, and
environmental condition are kept
fixed, and the location of CG is
restricted to the plane of a stability
diagram, then the control trajectory
is contained in the plane of that
stability diagram. If the control
trajectory carries the vessel from one
side to the other of the line of a
stability diagram (static or dynamic)
a qualitative change of the
corresponding generalized
configurations occurs (from the ones
which satisfy the stability criteria
to those which do not or vice versa,
depending on the direction of the
trajectory). In this sense the lines
of the stability diagrams represent
bifurcation sets in the control space.
The construction of stability diagrams
involves the assumption that the
qualitative change of generalized
configurations is restricted to the
lines of stability diagrams. Such an
assumption is partly justified by
derivations of stability diagrams from
the nominal stability criteria defined
in terms of the GZ curve, see [1].

Another interpretation of
stability diagrams is also possible
and useful. For a fixed value of KG a
shift of CG determined by a chosen GG'
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corresponds to the application of an
inclining moment dependent on the
absolute configuration of the vessel.
The moment may be considered as a
testing load of the magnitude defined
by the value of GG'. Adopting such a
definition, for any particular set of
the control parameters and for a fixed
environmental condition and regime of
operation, the values of allowable
(i.e. limited by the stability
diagram) GG' define measures of the
vessel*s stability, which are
explicitly dependent on the chosen
stability criteria. This is
particularly important in
considerations requiring the
determination of the excess stability
of a vessel, necessary to provide
sufficient safety margins, as e.g. in
the construction of safety
regulations. The inability to define
appropriate stability margins in
direct reference to rational stability
criteria forces a resort to a nominal
stability assessment procedure, as is
typified by the work presented in [2]
where in spite of the initial adoption
of rational criteria, the stability
margins were imposed nominally with
the use of the G2 curve.

The same interpretation of
stability diagrams allows their direct
identification by means of model tests
or numerical simulations of vessel
motion. Although testing loads
(moments) other than those defined by
GG' values can be used conveniently in
the numerical simulations, the shifts
of CG are the most readily applicable
in model tests.

THE NUMERICAL MODEL OF VESSEL MOTION

For the identification of
stability diagrams by means of
numerical simulation, a sufficiently
advanced numerical model of vessel
interaction with the environment must
be available. A model of this type
was developed on the basis of the weak
scatterer hypothesis [6], [7] , [4].
Under the hypothesis, motions of a
vessel in waves are modelled in the
time domain, including nonlinear
effects resulting from large ampli-
tudes of the oncoming waves and vessel
displacements. However, in comparison
with those amplitudes, the disturbance
of the oncoming wave flow, which is
induced by the presence of the hull,
is assumed to remain of a smaller
order of magnitude, [6]. The
simulation of the vessel's motion is
obtained by the integration with
respect to time of the full equations
of rigid body motion.

The hydrodynamic forces exerted
on the hull are evaluated in the time
domain as a sum of generalized Froude-
Krylov and scattering forces. The
Froude-Krylov forces are obtained
through a direct integration of the



(1)

undisturbed pressure of the oncoming
wave over the instantaneous wetted
surface of the hull. The scattering
forces which are generated owing to
the disturbance of the oncoming wave
flow (assumed to be known in the form
of a velocity potential) by the
presence of the impermeable hull, are
determined on the instantaneous wetted
surface of the hull by means of the
method of modal potentials [8], [4]
[6], in conjunction with the
hypothesis of weak scatterer [6], [4].
This leads to the following form of
the expressions for the components of
the generalized scattering forces in a
system of reference fixed on the
vessel:

-̂,- = - /?, (t) /̂. + /i,(t) U/̂ , +
JJir [ - P ( T ) K^ (t-r) + /3,(r)

U K'^ (t-T)]

where F;,- denotes the j-th generalized
force component (j =1 for surge, j =2
for sway, . . . , ĵ  for yaw mode)
induced by the i-th modal scattering
potential (the scattering velocity
potential is represented by a finite
sum of modal scattering potentials),
(̂t) is the time dependent amplitude

of the i-th modal scattering
potential, t denotes the time
variable, and dot indicates
differentiation with respect to time.
^-j and y.' - _ signify appropriately
defined infinite frequency added
masses, and K^ and K - are the
corresponding force memory functions,
whereas U denotes the average forward
speed of the vessel. In the quasi-
linear expressions (1) the amplitudes
of modal scattering potentials /̂ -(t)
are defined as functionals of the
instantaneous velocity field induced
by the oncoming wave and functions of
the configuration of the instantaneous
wetted surface of the vessel and of
the linear and rotational velocity of
the hull.

The expressions (1) can be
simplified significantly if the
oncoming wave is long-crested and
monochromatic or almost monochromatic.
Under such circumstances it is
possible to approximate expressions
(1) by:

U
F^-, = - [ P , (t) (Aj, + -B-^) +

Jl '-'-1 ' ' ' Jl

^-(t) (B^, - UA'^-U

with A- and A' ̂ -, and B. and B' ̂
denoting (respectively) appropriately
defined pairs of added mass and
damping coefficients evaluated at the
frequency of encounter w which is
determined by the dominant oncoming
wave frequency, mean forward speed of
the vessel U, and mean course angle x
of the vessel relative to the oncoming
waves.

(2)

In [4] hydrodynamic forces and
vessel motions computed by means of
the numerical model described above,
using expressions (2), were presented
and compared with steady state and
time history values obtained from
model tests. In particular, good
agreement was found between the
experimental and computed results for
a stern trawler operating in steep
quartering seas.

AN EXAMPLE OF THE IDENTIFICATION OF A
DYNAMIC STABILITY DIAGRAM BY MEANS OF

NUMERICAL MOTION SIMULATIONS

The technique of investigating
vessel stability through the
identification of stability diagrams
was appiied to the stern trawler,
referred to above, operating in steep
quartering seas, for which a wide
range of model test results is avail-
able, [9], and the applicability of
the version of the numerical model
used in [4] had been checked. This
version was therefore adopted in the
present study. In the following, all
the data are given in the model scale
1:14.

The identification of stability
diagrams was carried out for the
volume of displacement of 0.0531 m3
(loading condition for part of
departure, [9]). In the upright,
configuration, the main particulars of
the model are: length between
perpendiculars L=1.328 m, breadth at
midships B=0.435 m, draught at mid-
ships d=0.198 m, and CG located aft of
midships at LCG=-0.009 m. The body
lines of the model can be found in
[9]. The GZ curve for KG=0.2176 m
(GM=0.0350 m), which includes the
effect of the buoyant volume limited
by the weather deck, is shown in Fig.
1. The environmental condition is
defined by a long-crested wave of
length A=3.18 m (frequency 4.4
rad/sec) and height H=0.33 m
(steepness H/A=0.10)- The regime of
operation is characterized by the mean
forward speed U=0.80 m/sec (Froude
number Pn=0.22) and the .mean course
angle relative to the direction of
wave propagation ,v=30° (180"
corresponds to head seas). The
corresponding mean frequency of
encounter is ^=3.03 rad/sec.

Adopting the interpretation of
stability diagrams as maps of vessel
stability measured in terms of testing
loads, the plane of the stability
diagram to be investigated is chosen
to coincide with the cross-sectional
plane of the CG location in the
upright configuration of the vessel.
Since the investigation is not related
to any specific design problem in
which constructional features of the
vessel would be defined in sufficient
detail, the choice of static and
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dynamic stability criteria remains
somewhat arbitrary.

The static stability criterion is
defined by the maximum angle of heel
0=27°. For the considered volume of
displacement/ at this angle of heel
the centre-line of the deck and top of
the bulwark are submerged at midships.
For any KG for which the range of
positive righting arms is greater than
27 °, the testing load bringing the
vessel to hydrostatic equilibrium at Q
can be determined from the relation:

G Z ( © ) - GG' cos (0) (3»

with ©=© , and the testing load GG' cos
(Q) being defined by the value of GG'
obtained from (3). The equilibrium at
e^ becomes unstable for KG > 0.2176 m
(GM < 0.035 m, GM denotes initial
metacentric height) and stable
equilibria are obtained at 0 < 6 (e.g.
at Q = 25° for GM-0.028 m and at e=18°
for GM=0.0210 m) for the corresponding
testing loads. For the purpose of the
present discussion the static
stability diagram is represented by
the graphs GG'=GG' (KG;0̂ ) , i.e. the
graphs which for a given KG (or GM)
give the value of GG' derived
according to formula (3). The static
stability diagram is shown in both
Fig. 2a and 2b by the pairs of cont-
inuous, symmetric straight lines, over
the range of 0.2120 m < KG < 0.2316 m
(0.0210 m < GM < 0,0406 m).

The dynamic stability criterion
is defined by the occurrence of
extensive shipping of green water on
deck. During the model tests, [9J, it
was observed that extensive shipping
of water on deck, significantly
influenced the model's motion, and
usually took place when the top of the
bulwark over at least half of the
length of the model was submerged,
[10]. In the numerical simulations
such a critical event was specified by
the exceedance of the top of bulwark
by the water level on one side of the
model, simultaneously at any 11 out of
19 stations equally spaced along the
vessel (i.e. excluding the end
sections) , at a time step of the
simulation.

In order to identify a dynamic
stability diagram, numerical motion
simulations were run for over 50
loading conditions at the given volume
of displacement, for KG=0.2120,
0.2176, 0.2246 and 0.2316 m
(GM^O.0406, 0-0360, 0.0280 and 0.0210
m respectively), thus covering a range
of KG broader than that investigated
by the model tests. The simulations
were performed at the wave condition
and regime of operation indicated
above. The oncoming wave was
represented by an Airy wave velocity
potential in conjunction with the
second order wave elevation, [11]-
For any particular value of GG' the

hydrodynamic force coefficients were
adjusted to their values at the
corresponding stable hydrostatic
equilibrium configuration of the
vessel (evaluated at increments of e
of 2.5 •' between 0 ° and 20°). The
adjustment included the additional
hydrodynamic couplings associated with
the inclined configurations- However,
the viscous damping and coefficients
characteriz ing the manoeuvring forces
were not adjusted for the heeled
configuration due to the lack of
reliable data.

Two dynamic stability diagrams
were identified, one with the
hydrodynamic force coefficients
(operational) evaluated at the
frequency of encounter corresponding
to the wave condition and regime of
operation specified above, and another
with the coefficients (changed)
evaluated at the frequency changed
arbitrarily to cJ=3.57 rad/sec. In
addition, motion simulations were
carried out at GM=0.0280 m and
GM=0.0406 m, with the operational
hydrodynamic coefficients and with the
viscous damping moment of roll
increased by 50%.

The duration of each motion
simulation was 22 seconds, with the
first 2 seconds used for ramping in
the wave amplitude and the vessel's
speed from zero initial conditions to
their assumed values. In this manner
the influence of initial conditions
upon the results of computations was
controlled. A number of simulations
performed with the ramping time of 4
seconds did not show a significant
difference in comparison with the 2
sec ramping. The motion time
histories for a typical simulation
(operational hydrodynamic force
coefficients and roll damping, and 2
sec ramping time) are shown in Fig.
3a-3d, where the occurrence of a
critical event-over a time period is
indicated by the absence of the
continuous line.

The results of the simulations in
which the operational .hydrodynamic
force coefficients were used are
presented in Fig. 2 a. The mass
distributions for which the simula-
tions were performed (obtained by
imposing shifts GG' of CG at the four
GM values listed above, with the
assumption that the central moments of
inertia are not affected) are marked
in the figure by symbols which
indicate the number of occurrences of
critical events during the
corresponding simulations or a
capsize. The port and starboard
(stbd) sides of the vessel are also
indicated. Relative to the oncoming
waves, starboard is on the leeside.
The results obtained with the
increased viscous roll damping are
shown in brackets below the
corresponding GM lines.
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Two patterns of the dependence of
the frequency of occurrence o-^ the
critical events upon GG' are observed
in Fig. 2a. For GM=0.0406 in the
frequency of occurrence decreases
gradually with GG' growing from its
extreme negative value to GG'=0.0036
m. That value of GG' may be
considered as defining a point on one
branch of the dynamic stability
diagram (indicated by the broken
line). For 0.0036 m < GG' < 0.0150 m
no critical events are indicated and
since critical events occur at
GG'=0.0150 m, this value defines a
point on the other branch of the
dynamic stability diagram, beyond
which the number of occurrences
increases with growing GG' . It is
clear that the location of the points
which define the branches of the
dynamic stability diagram would change
continuously if the number of
allowable critical events in the
definition of the stability criterion
was increased. Another, gualitatively
different pattern is discerned at the
lower values of GM. Taking for
example GM=0.0350 m, a local increase
of the frequency of occurrence appears
in a vicinity of GG'=0.0040 m.
Therefore if the allowable number of
critical events was increased to 20
(from 0), then in addition to the
continuously varying branches of the
dynamic stability diagram at
GG'=0.0061 m and at GG'=0.0130 m
(moved from 0.0120 m) two additional
branches would appear at GG'--0.0032 m
and GG'-0.0045 m. Such a structure of
a dynamic stability diagram is shown
at GM=0.0280 m by the simulations
carried out with the increased roll
damping (which diminishes the overall
level of the frequency of occurrence
of critical events without the
modification of the stability
criterion.

In Fig. 2b the results of the
simulations in which the changed
hydrodynamic force coefficients were
applied are shown. A comparison
between the results presented in Figs.
la and Ib provides an indication of
the sensitivity of the motion
simulations to the variation of the
assumed frequency of encounter, but
also may serve to point out the
possibility of changing the dynamic
stability of the vessel by varying its
underwater shape (as this would also
produce a change of the hydrodynamic
coefficients). The effects of the
change of hydrodynamic force
coefficients on the frequency patterns
are similar to the ones observed in
Fig. 2a, which are due to the increase
of viscous roll damping. However, in
contrast to the data in Fig. 2a, the
regions of the higher frequency of
critical events in the vicinity of
GG'=0.0040 m at GM-0.0280 m and
GM=0.0350 m are reduced to single
points which produce an isolated

branch of the stability diagram (the
three branches are again marked by
broken lines).

On the whole, the results of the
simulations of motion discussed above,
are qualitatively very consistent.
The strong qualitative features common
to the patterns of dependence of the
frequency of critical events upon GG',
in spite of the variations of the
hydrodynamic coefficients and roll
damping, are: the asymmetry of the
frequency patterns with respect to GG'
values (port versus starboard), and
the appearance of the local increases
of the frequency of occurrence at the
GM values 'higher than 0.0406 m.
Taking into account the interpretation
of GG' value as a measure of
stability, both features display
qualities of the model's stability
which would be difficult to quantify
or discover without the use of the
technique applied in the
identification of the stability
diagrams.

The dynamic stability diagram in
Fig. 2a through its asymmetry
indicates a strong susceptibility of
the model to testing loads inclining
the model to starboard i.e. to the
leeside relative to the oncoming
waves. This reduction of the model's
stability as measured by the testing
loads in the numerical simulation may
be perceived to correspond to the
vulnerability of the vessel to the
submergence of bulwark on the leeside
observed in the model tests at the
same displacement, forward speed and
heading. Although the numerical model
does not represent the hydrodynamic
phenomena pertinent to the bulwark
submergence as one of the major
mechanisms leading to capsizing
(identified and described in [9]), the
reduced stability may enhance both the
occurrence of the bulwark submergence
and its capsizing effects.

It is possible to interpret the
asymmetry of the dynamic stability
diagram in terms of a substantial
asymmetric reduction, induced by the
asymmetry of the oncoming wave pattern
and measured by the testing loads, of
the vessel's stability in comparison
with the hydrostatic condition. Such
asymmetric stability properties of
vessels are not included in the usual
stability assessment procedures based
on nominal applications of the G2
curve. However, the results of the
numerical simulations analysed by
means of the stability diagram appear
to indicate their practical
importance.

The concept of dynamic stability
diagram used in the present discussion
assumes the absence of critical events
within the region of GG' bounded by
the two branches of the diagram for
any particular KG, as shown in Fig.



2a. The appearance inside such
regions of unstable configurations
(according to the adopted rational
dynamic criteria) shown by the
isolated branch of the stability
diagram in Fig. 2b, requires a
modification of the meaning of the
stability diagram. It also
contradicts the assumption that
regions of safe operation can in
general be defined in the control
space by a set of appropriate upper or
lower bounds. However, the assumption
is tacitly used in the current
approaches to the assessment of
stability.

CONCLUSION

The present investigation of
vessel stability gives the first
example of the application of the
rational procedure for assessing
stability developed in [3] and [I], in
which an advanced numerical model of
vessel motion in waves is implemented.
Irrespective of its specific results
the study demonstrates that the
notional and algorithmic framework of
the procedure can be used effectively
to employ the advanced knowledge of
the dynamics of floating vessels,
embodied in numerical motion
simulation models, in rational
stability investigations and
assessments.

The appiication of the dynamic
stability diagrams and of their
interpretation as maps of vessel
stability measured by means of testing
loads, provides an efficient tool for
stability investigations. This is
exemplified by the identification in
the present study of the strong
asymmetry of the vessel's stability in
quartering seas and of the possibility
of the occurrence of isolated unstable
regions embedded in stable regions
between the external branches of a
stability diagram.

Although the specific findings of
the present study require further
research and confirmation before they
could be routinely accepted and used,
it appears that a novel potent route
of stability investigation and
assessment is available.
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ON THE DETERMINATION OF SHIP STABILITY
DURING SERVICE

. io iHermann Kaps and Sigismund Kastner

ABSTRACT

The upper limit of container stowage on deck of
container vessels is governed by minimum stability
requirements to ensure safety from capsizing. So far
there exist no general standards or rules on the
control and accuracy of stability estimates for
planning of container stowage. It has turned out that
a number of input data are often incorrect, such as
container mass and its centre of gravity.
For a ship close to the minimum stability limits, any
inaccuracy in the stability estimates increases the
danger from capsizing. Therefore, a research project
funded by the Federal Ministry of Transport was
carried out in order to study the methods of cal-
culation and measurement of ship stability and their
accuracies, in particular

- methods of carrying out the operational ship
inclining experiment in port for the ship
during service (OS!)

- influence of disturbances
- heeling moments
- measuring gauges required
- error propagation and accuracy of results
- inclusion of testing procedure (OSI) into ship

loading process.
A number of ship inclining experiments has been
carried out with container ships of different size in
port.
As a result, the accuracy of the operational ship
inclining experiment (OSI) exceeds the accuracy of
stowage calculations considerably, while the effort
is reasonably small- OSI is suggested to complement
stability calculations of container vessels.
This procedure can be extended to other types of
vessels with critical stability as well- /

Professor, Hochschule Bremen
Neustadtswall 30, F.R.G.

INTRODUCTION

Shipping of containers by sea has resulted in
stowing between 40 and 60 p.c. of the total cargo
above the main deck of the vessel. This is due to the
fact that the container itself can provide sufficient
weather protection for the cargo, while the handling
during loading and unloading is substantially more
effective. Both the upper limit for the height of
container stowage, and the distribution of the
container weight, are dictated by the minimum
stability required.

Although digital computers are in wide use for
stowage calculations, accuracy of the input data in
loading and stability control calculations are
doubtful, and there has been no knowledge on the
inaccuracies in the procedures for stability estimates.
Any inaccuracies can erode inherent safety margins
in stability criteria, and the ship runs a higher and
unacceptable risk of capsizing, when loaded at her
limits of stability.

RESPONSIBILITY FOR STABILITY CONTROL

Three main criteria for planning of loading and
cargo distribution aboard the vessel must be con-
sidered:

(i) cost effective utilisation of the vessel, which is
strongly determined by a fast container loading and
unloading in port without the need to restow

(ii) consideration of particular qualities of the cargo,
such as the IMDG code (International Maritime
Dangerous Goods), refrigerated containers, special
containers, additional general cargo

(iii) consideration of particular properties of the ship
herself, i.e. stability, trim, structural strength, cargo
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securing, and sea behaviour

The various agencies and specialists responsible for
the shipping of cargo at sea naturally do not care
equally for all these considerations on effective and
safe shipping. Stability control is just one part of the
responsibilities of the ship master. Quite often, the
ship master is locked with his classical conflict: he is
held responsible to keep the interests of the ship
owner and of the charterer, as well as the interests of
the agents for handling the cargo- The practical
aspects of safety and survival in the sea environment
cannot be allowed to suffer from a large number of
tasks. The ship master needs tools and guidance on
how to control ship stability during service
effectively and accurately.

GM is evaluated according to the formula

p - e
GM (3)

D - tan I <&TT - Oy

Input data are the heeling moment p • e, (from
horizontal shift e of a mass p) the resulting heel
angle d> measured, and the displacement D via
draught readings and curves.

STABILITY CALCULATION SUPPORTED BY
MEASUREMENT

STATIC SHIP STABILITY CHARACTERISTICS

Here we note the basic and well known procedure to
calculate static stability of ships just to make sure
what we are talking about. If we look at the intact
stability status of any vessel, we consider the
uprighting lever GZ versus heel 0. This GZ-curve
must be able to overcome any external and internal
heeling or reducing lever at sea- GZ is calculated
from

GZ= K N - KG sin 0 (1)

While the size of KN is governed by the ship hull
form and dimensions, the resulting total height of
the centre of gravity KG is governed by the way the
ship is loaded.

KG can be estimated for any loading condition from
either
(i) static mass moment calculation
(ii) ship inclining experiment.

In the latter, KG is calculated by the equation

KG = KM - GM (2)

KM is taken from calculated hydrostatic curves due
to the hull form, and the metacentric height GM is
taken from measurement at the actual ship condition
with the operational ship inclining experiment
(OSI).

Fig. 1 shows a typical error ellipse in the KG-
displacement plane.
This example is a result of tests with a fully loaded
700 TEU container/multi-purpose vessel. The error
ellipses indicate the 95% confidence level of the
data. The large random errors resulting from pure
weight and mass moment calculation of KG and dis-
placement D is demonstrated by the larger ellipse.
The measurement with the inclining experiment
reduces the size of the error ellipse considerably.

15500 16000 16500 17000 17500
DISPLACEMENT [t1

Fig- 1: Random Error Ellipses at 95% Level for KG
versus Displacement

Fig. 1 demonstrates clearly the large error possible
based on pure calculation. Such large discrepancies
cannot be tolerated for a reliable judgement of sta-
bility and ship safety. On the contrary, the values
determined by measurement show a smaller error
ellipse. We can conclude that measurements are a
proper tool to update actual stability estimates
during service.
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TIMING OF THE STABILITY CHECK BY
EXPERIMENT

It has been a common misconception, that the check
of stability should be carried out at the end of the
cargo loading, i.e. before the ship is about to leave
port. On the contrary, the experimental stability
check must better be carried out during the ship
loading process, in order to allow the master to take
measures in time. The whole OSI procedure takes
only up to 10 minutes time.

Any major error can be detected already during the
loading process, when the bulk of cargo has been
loaded. For a practical choice, we recommend to
carry out the operational ship inclining in the order
of 5 % below the maximum allowable KG-value,
and with a cargo still to be loaded of about 3% of the
displacement, see example in Fig. 2.

850
KG
[m]
1C<'b -

.00 -

7^ .

CALCULATED
CONDITION

LOADING CUR
2. & 3. TIER
ON DECK
STABILITY /
MEASUREMEN1
(OS I )

DEPARTURE"̂
^

VE FOR /~-^
/

//--^————r /l-eoot-

Â.5%K

17000 1800016000
DISPLACEMENT [t

Fig. 2: Suitable Timing of Stability Measurement
during Loading

THE OPERATIONAL
EXPERIMENT (OSI)

The inclining experiment for the ship in service must
be

- accurate
- quick
- cheap
- easy to perform

As early as 1887, i.e. more than 100 years ago. Sir
Archibald Denny was the first to suggest inclining of
ships before departure at a meeting of the Institution

SHIP INCLINING

of Naval Architects in London /3/. Still, it is not
commonly used in shipping. Due to sensors,
computers and electronic circuits, a full automation
of stability control at any instant seems to be
possible now and will certainly come in the future.
First steps have been started at a private firm in
Germany, with a built-in mechanical pendulum.
However, automation is not a necessary prerequisite
for applying the ship inclining.

In our Bremen project /!/, we have studied the ways
to put the ship inclining experiment for the control
of container ship' stability into practice. We have put
emphasis on the most simple and reliable ways of
performing the ship inclining experiment during
service, while using a chord pendulum.

ACCURACY CONSIDERATIONS

Displacement

Ship displacement must be calculated from ordinary
draught readings fore and aft. In order to avoid a
systematic error, a lump sum correction for the usual
hogging deflection should be applied. This is the
proper combination of minimum reading effort with
numerical correction to show good results.

Heeling Moments

For container ships, three different ways of produ-
cing the heeling moment required at the operational
ship inclining experiment are available:

- if the vessel is equipped with cranes, the crane jibs
should be pivoted from one ship side to the other
side. This implies that the crane manufacturer has
established the size of the induced heeling moment
with sufficient accuracy, and with specific
documentation, see /!/ on the crane moment
estimation.

- water in either ballast or special heeling tanks
shifted from one ship side to the other side.

- One or two large weight containers as being part
of the cargo must be loaded onto the ships side stack
position, or shifted sideways as much as possible in
the container stacks. This method requires to weigh
those containers used for heeling just before loading.
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The means of applying and the size of the heeling
moment should be approved by classification.

Fortunately, the moment needed for a ship
inclination during service (OSI) is considerably less
than for the ship yard inclining experiment before
delivery (SYI). The unit heeling moment pe/D for
OSI is in the order of 0.02 tm/t. Fig. 3 shows a
graph of GM versus heel angle O for constant unit
heel moments.

Fig. 3: Metacentric Height GM versus Inclination
Angle depending on Unit Heel Moment pe/D
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Fig. 4: Example Record of Operational Ship
Inclining Experiment (OSI) for Ship during
Service

Fig. 5: OSI Record with Superimposed Micro-Roll
Record of Heel Angle

It is of advantage to record the heel or ship incli-
nation angle during the heeling experiment versus
time. Furthermore, a record allows to check the
vessel's ability to roll freely, i.e. without being
hampered by her moorings. Under certain
conditions, even the natural roll period can be
estimated from the heel angle record, which most of
the time shows small oscillations.

Fig. 4 depicts an OSI record for a container multi-
purpose ship, taken during a 2 month round trip.
The (OSI) record in Fig. 5 shows the static heel as
well as slight superimposed micro-roll oscillations.

However, it is sufficient to take careful notes on the
heel measured, but the gauge used to measure heel
angle should be specifically stated and approved by
authorities-

HeejAnjile Measurement

The specific equipment required to measure heel
angle can be very simple. Theoretical considerations
and practical trials aboard container ships have
shown, that a chord pendulum of 1.146 m length
gives the best results for OSI. This length can be
easily set up and read in the wheel-house or any
accomodation space. Although a larger length of the
pendulum results in a larger geometric deflection
which seems to improve accuracy, this is not true
because of the dynamic properties. With careful
reading of deflections, the short pendulum of
1.146m length allows an mis error not in excess of
at least ± 0.5 mm to be attained. This reading
accuracy is sufficient, so no longer pendulum is
needed. The shorter pendulum allows more reliable

- 229 -



heel readings due to its better dynamic properties.
Longer pendulums are better avoided because they
come closer to resonance with short period micro-
oscillations of the vessel e.g. from heave and pitch.
Fig. 6 shows the calculated transfer function for
different length of pendulum, positioned at the
bridge of the vessel, from solving the coupled
equations of the double pendulum "ship and gauge".

Fig. 6: Calculated Transfer Function of Heel Gauge
at different Length of Pendulum

Fig. 7 shows the allowable error in angle
measurement, if we ask for a GM-error deviation
(rms) of 5 cm not to be exceeded- With small GM,
general the case with OS1 at the limits of stability,
the allowable error standard deviation of the heel
readings is more than sufficient with 0.01 deg
reading accuracy up to 2.5 m in GM-value. Fig. 7 is
an evaluation of the Gaussian law of error
propagation applied to equ. (3):

W" = %2+^2+eD2 +^I2+^II2(4)

where e (X = GM, p, e, <&i/ t&Tr) is the ratio of
the rms error of the particular quantity x to the true
size of the quantity.
In assuming realistic figures for size of quantities
and required GM-accuracy, equ. (5) derived from
(4) gives the permissible mis-error of the angle
measurement versus GM:

(5)

GM.m

Fig. 7: Allowable RMS Error of Heel
Measurement versus GM at Ship Inclining
Experiment

Of course, the heel accuracy as in Fig. 7 holds for
the lightship inclining test as well (SYI), as
discussed by IMO very recently (SLF 34/3/3).
In our Bremen Laboratory for Ship Hydromechanics
both a static and a dynamic test bench for inclination
gauges and recorders have been developed in order
to evaluate measuring equipment objectively /1,4/.

Computer Programs for Stability Control

There are several of reliable computer programs on
the market, which with purpose tailored software
have brought planning of the ship's statical
condition to a high level of reliability, looking at the
calculation procedure with respect to trim, structural
stresses, and stability. However, this is not the case
with the accuracy of the input data. An unknown
surplus in the container gross weights has been
reported, and it can be estimated in the range of 7%
as a world wide average figure, with considerable
variations due to region and commodity.

Thus, the weak point is the accuracy of the input
data of the cargo. Data from direct in service
measurements with the vessel must be used to
update calculation results. Updating requires specific
input capabilities of the corresponding computer
programs.
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RESULTS AND CONCLUSIONS

In this project, a careful error estimation was carried
out on all the partial errors involved, and on the
error propagation for the final outcome of stability.

Input data on loading are very often inaccurate.
Measuring the actual stability status by means of the
operational ship inclining experiment (OSI) is
recommended. A simple chord pendulum of 1.146 m
in length is the only gauge required to measure the
heel angle accurately during the operational ship
inclining experiment. Our tests with different
container vessels in different harbours have shown
the feasability of such an approach, see Fig. 8.

Fig. 8: Container ship during loading

Two main points are to be considered in order to
improve the accuracy of stability estimates for ships:

(i) updating of stability calculations by operational
ship inclining experiments (OSI) during the loading
process (and not at the end of it), so it leaves time to
adjust the cargo stowage and to take appropriate
action.

(ii) development of international standards on the
OSI-procedure /2/, in order to measure with enough
confidence, and to have a record on the
measurement as a base for stability decisions by the
master-

In general, the suggested procedure -stability
estimates supported by measurement - is evidently
useful for any other type of vessel with stability
problems from cargo loading, e.g. for Ro/Ro
vessels, car ferries, multi-ptirpose carriers-

NOMENCLATURE

heel angle<&
GM
GZ
KG
KN

P
e
D

^2

metacentric height
righting lever
height of ship centre of gravity
normal distance from keel point to buoyancy
vector (cross curves of stability)
shifted mass at ship inclining
horizontal shifting distance
ship displacement
transfer function from ship roll to
pendulum
phase shift ship-pendulum
standard deviation of error (mis-value)
relative error of quantity x"x

OSI
SYI

operational ship inclining experiment
ship yard inclining experiment
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CONSIDERATION OF THE INFLUENCE OE A SHIP'S OW HAVE
SYSTEM ON SHIP STABILITY WHEN MOVING IN FOLLOWING SEAS

Lipis A.V.^, Voitkounski Y.I.**

SUI'IMARY
The report proposes a method.

which will allow to take into acc-
ount influence of ship's own wave
system on stability in following
seas in linear formulation.

1. INTRODUCTION
The problem of ship -stability

in following seas, being traditional
for small marine ships, has lately
become topical also for quite large
transport ships due to increasing
ship speeds and carriage of deck
cargoes (containers).

The today's level of develop-
ment of methods for ship waves prob-
lem solution enables us to consider
in stability calculations the hydro-
dynamic effects and the influence of
the hull-generated ship's own wave
system on stability.

In its full formulation the
hydrodynamic problem of a ship mov-
ing in waves is extremely difficult
one: it involves consideration of
nonstationary flow past solid body
crossing the disturbed surface of a
viscous liquid. However, for the ca-
se of ship movement in following
seas with a speed close to the wave
propagation speed and with close
lengths of waves and hull, which is
-the most dangerous case regarding

K Research Scientist
^Professor
Leningrad Shipbuilding Institute
Lotsmanskaya sir. 5
Leningrad, USSR

the loss of stability, the hydrody-
namic problem can be considerable
simplified,, This allows -to use the
results of its solution in practical
stability calculation methods.
SHIP STABILITY ASSESSMENT METHOD

The basis for a calculation of
ship stability in regular following
seas was a method offered by S.N.Bla-
goveshchensky fl"!. The principal ass-
umptions of the method are that the
stability moment depends on the pro-
jection of gravity and buoyant forces
on a frame plane, and that the press-
ure in a wave is following the hydro-
static law.

The features of implementation
of this approach are given in detail
in [2]. A set of computer programs
allows -bo define the ship s-tatic- sta-
bility characteristics in following
seas when setting an arbitrary shape
of wave profile along the ship side,

The consideration of hydrody-
namics of flow past ship within the
framework of such method will lead
to changes in the predicted pressure
field on the hull and in-the shape
of wetted surface due to the altered
running ship trim and deformation of
free surface by the ship's own wave
system. To assess the degree of in-
fluence 'of each of the above factors
on stability characteristics, let us
consider the hydrodynamic problem of
ship movement in following seas ass-
uming that viscosity effects are-ne-
glectable.
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FORMULATION OF THE HYDROSYNAMIC
PROBLEM

The ship moves in following
seas in the mode permitting static
placement of the ship on -a wave with-
out'intense rolling motions. Assum-
ing the -flow to be potential, the
problem may be reduced to finding a
solution to Laplace equation for ve-
locity potential meeting the bound-
ary conditions of:
- the normal velocity of the flow
is aero on the instantaneously

wetted hull surface
- disturbance decay far from the hull
- kinematic and dynamic conditions

o'n the disturbed free surface.
It is known that the solution of the
problem thus formulated is complic-
ated by non-linearity of boundary
conditions and the need to meet them
on a surface the shape of which is
not known in advance.

A justified linearization of
boundary conditions seems to be poss-
ible only for ships with sufficient-
ly great percentage elongation as in
this case the dangerous navigating
condition usually corresponds to an
oncoming wave of small relative amp-
litude; besides,, the relative amp-
litudes of generated waves can also
be considered small.

The linearization of boundary
conditions allows to present the
resultant solution as a superposit-
ion of solutions of two special prob-
lems:
- of a ship moving in cairo water
- of a ship statically placed on
the wave.

Then, the pressure field on
the hull surface will be the sum of
the hydrodynamic component P̂ , and
the hydrostatic component P^ cor-
responding to the present position
of the oncoming wave profile and
the hull

P=Ps+Fw

The complete wave profile along
the ship's side will be determined
by superposition of the profiles of
the following wave and the own wave
found from the solution of the first
problem. This composite profile will
also be in compliance with the ship
trim.

METHOD 03? SOLUTION OF THE SHIP
WAVE PROBLEM

The numerical method of solut-
ion of a linearized problem of ship
movement in calm water is based on
the use of hydrodynamic singularit-
ies. .

A ship hull determined by hull
lines is divided into tetragonal
elements by frames and waterlines.
Wave-generating sources are distrib-
uted over the surface of these ele-
ments. Their intensity is assumed
constant within each element.

To define the intensities of
the sources, the Fredholm's integral
equation of the second kind to which
the kinematic flow condition on the
hull surface is reduced must be sol-
ved. In doing so, the flew past the
duplicated hull in unlimited liquid
is considered and non-wave compon-
ents of induced velocities are cal-
culated.

After that, the wave components
of velocities and the free surface
deformations are calculated. To do
this, we use analytical egressions
for the potential and the velocities
induced by uniform distribution of
wave-generating sources over a ver-
tical rectangular surface element
arbitrary oriented relative to the
oncoming flow velocity vector. This
method and the results of its proof
are presented in detail in Ref.5,
ANALYSIS OF SERIES 60 MODEL FLOW

CALCULATION RESULTS
To define the hydrodynaiaic ef-

fects having the greatest influence
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on ship stability, let us analyse
the results of velocity field cal-
culation for a Series 60 model hull
with block coefficient CB=O.T
and Froude number Fn=0.25

Fig.1 shows pressure distribut-
ions,for several frames. The dynamic
and hydrostatic components are com-
pared with and without regard to
wave profile. It can be seen that
the former is significantly smaller,
therefore the righting moment caus-
ed. by it is smaller too. As to the
calculation of pressure distribution
over the whole surface of the ship
hull, it takes much more time than
defining the wave profile-shape.
This is important for systematic
stability calculations.

In this respect it seems pos-
sible, in considering the dynamic
factors in the calculations of trans-
port ship stability characteristics
in following seas, to confine our-
selves to introduction of a wave
profile along the ship's side with
regard to the own wave system.

STABILITY CALCULATION METHOD

The stability calculation for
a transport ship was made by the
following way,

The most significant component
of the righting moment, or the main
part according to A.H.Krylov, is de-
fined as [1]FM=^ms(x,^)dx
where fMg is the static moment re-
lative to the longitudinal axis of
the submerged area of a frame inc-
lined by the angle 0 . The area is
limited by the relative water level
along the ship's side Z-I.B . In a
static calculation, Ẑ  xs ̂ ê i11-
ed by -the formula

^̂ B̂ XĤ BM
where "JQ is the draft for the sec-
tion of the ship inclined by the
angle 6 iri calm water at stands-

till.
^S-n is the profile of the re-

gular oncoming wave

-^^Cos^X-A)
-^g, is the Wave amplitude
^_(x) is the wave profile generat-or '

ed by the ship in calm water. This
is obtained from the solution of the
ship wave problem by the above me-
thod.

EXAMPLE OF CALCULATION

As an application example of
the proposed method calculations
were made for the stability of the
containership "Khudozhnik Saryan"
("Merkur '1" 'Project), with main di-
mensions of Z*=i57m, Z./B=6-5
B/T=2,85 at ship's speed V. i9

knots (^^D.?.5).Following wave
parameters were used: A'^A -2>^^8.5m.

Six main variants of calculat-
ion were made
1. in calm water at standstill

2iB = Te
2. in calm water with regard to the

ship's own wave system at Frt=0.25

^1B^TQ+ ̂

5. on the top of a regular following
wave (/^ 0)disregarding the ship

wave ZiB^Te^^B
^. on the top of a regular follow-

ing wave (A^O) with regard to
the ship wave ^^'Q-^lSft+^B

5. the same as under (5) but at the
trough of a following wave

A-JWSL
6. the same as under (^) but at the

trough of a following wave

A-A./2.
The ship moved in, a strictly

following seas (angle on the bow=
=s 1800), The static stability cur-
ves were determined for various va-
lues of the ship's longitudinal cen-
tre of gravity ^o , i.e. for va-

3 •.

rious ship loading conditions.

CALCULATION RESULT ANALYSIS

Fig.2 shows wave profiles
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along the ship's side as the basic
data for the above calculations:
1) wave profile generated by the
hull moving in calm water,
2) profile of an oncoming sinusoid-
al wave with the top located at the
middle of the model,
5)'the same profile, with the
trough at the middle,
U-) ̂  -1)+2)) the result of superpo-
sition of the first and the second
wave,
5) = "i)-̂ )̂ . the result of superpo-
sition of the first and the third
wave,

It can be seen that the super-
position of the ship's own wave sys-
tem on the following wave changes
considerably the form of disturbed
free surface near the ship. The na-
ture of these changes depends on
the hull's position relative to the
waves and on the Froude's number.
Thus, in the presented example of
calculation, the amplitude and
steepness of the wave profile is
growing- .Flattening can be observed.
only at the forebody in ease of lo-
cation of the oncoming wave hump at
the middle.

These changes affect the na-
ture of the static stability curves
accordingly, see Fig.5, at the high-
est value of Z.o|=i0.4im an<i draught
-[•-.& 58 w.

From the analysis of curves in
Pig.5 it follows that:
1. When ship's waves are taken in-
to consideration, in calm water,
the maximum righting arm I", in-
creases by 2.5̂ , and the initial
metacentric height ho , by 5"̂ .
2. The decrease of stability at
the top of a following wave, dis-
regarding ship's waves, is 55̂  tor
{ and 28̂  for ho.
5. The same, with regard to ship's
waves: 41̂  for t and $1̂  for ̂ o
i.e. •1.2-4- times higher for t and
•I,82 times higher for 1% .

4. For the ship loading condition
in question (permitted according to
the USSR Register Rules [4] on the
basis of the standard definition of
ship stability) the effect of follow-
ing waves, sea state 7, may result
in a decrease of metacentric height
lower than acceptable.
5. The range of metacentric height
variations in waves is 14̂  wider
with regard to 2,-n than disregard-
ing it.

CONCLUSIONS
The analysis of calculation

results for transport ship stability
characteristics in following seas
con-firms the need to consider the
hull-generated ship's own wave sys-
tem. From the above example it is
clear that disregarding the ship's
wave may result in an error on the
dangerous side. This is dictated
mainly by the peculiarities of the
containership hull form (sizeable
bulb and inclined side over the
whole ship's length) typical for mo-
dern fast seagoing ships. For such
ships, the deformation of the oncom-
ing wave profile along the side by
their own system leads primarily to
a reduced waterplane moment of iner-
tia, i.e. to a reduced metacentric
radius.

The developed calculation method
and the set of computer programs to
enable its application allows to con-
sider ship's own waves when assessing
stability in following seas.
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Fig.2. Wave profile along the hull
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A CONTROL OF AN UNSTABLE MOTION

OF

A SEMISUBMERSIBLE PLATFORM WITH A LARGE LIST ANGLE

Mikio TAKAKP and Yasusht IIIGO*

ABSTRACT

This paper deals with properties of dynamic response of a semisubmersibic platform with a large list
angle in beam sea condition. In a previous experiment, an unstable motion lias occurred at certain wave'
frequencies. We have made clear a mechanism of the unstable motion. As a result of a numerical simulation
of motions, it has become clear that the unstable motion is a subharmonic motion; it is mainly affected by
a nonlinear coupling moment and pha^e lag between motion and wave exciting force.

In addition, we propose a new control device for reducing a list of a p-latform from a standpoint of safe
operation. We have confirmed a validity of the proposed device by a numerical simulation both for a static
condition and for a dynamic one of platform. As a result, this device is useful for stabilising a ^cmisubmersible
platform with a large list angle.

1. INTRODUCTION
Up to now, a large number of semisubmersible

platforms have been put in operation under a de-
velopment ofsubsea oi] production in a sea all over
the world. And most of semisubmersible platforms
are usually being moored to operate in limited ar-
eas for a long time, because it has been consideicd a
stable and safe structure on the seas. This mooring
system of a semisubmersible platform makes some
differences from a conventional ship at a standpoint
of a safe operation. Takarada et al- have pointed
out that a moored semisubmersible platform may
get into danger at a sea condition where a ship
floating freely is safe [I],[2]. Furthermore they have
made clear the mechanism of capsizing phenomena
of a semisubmersible platform [2], and have inves-
tigated effects of a fairlead location on a stabil-
ity and sea-keeping qualities of it [3]. According
to their studies, mooring lines restrict a horizontal
displacement of a platform, and a reaction force of
it, which depends on a fairlead location, induces
a heeling moment on a semisubmersible platform-
Hence the fairlead location affects not only a sta-
bility but also a motion performance of a semisub-
mersible platform [2],[4].

Takaki e! al. have made clear the relation be-
tween motions of a semisubmersible platform and
a list angle of it [5]. Namely as a list of a semisub-
mersible platform increases, unstable motions take
place. Besides the larger a list of it increases, the
larger a rolling amplitude becomes in the low fre-
quency domain in irregular waves. Thereby a semi-
submersible platform with a large list angle is unfa-
vorable from a standpoint of a safe operation. This
unstable motion, however, disappears, whenever a
list of a semisubmersible platform becomes smaller.
It is therefore the most important way to keep a
small list of a semisubmersible platform at any time
for a safe operation.

* Hiroshima University, Japan.

In this paper, first we make clear a mechanism
of unstable motion of a semisubmersible platform
with a large list ane;le in regular waves by the nu-
merical simulations of motions. As a result of it , it
follows that the unstable motion is a subharmonic
motion; it is mainly affected by a nonlinear cou-
pling moment and phase Ug between motion and
wave exciting force.

Next, we propose a new control device for re-
ducing a list of a semisubmersible platform from a
standpoint of a safe operation- The fairlead loca-
tion can be easily sifted to reduce a tilt moment due
mooring lines to minimum by applying this device.
We have confirmed a validity of the proposed de-
vice by means of a numerical simulation both for a
static condition and for a dynamic one of platform.
As a result, this device is useful for stabilizing a
semisubmersible platform with a large list angle.

2. UNSTABLE MOTION
2.1 Model and Experimental Result

A model used in this experiment is an usual
semisubmersible platform having two lowcrhulis,
four columns and two horizontal braces. The model
is the 1/50 scale model, and its principal dimen-
sions and the natural periods of motions are shown
in Table 1 and Table 2 respectively. Ftg.l shows a
right handed coordinate system used in this study.
The z-axis points vertically upwards, and the x-y
plane is coincident with the calm water level. Pig.2
shows the experimental condition, in which a lib!
angle of the model can be cliangcd to (lie maxi-
mum ±20° from the up-right condition by adjus-1-
ing a balance weight on the deck-

Fig 3 shows a typical time histories of a sub-
liarmonic motion in our experiment. It follows from
this figure tliat a peiiod of rolling motion is twice
the length ofarpgulai incident w-avc, and tlie rolling
ampliludc becomes largei and larger. At the same
time, a sinkage of I lie model increases, whenever
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Table 2. Test ("ondilions

Initial angle

Heel
Heel

Heel
Heel

•Id :

* - 10°
f " 20°

- 10°
- 20°

VerCLcal distance frOic still "aCer level
co under deck

KG(n)

0.412
0.412

Ilatural. period (sec)
Sway
20.5
19.9

Radius of
gyrari-on

R (=0
0.605
0.605

Heave
2.S2
2.33

Air gap
ld(m)

0.156
0.052

Roll
6.69
5.39

I- ' i - . ! . lt;!ti'*,s of Mni)haEi i io i i ic component to funda-
n i f . - i i t a l coinponeiil of rolling motion

a top of O!!P sidod lowcrliull breaks --(-irfacc. VI'J,. \
shows the percentages of the subharmonic compo-
nent, (^/2, to the fundamental component, n; or
rolling motions. The siibharmonic component of
rolling motion becomes larger near half the n a t u r a l
period of rolling motion. Tn particular, (.his un-
stable motion takes place clearly at the initial !isl,
angle of —20°, and its maximum amplitude is al-
most as large as the amplitude of the Hinda.iiienlal
component. On tlie other hand, the subharmonic
component nf i h ' - initiai list angle of +20° is not
so large ;i?i l i < ; t ! of —20°. in t h e next place, when-
ever a list of (lie model decrccires less than 10°, i f ^
motion becomes stable

so large <^ l i < ; t ! of

Thereby it is of importance to make clear the
mechanism of this unstable motion from a. stand-
point of a safe operation, because this unstable
motion induces the dangerous condition sucli as a
small airgap and capsizing.

Fig.1. Co-ordinate system

Kig.2. Model bot-up

Fig.-'l. Records of exporimenta] tune history
(0o=-20 a . ^ /^= . ' i . 0 )

2.2 Classification of Unstable Motion

So far a many researchers have studied on un-
stable motions of a ship and/or a semisubmersible
platform [7],[8^,[9]i[10]- These are classified into
four categories [6]:
(a) Asymmetric roll
(b) Jump phenomenon
(c) Ultraharmonic resonance and subharmonic

resonance
(d) Parametric oscillation

Let us examine these causes of an unstable
rolling motion. The first category (a.) is mainly
caused by a change of a righting moment arm GM.
In our experiment, a water plane area of the modei
is smaller than that of a ship- The change of a
righting moment arm therefore is small at every
moment. Hence this unstable motion of a semisiib-
mersible platform seems different from an asym-
metric rolling motion.

The second category (b) is caused by a shift
from one of two stable solutions to an oilier, because
tlie equation of motion has a cubed nonlinear l ight-
ing moment; there are two stable solutions and one
unstable solution. As shown in Fig-4, the time his-
tory of our unstable motion is quite different from
the jump phenomenon.

The third category (c) is the higher order res-
onance; it is generally caused Ly a higher ordcr
exciting force wit.li a subharmonic componeni and
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Fig-5. Ratios of subharmonic component to funda-
mental component of wave exciting moment
at heel angle -20°

an ultraharmonic one- Fig.5. shows the percent-
age of the subharmonic component, ^/2, to the
fundamental component of the wave exciting mo-
ments in our experiment. The wave exciting mo-
ment scarcely includes the subharmonic component
as shown in Fig.5. Thereby our unstable motion
with the frequency ofcJ/2 is not caused by the third
category (c).

The fourth category (d) is an unstable phe-
nomenon at the condition of I^JUJQ ==- n, where o^o
is the natural frequency for rolling motion, a; is in-
cident wave frequency, and n is integer. Paulling
has showed that the equation of motion can be ex-
pressed by Mathieu's equation including the non-
linear hydrodynamic forces on a ship, and has ver-
ified experimentally the development of the unsta-
ble rolling motion by carrying out the forced oscil-
lation test [7].

Our unstable motion is very similar to that
of the category (d). Thereby we assume that our
unstable motion of a semisubmersible platform is a
kind of the parametric oscillation, and investigate
the mechanism of it.

2.3 Mechanism of Unstable Motion

The simultaneous equations for the nonlinear
lateral motions due to a parametric oscillation can
be generally expressed as follows:

A^<j> 4- -044^ + B44N4>\<j>\ + 044(1 ~ 2A sin ̂ ii)4>

+ A^y 4- -843 y + 642 y
+ A^'i + B^'z + C^z = M^ (1)

(b) Variation of mooring reaction force
(c) Hydrodynamic forces due to asymmetric form

of a semisubmersible platform with a large list
angle

(d) Asymmetric tilt moment due to a difference
between hydrodynamic forces on two lower-
hulls Now we examine the effects of the above
causes on the unstable motions in the next sec-
tion.

Fig.6. Simplified model of a heaving body

2.4 Effect of Righting Moment Arm

We consider about the wall sided body shown
in Fig. 6, where,

VQ : initial displacement,
TO : quadratic moment of water plane area,
BoMo : metacentric radius,
GoO : distance between center

of gravity and origin,
ByO : distance between center

of buoyancy and origin,
Ay, : water plane area-

We have the following rolling moment, when the
semisubmersible platform is heaving.

Vn GnM,

- -W - GoMo(l + hoMR^ (4)

where,
Aw L , GoO

(5)H'GMII ~ -r— -I +
Vn GoM,

A^y + -022S/ + C-ilV + A-23'Z + B-isZ + Cl^Z

+ A^ + B^ + CW ̂  Fye

ASS'Z + -0332 + CssZ + Amy + B^y + C32V

+ As4<J> + -834^ 4- CW - F.e (3)

When a semisubmersible platform with a large list
angle is loosely moored in waves, the following four
items can be considered the causes of the unstable
motion:
(a) Periodic variation of righting moment arm GM

due to a heaving motion

h-GMR is the nonlinear coupling term from heave
into roll.

Fig.7. Simplified model of a semisnbmeisible plat-
form with a large list angle
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z.._> Jiiiieci 01 ivioonng neacuon. force

\\ l ion \\i i on^idei l l ie model of a semi'-.ub-
i i ieisihic pl.ii | < i i ; n niooied shown in F"ig 7. the t i l t
moinein d i i e l o t h e mooimg foice^ can be express.--,,!
a-^ follow ^

,V,>(o)--[(/YiO^- ryBoL',

+ ^B AO^a + 7iiBO-Lb}
+{J\zy^LI,~Kz•ZDL'^,

+ ^ZYA^a +^ZYD^b)z

+ [KyZA^'a - KzYB^'b

+ ^YYALa + KYYBLi,)y]<^

=-w wfo
{^hR+^hZR^+^hYRy] (6)

where K Z Z . ^'zy. ^YZi and A"y)' are spring con-
stants from hea\c into heave,from sway into heave,
fiom heave nilo sway and sway into sway respec-
tively.

MKR

+ TifAO^a + TfiBO^h]

IthZR = ——————[KZZA^ - KzAB^'h
WGoMo

^ K z Y A L a - ^ K z Y B ^ h ]

^^W^o^'2^-1'2^^
+ KYYA^a + KYYB^b]

La — L cos 4»o — II sin ^o
L'^ = L sin ©o + f f cos ^o

Lb = L co& (f>o + If sin ^o
L'f, = L sin (J)Q — H c.os ̂ Q
60 ; initial list angle

of a semisubmersible platfoim. ,

(7)

(8)

a i i i t ;/,(i in l i i c ' iUi^ rl l a \ l o i •' cxpan-'ioii a'-> lollo\\

^'VJy (--.„)
()z ''

+0(-~

0^n[~^)
(-)-.

+0(-

wlieje,
In == /C(isoo — II sin Oi
/i, = /(-osc'o + 7/hin On

10)

We can expie.->^. {lie \ei1u\'d li^ diod^ nd in i c io [<- f -
due to hea\mg fioni llie ecjiicilionb ( S ) ) am! ( 1 0 ) ii-
followb.

^a- - (^ -^o) \Mn[^o)

, ()Mn{^} "
+ ————— =- /«<?oz , .

r } (D
F-a = -{z - /^) LV^(^o)

+W^O).(,_^

Thereby tlie t i l t moment CcUi be expie-^cd 1^ iie-
gleclmg the lugiiei ordei of (]ie equal 1011 ( I I ) ,1-.
follows:

AW) = -F^{1. - W + ̂ (4 - W

^ \{^if^ • 1. - Miib • ih)

- ( M f ^ - l ' ^ - M u t , l',]<p
, (OMn., 9M,,.\

()':

'OMH.^ ^f;>,^^ ,
()-,

+ \-{^iia ll-Mnh it

ri'o : initial lisl angle of a semisubmersible pEatfoim.
Theiebv h^z^ and h^yn are tlic nonlineal

coupling tcim of the mooiing force from heave and
swa.y into loll

2.6 Tilt Moment Due to Asymmetric Form

The t i l t moments aic caused by the difference
of tlie h)diodynamic foires on both lowerhulls and
the derivatives of added mass on both loweihulls
with icspert to 7-diicciion at e^ery moment. Let
^d and 0u 1)0 i n i f i a l ^crtlca! position of Use center of
a,iavity and HIP in i t i a l list angle ichpcctively. Sim-
i!;uEy let z and 6 be a heaving displacement and a
lolling one iespectivoly, wlieie G'()O > 0, and the
centci o fg i av i t y i:- upwaids of the o i l g i n at Fig 7.
z,i and Zh aie ilio pobitions of tlie lowciliiills A and
B, and Zao 9nd Z f , o a1"^ ^n<' ini t ial vcidral position
of llie loweihiili--, A and B

Let aniline t l ie amplilud^ of motion veiy •'mall,
and then I lie added ma^s M ] } for hea\e on eacil low-
r i i iu l l ('an be expanded about t h e position--, of ;,io

-^-(MHO la ^- ^IIb ib {'h}o

(Q^na.2 , Q^^Ih,-^,

/'^^._^^M ,
+[ 9z la ^ ^o jof l .

A^(-?»- \-{Mn. I'a-Mn, !',:

^V/7a,L- S^hib ,-,
I , ~-0

'Q^hia , ) , O-Mub ,A^-/:-+ m^!b
 ~-u

+ (A^, ^.^+.V/^./;, I',

n\ oo(i.i)+

In the above equation, the filst and tlie f i l t l i le im
are the linear coupling moments The nonhncal t i l t
moments due to heading and lolling thoiefoic can
be expressed hy
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Assuming ihe periodic m o t i o n of-i;. we f inal ly have
(lie following e q u a t i o n .

^(^o)--n- -c;,, .Uo
- [/'zzfi-' + i>zHno]6

w lie re,

/?2;ZJ? = —

f>ZRR WGoMo
'OMna ,3 <W/6 3

^7^ ~ ̂ T^
+

M^ = A^(^o)MHO = Mff(z^
(15)

(16)
I'a = I cos (J)Q+ H sin ^o 1
^ = ^ cos ^o — I I sin 1^0 |

In t!ie same way as the above equations, the non-
linear <ilt moment due to swaying and rolling can
be also expressed as follows:

M4(y,o)=-W -'GoMo
• [hvYRV + hyzRZ + h-YRR^ (.17)

It-YYR

i'-YZR

^2RR

MS. --

MS ;

—U}-

WGoMo
( Q M s ^
\ 9z f(1

•>
-0;

WGoMo
•> r

- -'"
WGoMo L

f Q M s a ,
[ 9z t a " t a Q z ^ ' ^ 1\

=Ms{zao} , ^sb-=Ms[zho} ,
added mass for sway.

(Msa • la - Msb • I f , ]

I1 I 9Msb! !'}]ia ' 9z l b ' i b ) \

t O M s o , , ^ , 9Msi,,^\
[ 9z la + Oz lb )

[Msa • I . • ^ + Msb - lh • l[}

,,2 9 M s h , ,,2\]

(18)
Rearranging the equations (4) lo (18), we can get
finally Hie nonlinear tilt moment on a semisub-
mersible platform with a large list angle as follows:

M ( y , z , ^ ) = - W - G o M o

• [(J'KYR + hYYR} -V

+ {I'tiMlf + ̂ KZR + h-ZZR + llYZR} • Z

+[l'YRR+hzRIi}-^ (19)

Substituting the alcove equation into (1), we liave

A^+ B^(J)+ B^4>\<1)\
+ w • w^
• [l + MKR + {i>KYR + l'YYR)y

+ (il(..\! f { + ̂ KZH + ̂ ZZR + ̂ YZR}Z

+ ( f ' Y ^ H -i- ^-.RR)0\('>

+ A^y + H y ^ j + C^ll T Ai3^ + B^z + C^z
= M^ (-20)

Tile equation (20) i-? Matineu'.s ( 'q t ia t ion having the
coupling terms and (ho wave rxc i i l i ig moment.

3. NUMERICAL SIMULATION

3.1 Hydrodynamic Force

We have evaluated tlie liydrodynamic coefh-
cients of the equations (1) to (3) by applying 3-
D singular distribution method. One side of the
lowerhulls, however, comes near a free surface and
its top sometimes breaks surface in waves, when a
list of a semisubmersible platform becomes larger.
As a result. It lias been made clear that. the esti-
mation accuracy of the hydrodynamir forces on a
submerged body in a v ic in i ty of a free .'•.urrace be-
comes worse [II], [12]. Hence by applying a Spline
function to the exact hydrodynamic forces, we have
approximated them'on it with a large list angle.
In addition, the vertical derivatives of llie acEdc'd
mass with respect to z-dircct.ion in the equation
(20) are evaluated from the numerical differential
of the added mass above estimated.

10.08

5.00+

(a)Sway

(b) Heave

Fig.?. The derivatives of added mass of lowerhull
with respect to z-direction

Fig. \' allows the derivatives of the added mass
on the lee-side lowerhull for sway (a) and heave (b)
estimated by the above method; the horizontal axis
of this figure corresponds to (.he list angle.

Fig. 9 and Fig. 10 show She absolute vai-
ues of the unstable parameters, h: in the equation
(19) at tlie list. angle of IQ" and 20° respectively;
the horizontal axis of figures corresponds tlie ra-
tio of the oscillating frequency to twice the lengi l i
of the roUmg natural frequency. It is clear [roin
these figine,-- ( h a t the values of the unstable param-
eters h-a.Mi! duo to the change of CM and /'A-y?,-,
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f ' z z R , h-ZRR cme to the derivatives of the added
mass are large. In particular these values of the list
angle 20° are larger than those of (lie li^t angle l O 0 .
Thereby 1h" unstable parameters become linger. as
the list of platform becomes larger. We have car-
ried out Ine numerical simulation by making use of
the Runge-Kutta-Gill method, and have examined
the mechanism of a parametric oscillation.

angie, —ZLT ana -t-^u' respectively, i lie smiiii^ <|
values are qualitatively good agreement with the
experimental ones. The difference, however, ap-
pears at the list of —20°- It is because that we have
used the values of the viscous damping B^^y at ( l i e
rolling natural period in calm water: the values -,uc
not useful for simulating exactly the &ubhaimoii i<-
motion in waves. The viscous damping; however.
affects essentially not. the mechanism of tlie siib-
harmonic motion but the amplitudes of motion.-..

— haiHH
—° hiiza
—BhKYB

hztn
• hlYH

' btZB

hzRB

I hYBH

oL-tf-
0,0

Fig.9. Nonlinear coupling term at heel angle 10°

Fig. 10. Nonlinear coupling term at heel angle 20°

3.2 Comparison of Simulation and Experiment

Fig. 11 shows the numerical examples with list
angle, —20°, at wave length ratio, X / L = 5, where
the subharmonic motion has occurred intensely in
the experiment [13]. The subharmonic motion oc-
curs as large as the experiment as shown in Fig.
3. On the other hand, the motion with the list
angle, 20°, is stable as shown in Fig. 12. }n ad-
dition to these simulations, Fig. 13 shows simula-
tion results with the list angle, —20°, in which the
unstable parameter, h, is not taken into account-
It follows from this figure that unless the unstable
parameter, h, is taken into account, the unstable
motion never occurs at the condition where even
if the list angle is —20°. It therefore follows that
the phase lag between a wave force and motion,
and the unstable parameter, h, such as f r / z f t ;UK!
^•ZRH a,nect intensely the subharnionic component
of rolling motion.

Fig. 1'! shows the comparison bclwcen I he ex-
pei-iiix'nlai result and simulation result obtained by
Fourier analysis of both the tune histories. '1 lie
bold l ine and the dotted line correspond ! < > i l ie sim-
ulated values w i f i l I f i e lisi ;uigle, -20° and +20°
respectively, the whi te circle and I lie black circle
correspond lo 1 lie expel inieni al values w i l l i ( l i e list

- F i g - J l . Simulation of motions with unstable param-
eter
(<po== -20° , ; \ /£=5.0)

e-8
2B.(1+

'v/x/^'^/\/^/\/\/\/^
,e ie-B sfl.a

.a IB.B w.e

3B.B 4B.0

A A A A A A A A A

sa.s -iB.e

-a if 3B.B 38.8

Fig.-12- Simulation of motions with unstable param-
eter
(^o=20° .A / -&- ,S .O)

'ii!, l-'t- Simulat ion of motion1' without unstable p»-
r-iim'ler
( . . o - - 2 0 ° . . \ / A ^ Y O )
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F i g . I + . C'uinpa.risuns of calculated and experimental
results luT tile •'iiblia.rmouic component 0 - 2 0.3 Kfl

Length ("1)

Fig.15- General arrangement of the new mooring sys-
tem

4. CONTROL OF MOTIONS

4.1 Proposal of Control Device

As mentioned in Chapter 2, as the larger the
list of platform increases, the larger the rolling am-
plitude becomes, and the more dangerous it, be-
comes. The unstable motion, however, disappears,
as the list of it becomes smaller. It is therefore of
importance to keep a small list from a standpoini
of a safe operation. Hence we have developed a
new control device of motions of a semisubmersible
platform; it can move freely the fairlead location
to the most suitable point on a column in ordcr
to reduce a tilt moment induced by environmental
loads to a minimum.

The control device developed newly is made
up of two fixed pulleys A & B and one driving pul-
ley C as shown in Fig.15. The fixed pulleys A & B
arc set up at, both the upper and the lower end of a
column, and the mporing line AP passing through
the driving pulley C is stretched from the fixed pul-
ley A. Let 7y>, 7'.i, TB be the mooring tensions of
line-, /V. AC. BO respectively. Then we have t he
following equations among these tensions and the
angle;-; ap. n / i , an.

T,
'•21

sm a'!> sill rtyi sin H I )

We therefore ran move tile fairlead location C to an
a r b i t r a r y posi t ion between the co lumn length AH
by changing t h e mooring tensions V',.i and ' J ' n .

Fig.'16. Keel angles in wind-up condition

Roll (Heel=20.0 deg)

Condition

Moraial Cond.

No Mind-up

Wind^up cond.

Exp.

Q

Cal.

Symbol

————

————

Significant value

7-25 (deg.)

S.09 ideg.)

6.56 (deg.)

Fig. 17. Spectra and lime histories o{ rolling motion

4.2 Control of Static and Dynamic Condition

The model is set up in beam sea condition a,s
shown in Fig. 2. Under this condition, the righting
moment on a semisubmersible platform affects in-
tensely its safety performance. We therefore stiow
only heeling angle and rolling motion in irregular
waves as one example of using this device.

In Fig. 16, let Normal Condition be that f ix '
fairlead location is set up at the design point of
0.31 m upwards from the keel line, let Rigliting
Condition be that two fail-leads arc set up a( hot ti
the upper end and the lower end of the column- In
Normal Condition, heeling angle slightly reduces by
only 1° a'iJ 2.5° from the initial list angles of iO"
and 20° respectively. Wliile in Righting Condition,
this device reduces the list angle larger than 10°
from both the initial list. According to the refer-
ence [51, the method of adjusting the ballast watcr
can reduce by only less than 3--5° at the same initial
list angle, 20°. Thereby it. becomes clear that this
device i-; useful for controlling a list. of a semisub-
iiier.siblo platform.

Fig- 17 sliows fhe comparison of'spectra be-
tween f l i e experiment and simulation, and its t ime
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When !!](' device put;-, iii opera t ion : ihe mooring
lines arc wound up. th< ' slow roi l ing ampl i tudes be-
come smaller ; ] i i<[ [he in i t i a l S i s t s of 10° and 20°
recover To ihe mean lisi angles of --0.06" and 7.11°
respectively. I t becomes clear from this s imula t ion
that t l ic new proposed control device is useful for
reducing the osci l lat ing ampl i ludes of ( l i e listing
platform a^ well a'-, i l ia! of a static one.

5. CONCLUSION
From I lie s tandpoin t o f l h e safety operation of

a semisubmersibie plaff 'onn. we have made clear
the mechanism of the unstable molion and pro-
posed ihe new mooring system. The main conclu-
sions obtained from tl i is study may be summarized
as follows:
(1) The phase la;;; between a wave force and mo-

tion. and (lie unstable parameter, h, affect in-
tensely the subharmonic component of rolling'
motion.

(2) The unstable parameters become larger, as the
list of platform becomes larger, -it is because
that the difference between hydrodynamic
forces on f.wo lowerhulis become;-; larger, when
one side of the lowerhulis comes near a free
sur face-

tS) From a standpoint, of a saf'' operation, t l i c con-
trol of the list of a -.omisubmersible p la t fo rm
is the most imporlani in order f o reduce a SisI
and/or to remove !iie uns labie inof ion .

(4) We propose the new mooring sy-'-.iem f o controi
tlic list of a semisubmeisibie p l a t f o r m .

(5) The validity of this confi-ol sysiem is confirmed
by the niimericai s i m u l a t i o n .
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RESEARCH TOWARDS C R I T E R I A OF STABILITY
OF CIVIL DECK BULK CARGO SHIPS

Yang Diberg*, Huarg Weip i rg* , J i r g Qi l a r** ard Wu Zhi***

ABSTRACT

In this paper, a suggest tor is proposed to set up the critFria of thp stability of civil
deck buck cargo ships. It bases or the mechanism of deck cargo slipirg, the theoretical
analyses and the calculations of added-capsiz irg momerts to ships due to cargo-sl iping,
the results got from tests of rol1ing-plattcrm ard the tark expenmer ts for models, Thi,
suggestion has beer accepted by the Register of shippirg of the P.R. China, (ZC).

This

INTRODUCTION

Ir the civil shipping of China, deck bulk
cargo ships have a very important positior
both for amount and deadweight torrages.
They have advantages such as intact struc-
ture, light weight, easily to be load on or
off, etc, but the gravity centers of cargos
are high. The bulk cargos are easily to
slip when ships are in rolling, and they
aggravate the capsizing of ships,even cause
a capsizing mishap[lj.

The influences of cargo-sliping to
stability of ships are extre.mely concerned
with various countries. Nedrelid T. has
made a theoret ical analysis to stability of
the slopes of bulk cargos[2]. A proposal
made by U.S.A. has been sent to IMX>, sug-
gesting a simple step to 1 imit the heights
of cargos, so as to guarantee the safety of
ships before cargo-sliping[3]. It's also
concerned in China that cargo-sl iping causes
capsizing accidents. But the comprehensive
research work to cargo-sl iping have not been
launched actually. Up to date,the influen-
ces of cargo sliping have not been consi-
derated in the civil standards of stability
of al1 the countries.

THEORETICAL CALCULATIONAL METHOD
OF CARGO-SLIPING

Although theoretical calculations to cargo-
sliping is similar to civil engineering,
they have some characterics as follows:

1. In civil engineering, the slopes
are in static states; while the deck cargos

*--Both work in Huazhorg University of
Science and Technology (HUST) as
associate professors, in Wuhan.

^--Greduated from HUST as a Master in 1989,
now works in Wuhan Shipbuilding Deve-
lopment & Design Institute, P.R. of
China.

***, -Graduated from HUST as a Master in 1986,
now studies in HUST as a doctor of me-
char ics.

are in motion with the motion of ships,hav-
ing velocities and accelerations.

2. In civil engineerirg, its mainly
concerned about the stability of slopes;
whiIe in calculations of cargo-sliping,
further decisions should be made of the
sliping condit ions of cargo slope, the pro-
cess of sliping and the shapes after sliping
ard the added-capsizing moments of ships due
to cargo-sliping.

3. It has been observed in experiments
that besides lossing stability and collap-
sing, deck bulk cargos would slip wholly or
partly along the surface of deck. The dan-
gerou surfaces of bulk cargos appear as two
demarcations with different features.

Similar to rock mechanics and civil en-
gineering, we get that the shearing stress
which can be supported on any face of cargo,
or shearing strength Tf, keeps with Column's
formula in certain range.

( 1 )

where, CT is normal stress on shearing face.
C, ̂  is coherent specific coefficier-

ce and frictional ar^gie of cargo
seperately.

Since there is some water in the void
of cargo. When the cargo is compressed there
will be a certair void pressure^which has a
relationship with total stress 0 and effec-
tive stress 0'' .

a = o' + V ( 2 )

The degree of stability on any sliping
face of cargo is showed by T versus Tf, or
Fs = Tf/T. Fs is called as safety coeffi-
cience of the face. If Fs<=l, cargo wi11
slip along the face. The most dangerous
face is the face on which Fs gets its mini-
mum.

Fig.l indicates a certain different ial
strip of deck bulk cargo. Li.ne il - 3 shows
a slope of cargo. Line 2-4 shows a sliping
face and aw—gravity
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cLM ' , (IS & dv's--et fret ivp ["orma 1 force,
tangential iorce, void pressure or
slipir.g face, seperately

E,T & V--effective normal force, tar-
gential forcp, void pressure or. two
sides, spppratply

dOy, dQz & dMx—inert ia forcp ard mo-
ment when the strip is ir motion with
ships roll, sway, heave & pitch

Establish pquilibrium equations of th?
slipirg face, and of the moments to thp cen-
trp o'of differential slipir.g strip. Baspd
or the limit dynamic pquilibrium thpory, we
havp

pr.ds to thp s l i p i n g body

2. Gerpral s l ip surfac? (GPS) mpthod.
S l ip ing face can be formed from any

surface . Ypf suppos" that a l l th? s ta t ica l
forces or a di.f ferer t ial s t r ip pass through/
the rpsul tar t poir t on. th? s l ip ing face. The
point ol the hor izonal pul1 ing force is lo-
cated or. the lowpst of which divide the side
of the s t r ip in to three equal par ts . This
supposition is based or. large quani ty pxpp-
r j m p n t a l obsprvat ions, and s a t i s f i p s , the
accurar.cy of enginppring calculat iors. Dis-
peising pquations from ( 3 1 to ( 5 ) , we gpt a
group of equations as fol lows:

dS=(C'dy.seccn-dN' .tg^>' ) /Fs ( 3 )
= Ci ' /Fs+( cii-Vi ) . tg^ ' /Fs ( 7 ;

Introduce Morgenstern '& Price conditiors:[5]

1. shearing strpss on thp diffprpr.tial
strip of slipirg face dops not exceed shea-
r ing strength.

01

Fs

Wi-Qzi-Ri
dyid-tgoi- i . tga i /Fs )

[ C i ' + ( q i - V i ) t g g i ' i j dy i
"Ea+Eb+^tui .tgai .dyi+Qyi+Vi+Vi n ]

8)

( 4 )

can ' t stand pu l l i r g forcps. So
resultant l ine or. thp d i f f e -
would not be pointed out f rom

2. Cargo
thp e f f ec t ive
rent ia l s t r ip
thp str ip.

Amalgaroatp two pquatiors of thp forcps
and moments, and simplify thpm. It comes
out two nonlinear equation groups which arp
i n de t e rmi na t ed.

dZ,
dy-

,dE
( c i y +

,dT
^dy

+[!+(

^n
dy

dW
' dy

^K-l / J Vdy

tg^' dZ
Fs dy

dQz, , tgii
dy " Fs

C' tg^
Fs " Fs

^ dQy tg^-
)+ d y ( l + Fs

' + dz} •'+ dy1

d dE d dV
dT=^(E.2t)-Z^.^(V.ht)-Z^

_dQ^ dl^^dQ. /
dy q dy dy 4

where, Yq, Zq-coordinatps of certpr of
str ip 's quali ty

Ir rock mechanics and civi l enginppring,
two kind of mpthod arp used to solve the
abovp pquat ions

1. Bishop's m p t h o d [ 6 ] , [ 7 ]
Suppose the s l ip ing face is cyl indr ica l .

Using an pquatior of mompnt to the cpntpr of
the cylinder surface instead of equat i o r ( 5 ) ,
we can make a s i m p l i f i c a t i o n . Thp safpfy

on thp s l ip ing face is

_____[Ci '1i .cosqi+Nf]/Mqi__
[;'Wi (Yoc-Yqi )+Mq]/R+MPU/R+ 1 MxiFs=

whprp, N f = ( W i + Q z i + T i - T i . + i -A/i . 1 i .cosr i ) tg0 ' i
Mq=/Qyi (Zoc-Zqi ) - / 'Qz i (Yoc-Yqi )
Meu=(Ea+Va) (Zoc -Za ) - (Eb+Vb) (Zoc -Zb)
Mai=cos(xi+tgf^ ' i -s irrai /Fs
l i - l p n g t h of d i f f p r p r t i a l s t r i p or

the sl ipir .g face wi th ar order
rumbpr i

Yoc.Zoc-Cprter coordinates of c y l i r -
der s l i p i r g face

Ea ,Eb,Va & ''/b-'-hori zonal pul 1 ing ,
forcp ard void pressure or two

( 6 )

( 9 )

Ei+i=Ei+(Vi -Vi+ i ) + Q y i + ( t g a i - t g ( z S ' i / F s ) .
o i . d y i - ( C ' / F s - V i . t g 0 ' i / F s ) d y i

( 1 0 )

Ti-r i=[£i+i ( Z t , i + i - Z a i ) - E i ( Z t , i - Z a i )
+Vi+? (ht ,1-t-i -Za i ) - V i ( h t , i - Z a i )
-Ti (Yai -Yi)+Qzi (Yqi -Yai ) -Qyi (Zqi
- Z a i ) ] / ( Y i + i -Yai)

where, Ri=(Ti-Ti+i ) - (Ci • +tgsi' i .Vi)dyi.tgai/Fs
Yai , Zai-coordinates of the point to

thp rpsultant on s l iping facp

Solvp the above f i v p equations by re-
peat i teration, can get the safety coef-
ficency and various forces.

Using the above theoretical and calcu-
- l a t i ona l methods to calculate s l ip ing of
deck bulk cargos. We have also got some
work mainly as fol lows:

1. Dpside physical and mpchar.ical para-
meters ( load factor , free slope angle and
shearing strength) of several ^omnon oul k
cargos, by the aids of large quanity of
tests.

2. Deside motion parameters through
theoret ical calculations and model tests.
The motion is coupled wi th r o l l , sway, heave
and pi tch.

3. I t is approved that the safety coef-
f ic iency Fs, considering the ef fec ts of
veloci ty and acceleration to the motions,
is s t i l l a s ingle kurtosis ir the search
range. '-;' the i tera t ing process to search
the most dangerous s l ip i rg face is always
covergent, as long as the searching range
is appropriate

RESULTS FR£M M3DEL TESTS AND
THEORETICAL CALCULATIONS

I. Stat ic capsizing tests of bulk
cargo sliping

Fig-2 and ^ig.3 show the results of
static capsizing tests for a model loaded
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with coal ard sand seperately. The model is
one-tenth scalp of a part of a 1000 tors
bargp, and thp part is used to load cargos.
Thp curves showed ir thp f igurps arc got
from thporptical calculat ions. Mcl or Me 2
is thp capsizirg moment courting or rot
counting cargo-sliping. Curvp D is th?
wpight linp of modpi loadpd with cargo. It
may shew th? si tuat ion of cargoes 1 ipir,g over
rai 1 ings and fal 1 ing down. The capsizing
moments measured in th? tpsts arp also
showed in th? figurps with different sym-
bols. The samp kind of tpsts is carripd out
to pnosphor-ore and Korea-iron-orp. Also.
tpsts and theoretical calculations are car-
ripd out on a onp-sixtppr-th scalp model.
All thp tests rpsults show good coincidence;,
with the theoretical calculations.

2. Dynamic capsizing characteristicas
of bulk cargo sliping

We take out dynamic capsizing tests
with amplitude of 60 degrees, half period
from 240 to 8 seconds, on a rolling-plat-
form. It shows in the tests that cargos
can significantly slip along deck surfaces
as whole bodys besides normal collapsing
sliping when they slip over the frictional
angle between cargos and deck surfaces. The
capsizing moments increase rapidly. However,
from a whole point, the capsizing moments
of cargos are mainly statical ones produced-
by gravity. The inertia moments are small.
They are mainly to decrease initial capsiz-
ing moments, delay the falling and make the
curves of capsizing postponed. These phe-
nomena are entirely coincident with theore-
tical calculations.

3. Simulations on the characteristics
of bulk cargo sliping for full-scale
ships

It has been showed from both theoreti-
cal calculations and experiments that becau-
se of limitation of model scale, the slip-
ings on two boards, when simulate a full-
scale ship's capsizing, are smaller and al-
most equal. And cargo are made dense and
sunk due to rapid motion of ships. This
makes capsizing moments decreased largely.
In the tests, we mainly measure the limit
stable angles of slopes and make a compri-
sion with theoretical calculation. Table 1.
is given out when cargos are rolling with
magnitude of 12 deg. and loss stability.
It shows a good coincidence.

Table 1. Rolling period when the
slopes loss stability

kind of
cargo

moisture
content ( % )
measured
period (sec)
calculated
period (sec)

coal

9-11

1.2-1.4

1.2

sand

8-11

1.2

1.0

phosphor
ore

6-8

1.2

1.0

korea
iron-ore

6-8

1.4

1.4

got from model capsizirg tests in HUST tank.
The model is one-twenty fifth scale of a
1000 tons barge and carries different amount
of sacd. Because of rolling damps. The mea-
sured values (dashed lines) are much higher
than the calculated ores (rral lines) of
stability at large angles. The maximum of
capsizing angles measured in thp tests are
27.3 to 30 degrees, while the calculations
shew.' the 1 imit stable angles at 35 dagrees.
So there is no cargo sliping before capsi-
zing from observat ions. In the tests with
the secord kind of loadage, by making a
forced recovery when the model capsizing to
34 degrees. We car find out the local col-
lapsing occur along cargo slops. The rifts
can be seen clearly on the aft-slope. The
sand get separation from the railing at
about 4 nm, which is concident with theore-
tical calculations

SLIPING CHARACTERISTICS OF
DECK BULK CARGOES

Sliping characteristics of 4 kinds of cargos
are calculated on 44 kinds active civil
ships in China. The loadage distribution of
these ships are showed in table 2.

Table 2. Loadage distribution of deck
bulk cargo ships which cal-
culated

loadage (tons)
barges without
raain engines
ships with
main engines

total

>=1000

7

0

•7

>=500

2

3

5

>=250

9

2

11

<250

5

16

21

total

23

21

44

By analysing the calculated-results.we
can conclude s]iping characteristics of deck
bulk cargos as follows.

I. The sliping characteristics of a
ship loaded with different cargos are dis-
take. As tn^ load factor of coal is large,
the cargo has a high gravity center and can
slip easily, and the stability is not very
good- As for Korea-iron-ore, it occupies
less space, and its gravity center is low.
Despite the distance of cargo sliping and
the added-capsizing moment is large, the
stability within the range of calculated
ar gips is good. Table 3 shows the calcu-
lated results of a 1500-ton barge (The en-
trance angle is 19.5 degrees).

4. Model capsizing tests in the tank
Fig.4 shows dynamic stability curves
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Table 3. A f f e c t i o r s to cargo-s l ip ing
due to cargo kirds

Kird of cargo

Zg ( c a r g o ) ( m )

1 imited stable
angle (deg.;
f a l l i r g
angle ( d e g . )
maximum
of Ls (m)
correspord
angle (deg . )
maximum
of Ls(add) (m)
correspond
angle (dpg.)

coal

5.319

5

18

.6

19.5

.12

18.0

sard

4.872

4

29

.73

19.5

.19

19.5

or?

4.872

6

37

.74

19.5

.18

19.5

iror-ore

4 . 7 7 8

5

43

.76

19.5

.20

19.5

2. The addpd capsizing Ipvpr are quitp
different with different gradps of loadage
carrying samp kind of cargo. Before the
cargo capsizing over the railirg and fall-
ing down, the curvature radius of dargerous
surfacp to a bigger loadage is larger, and
the added capsizing lever is also larger to
make the ship capsizing more easily. Table
4 shows thp calculated results of five ty-
pical loadages of Korea-iron-ore.

Table 4. Affections to cargo-sliping
due to loadage grades

loadage grade
( t o n s )

l imited stable
angle to cargo
slope Qs(deg.}
added s tat ical
stab. lever*(m)
added dyramical
stab. lever*

(rr^rad)

1500

5

.20

.032

1000

5

.12

.020

500

7

.14

.023

300

7

.12

.019

100

7 .5

.08

.015

*The heeling angle of cargo-slops is 20°

3. With the same loadage grade ard the
samp kind of cargo, due to different deck
loading areas the stability of ships has
some divergerces. The larger the area of
loading deck is ard the more spaces can be
filled while cargo-sliping. The more dif-
ficult for cargo to fall down and the lar-
ger added capsizing lever is. Table 5 shows
calculated results of three kirds of deck
barge loadirg 1000 tons of coal.

4 . When cap s i z i n g argIe is over 30 deg.
the var i a t i o r s of s t a b i l i t y levers of d i f f e -
rent k inds of ships and cargos are very com-
p l i ca t able and dispersed. Cargos loading on
some of ships f a l l dawn wi th large gua l i t y .
The d i&placemer ts are decreased, ard the form
s t a b i l i t y levers are ircreased notably . The
added-capsiz irg levers of cargo-sl ipirg de-
erfase , ever get rpgat ive. In actual slipi-rg,
i t may appear that recovery of ship a f t p r
cargos topple ard f a l 1 dowr. Cargos loadirg
on the other ships have rot f a l l i r g . The
added-capsizing levers ircrease rapidly. Fig.
5 and Fig .6 are s t a b i l i t y curves for these
two kirds of ships. riubscript 2 ard 1 indi-
cate the s t a b i l i t y levers wi th or without
the a f f ec t i o r of cargo-sliping resepectively-

5. Based on the above characteristics
of cargo-s l ip ing, a l l of the 188 added-
capizing lever curves have been divided
into several groups according to thpir
kinds of cargo and loadage. The curves of
added-capsizing lever versus heel ing angle ,
which are arosed by cargo-sliping wi th d i f -
fer en t kirds and loadages, can be concluded
pmpir ica l ly . Fig.7 shows the added-capsiz-
ing lever when loaded with sand. It car be
used as a cri terion to the s tab i l i ty of deck
bulk cargo ships.

SUGGESTIONS ABOUT THE CRITERIA TO
STABILITY OF DECK BULK CARGO SHIPS

Based on the above research towards stabili-
ty of deck bulk cargo ships and characteris-
tics of cargo-sl iping, considered the situa-
tions in China, suggestions about criteria
of the stability of deck bulk cargo ship
have beer put forwards as follows.

1. When checking stability of a ship,
we propose a specific way to the kind of
piling up and the limits of the range of
cargo's load factor, free slope angle.

2. Considering the affection of cargo-
sliping to the stability of a ship, we have
to deduce added-capsizing lever of car go-
sliping from statical stability lever, and
use t he deduc t ed 1 eve r to calculate dynami c
stability lever. The stability curves after
deduct ion should sat isfy the requirements
of present standards to ordinary ships.

The aim of above suggestions is to
make the present standards of the stability
in China more perfect and actual, and to
raise recoverbi1ity of ships and to avoid
large capsi-iirg ard cargo-sliping in large
scale.

Table 5. Affections to cargo-slipir;
due to loading areas

kird of
length
width*
high*

fal1irg
of cargo

aarge
* (m)
(m)
(m)

angle
(dpg.)

1
46.6
8.0
1.75
7

2
53.4
7.7
1.8

13.5

3
52.0
10.5
1.8

30
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A THEORETICAL AND EXPERIMENTAL INVESTIGATION OF BARGE ROLL DAMPING

by A.K. Brook* and R.G. Standing*

ABSTRACT: A review is given of available theoretical methods for determining the roll
damping of arbitrary ship forms and their suitability for application to barges with high
beam to draught ratios is discussed. Recently, new theoretical methods have been developed
to'determine the vortex shedding component of the roll damping of a hull section which has
an isolated edge and this method is described in the paper. This has been successfully
applied to barge sections for a number of beam to draught ratios for a range of bilge keel
spans and bilge radii. A correlation is given between the discrete vortex method and
selected experimental results which have been obtained for a range of barge sections. For
comparison purposes theoretical results are also shown from Tanaka's and Ikeda's empirical
methods which are applicable to normal ship forms. From the correlation with the
experimental results the discrete vortex method is identified as a reliable method for
determining the roll damping of barges. The final part of the paper considers the motion
responses of barges in an irregular sea-way. The variation in motion responses for each of
the different theoretical roll damping methods is quantified to highlight the sensitivity
of barge roll response to the accuracy of the roll damping coefficients.

1 INTRODUCTION

The motion of many large volume dis-
placement vessels in a sea-way can be
determined from theoretical methods which
assume that the response in a regular wave
can be represented by a linear theory.
This assumption is valid for all motions
with the exception of the roll, where for
wave frequencies in the neighbourhood of
the vessel's natural frequency, non-linear
viscous roll damping effects give a
significant contribution to damping the
roll motions. Hence, if only the linear
potential-flow term is used for the roll
damping, large roll responses are predicted
at resonant frequencies.

The necessity of including non-linear,
viscous roll damping terms has been
recognised for a number of years and they
are included in the
available seakeeping
monohulls, such as that

majority of the
programs for

of Salvesen et al
[Ref.l], The non-linear damping terms are
usually included in the roll equation as an
additional equivalent linear damping term
which depends on the roll amplitude. This
results in an iterative solution being
required to determine the roll response but
the harmonic time dependence of the linear
equations can still be removed and hence
the response amplitudes can be determined
for a given regular unit wave amplitude at
a particular frequency.

The non-linear roll damping contribution is
also important for barges as well as for
conventional monohulls. In each case the
major contribution to the ^viscous roll
damping arises due to vortices being shed
from sharp corners on the bare hull and
appendages such as bilge keels. The.
* British Maritime Technology, U.K.

WAVE PREIOD (sees)
Fig.l Range of Roll Response Predicted

with Different Empirical Methods
for the Vortex Roll Damping
Component of Barges [Ref.2]

importance of including viscous roll
damping effects for barges has been
discussed by Stewart [Ref.,2] . Figure 1
shows the range of the roll response
predicted with different empirical methods
for the viscous roll damping. A number of
empirical methods are available to deter-
mine the viscous roll damping of a vessel
and the most notable ones are Ikeda's
{Ref.3] and Tanaka's [Ref.4j. In each-
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case, a two-dimensional stripwise approach
is used, where the contribution for a
number of selected sections is calculated
along the vessel length due to local hull
geometry and the presence of appendages
such as bilge keels. This approach
neglects any interaction effects between
sections and this may be significant
particularly for vessels at forward speed.
In the case of transportation barges, the
forward speed will probably be low and
hence a two-dimensional strip approach is
likely to give reasonable results -
However, existing empirical methods have
been developed on the basis of limited
experimental data for conventional ship
forms and an assessment of their general
applicability has been given in Ref.[5].

The beam to draught ratio of most
transportation barges is larger than
conventional hull forms and it is
questionable whether existing empirical
methods are suitable for such cross-
sectional shapes. In fact Fig.1 shows for
the programs considered that the
theoretical motion response of the barge
with viscous roll damping included, can be
considerably greater than or less than that
measured in model tests. As part of an
earlier programme of research the roll
damping and motion response of selected
barges has been measured and correlated
with theoretical methods [Ref.6].
Following this study a new theoretical
method was developed by Imperial College
and BMT, where the viscous roll damping was
determined by modelling the generation of
vortices into the neighbouring fluid from
sharp corners and appendages. This earlier
work was correlated with limited model
tests and in order to further assess the
reliability of the DVM method a systematic
series of model tests has been undertaken
on uniform rectangular sections. A range
of beam/draught ratios, bilge radii and
bi] ge keel sizes were considered. A
summary of the correlation between these
experimental results and the theoretical
methods is given in this paper following a
more detailed discussion of the discrete
vortex method.

2 APPLICATION OF THE DISCRETE VORTEX
METHOD TO BARGE SECTIONS

The generation of vortices in oscillatory
flow has been studied extensively in con-
nection with wave motion around cylindc LS.
The intensity of the vortex shedding
depends on a number of factors, such as
surface roughness, but primarily on the
Keulegan-Carpenter number K(- defined by

U Tm (1)

where U— is the maximum relative velocity
of the fluid, T the period of oscillation
and D is the body diameter.

If the body is oscillating in a stationary
fluid, the shedding of vortices is similar
and is related to the value of the

Keulegan-Carpenter number. For an oscil-
lating cylinder in a stationary fluid the
vortices do not become detached from the
body at low values of KQ, whilst at values
between about 8 and 15 the vortices detach
at various points in time during the cycle.
As KQ increases to 25 the vortices are shed
discretely at a greater frequency during
the whole of the cycle. A similar
phenomenon exists with a rolling ship
section which has either sharp corners or
bilge keels. The intensity of the vortex
shedding depends on a Keulegan-Carpenter
number defined in terms of a characteristic
length, the roll amplitude and roll period.
The bilge radius or bilge keel span is used
as the characteristic length where
appropriate -

The discrete vortex method (DVM) was
applied Co rectangular sections by Graham
[Ref.7]. Application to barges has been
made by Downie [Ref.8] and Cozens [Ref.9],
who also extended the method to arbitrary
ship sections. A detailed review of this
earlier work has been given by Standing et
al [Ref.10]. In applying the DVM method Co
rolling sections the point of flow separa-
tion is assumed to be fixed at either the
corner, for a rectangular section, or at
the bilge keel edge. If a rounded bilge is
present with no bilge keel the method is
less successful since the point of separa-
tion needs to be fixed at some assumed
location but in reality its position is
uncertain. The DVM involves a time
simulation of the separating shear layers
which are represented by arrays of isolated
point vortices which are introduced into
the flow near the separation point. The
numerical simulation then represents the
formulation of larger vortices from the
discretized shear layers and the convection
of these vortex groups around the body.
Groups of vorLices which can be recognised
as rolled-up sheets far from the shedding
edge are progressively wound into a central
core vortex and hence individual vortex
elements are effectively destroyed.

Flow visualisation experiments were under-
taken by both Downie [Ref. 8] and Cozens
[Ref.9] using dye which was injected at- the
assumed shedding edge for a rectangular
section which was force rolled. Cozens
also compared the numerical simulation of
the vortex behaviour with the flow
visualisation experiments and a typical
comparison is shown in Fig. 2 where it can
be seen that the correlation between theory
and experiment is good.

The force acting on the body due Co the
vortices can be obtained either by
integrating the pressures on the surface
using Bernoulli's equation or through the
application of the Blasius equation- A
drag coefficient is defined by

2rT -
cos —— dt.

_ 3v r
~ 4T J (2)
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Begfnnfxg of time cycle

(3)

EXPEH1HEHTTHEQBY
H.lf WIJ through tftR cycle

ig.2 Comparison between Experimental Flow
Visualisation and DVM Predictions
(Barge with Rounded Edge and Bilge
Keels)

Fy(t/T) is the instantaneous force at time
t, L is a length scale and the uniform flow
is defined by

,, ,, 2rT
v = \ cos -T

The simulation is undertaken over a number
of cycles and the drag coefficient is
calculated after each cycle. The drag
coefficient converges to a fixed value
after typically 5-10 cycles. An inertia
coefficient is calculated in a similar
manner and, because of the isolated edge
assumption, in applying the method to
barges the drag and inertia coefficients
can be determined for corner sections
independent of the local section geometry.
Hence the drag and inertia coefficients of
a right-angled corner section of infinite
extent can be determined for a range of
bilge keel radii, and bilge keel spans.
Figure 3 shows the drag coefficients Cn
which have been calculated for a square
edge for a range of bil ge keel radii and
bilge keel spans The roll damping
coefficient of a particular sectional shape
is determined from the drag and inertia
coefficient and the levn arm between the
centre of pressure of the force and the
specified roll axis. The bilge keel span
and bilge radius are both non-dimension-
alised with respect to a length scale which
depends on the local sectional geometry and
the drag coefficient is obtained from Fig.3
based on these non-dimensional values.

A number of other authors have applied DVM
techniques to determine the roll damping of
barges. The most notable work is that of
Braathen and- Faltinsen [Ref.ll] who give a
comparison of the drag coefficient for a
barge with Tanaka' s [Ref.4] a-nd Downie' s
[Ref.8] results as shown in Table 1. The
agreement between the two DVM methods is
within 4% but the empirical Tanaka method
which is applicable to conventional ship
forms underpredicts the damping by 25%.

The DVM method which has been developed by
Downie [Ref.8] and Cozens [Ref.9] assumes

BILGE KEEL SPAN (m)
Fig.3 Drag Coefficient Cr, for Square Edge

of Infinite Extent for a Range of
Non-dimensional Bilge Radii and
Bilge Keel Spans

that the free surface is rigid. Braathen
and Faltinsen [Ref.ll] have extended this
approach to allow for the effect of the
free surface and a comparison is given for
selected cases with and without a free-
surface as shown i-n Table 2. BA^(R) is the
sum of the vortex shedding component from
the DVM method with a rigid free surface
and the wave damping component obtained
from a seakeeping program. B^ (F) is the
total vortex and wave damping components
obtained from the DVM method with a free
surface. Except for small roll periods
(less than 8 seconds) the results are in
reasonable agreement and since the natural
roll period of barges is normally between 8
and 16 seconds the inclusion of the free
surface, although desirable, does not seem
to be critical. The results which are
presented in the next two sections are
based on the DVM method of Cozens [Ref 9]
which assumes a rigid free surface and the
wave damping component is obtained from a
seakeeping program.

The DVM method is most reliable for cases
where a well defined shedding edge is
present, and for a section with rounded
bilges and no bilge keel the me cho d fails
to give stable drag coefficients when a
simulation is undertaken over a number of
periods of oscillation- The results shown
in Fig. 3 with b-i, = 0 have been obtained by
extrapolating the data obtained with a
bilge keel. Fortunately the method is
still reliable foi. very small bilge keel

Table 1 : Vortex Roll Damping Coefficient
for a Barge Section [Ref.ll]

Method

Tanaka
Downie
Braathen

[Ref.4]
[Ref.8]
[Ref.ll]

Coefficient

0.40
0.50
0.48
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Table 2 : Influence of Free Surface in DVK
[Ref.ll]

Table 3 . Summary of Barge Section
Geometries Tested

Roll Period
(sees)

16
8
8
4
4
2 .6

# B^(R) - Total damping with rigid.
free surface.

A BAA(F) - Total damping with free
surface.

Roll Amplitude
(degs)

10
10

5
10

5
5

\^

\^

1.08
1.05
1.09
1.31
1.38
1.38

spans so that the curves are well defined
close to b^ = 0. In the earlier work
reported in Ref.[6], however, it was found
that these results still gave poor
correlation with available model test
results as shown in Fig. 4 and in order to
provide a better estimate Robinson [Ref.12]
has formulated an empirical correction for
a barge section with rounded bilges and no
bilge keel. The correction is applied to
the roll damping for a sharp cornered
section '^'ii.L.c, with no bilge keel and is
given by

-0.006KCD
^R = ^40

where (5)CB b^ ̂

KCB is the bilge Keulegan-Carpenter number;
rv is the distance from the roll centre Co
the bilge tangent; ipp^ is the roll
amplitude; Q) is the roll frequency; b^ is
the bilge radius and ô  is the roll natural
frequency. Figure 4 shows chat this
empirical correction gives better agreement

0 2 0-3 0-t 0-S
P̂A (rad/sec)

Fig.4 Comparison of Roll Damping
Coefficient for Round Cornered
Barge from DVM Calculation,
Robinson's Correction Method and
Experimental Results

Draught
B/T
Bilge Keel Span
Bilge Radius
Roll Centre

40,
15,
0,
0,

127,

60,
10,
10,
10,

180

120 nun
5

20 mm
30 mm

mm

with experimental data than applying the
DVM method directly to a section with
rounded bilges. This method has been
further evaluated for the extensive
experimental results which have been used
to correlate with the DVM method as
discussed in the next section.

3 CORRELATION BETWEEN THEORETICAL AND
EXPERIMENTAL ROLL DAMPING COEFFICIENTS

An extensive experimental programme of
tests has been undertaken on barge sections
in order to provide data which can be
correlated with the discrete vortex method.
Both forced roll and free-decay tests were
undertaken and thirty different barge
geometries were tested as summarised in
Table 3 in order Co investigate the effects
of draught, bilge keel span, bilge radius
and roll centre variations. Forced roll
tests were undertaken at che nacural
frequency and at two other frequencies -
The wave damping component was obtained
from an analysis of the measured radiated
wave. The total damping was obtained from
the free decay angles in the cave of the
free decay tests and the measured roll
angles and roll moment for the forced roll
tests. An equivalent lineal damping
coefficient was obtained in both cases
using techniques described in R.ef [ 13 ]
Figure 5 shows a typical correlation of the
wave damping component at three frequencies
and the agreement is reasonabic between
theory and experiment at the two highest
frequencies. In addition Co a wave damping
and vortex shedding component there is a
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Fig.5 Correlation of Theoretical and
Experimental Wave Damping Component
for Barge Section (Draft 60mm, Bilge
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Fig.6 Correlation of Theoretical and

Experimental Damping Components for
Barge Section (Draft 60nmi, Bilge
Radius 10mm, Bilge Keel Span Omm)

small frictional component which has not
been measured experimentally as a separate
contribution buC as shown, in Figs. 6 and 7
it is virtually negligible in comparison to
the other components. These two figures
show the total measured damping for a barge
section with a rounded bilge with and
without a bilge keel. The theoretical
damping from the DVM (BMTIMP), Tanaka's and
Ikeda's methods are shown for comparative
purposes. The case with no bilge keels
(Fig.6) also shows the application of
Robinson"s empirical correction to the
sharp cornered results. From the trend of
the forced roil results it is apparent that
both the DVM and Robinson's methods both
significantly overpredict the damping in
this case at large roll amplitudes.

Figure 7 shows that for a rounded section
with a bilge keel the DVM method gives good
agreement but chat both the Ikeda and
Tanaka methods significantly overpredict
the damping. The free decay and forced
roll experimental results are consistent in
this case but for some of the experiments
the agreement was poor probably due to some
bearing friction being present for the
forced roll tests. This was particularly
pronounced for rounded sections with no
keels which have very low damping
characteristics. A feature of most of the
tests undertaken was that the wave damping
component was a significant proportion of
the total damping (typically between 50 and
75% depending on such factors as draught
and bilge keel dimensions).

Generally the DVM method gave the best
correlation for all the conditions tested
although in some cases the agreement was
not as good as shown in Fig. 7. The Ikeda
method gave very poor correlation for
sections with no bilge keel and as shown in
Fig. 6 the vortex shedding component was
predicted to be negligible for the case
considered. On the other hand Tanaka's
method was found to consistently
significantly overpredict the damping for
sections with bilge keels and, as

0 oo o "iC i uri i ',n ii
lOK^AMP^nRI (p/1,1

Fig.7 Correlation of Theoretical and
Experimental Damping Components for
Barge Section (Draft 60mm, Bilge
Radius 10mm, Bilge Keel Span 20mm)

demonstrated in Fig. 7 this was more
pronounced for high beam to draught ratios.
For rounded sections with no bilge keels
the use of Robinson's empirical correction
gives reasonable agreement at small roll
amplitudes but overpredicts at large roll
amplitudes and neither method is ideal for
this case.

From the correlations which were undertaken
it has been demonstrated that both Ikeda's
and Tanaka's empirical methods are un-
suitable for general application to barge
sections and that the discrete vortex
method provides a more reliable method. A
limited number of tests were also under-
taken on ship sections and the DVM method
has been extended to allow for arbitrary
ship sections with and without bilge keels.
The correlation was generally poor and
either Ikeda's or Tanaka's methods are more
suitable for conventional hull forms.
Although the DVM could probably be
developed further to give better
correlation for conventional hull forms it
would not be possible to pre-compute the
drag and inertia coefficients in the same
way as for barges. The difficulties of
undertaking extensive simulations to
determine the drag of each section of a
conventional ship form would probably
exclude the method as a practical design
tool.

4 ROLL RESPONSE OF TRANSPORTATION BARGES

The roll damping of ocean going
transportation barges needs to be
determined to a reasonable accuracy in
order to determine the roll motion response
as shown in Fig.l. The influence of the
vortex shedding component has been
investigated previously by a number of
authors such as Robinson [Ref-121. Many of
the references relate to work undertaken
under the earlier Noble Denton Study
[Ref.6] but a number of other studies have
been undertaken such as that reported by
deBord [Ref.14]. A discussion of the
intact stability and motion characteristics

257



Table 4 : Barge General Particulars and
Loading Conditions

Lp
B
T
B/
A

T
KG
GM

^

P (m)
(m)
(m)

T
(tonne s)

(sees)
(m)
(m)

/B

9
10
14

0.55

91
30

3
8

9700

12
13
11

0

.5

.5

.8

.65

15
15

9
0.74

of barges from an operator's viewpoint has
been given by Kossa [Ref.15] and factors
such as the high centre of gravity and
shallow draught are discussed.

The roll motion of the barge specified in
Table 4 has been calculated for three
loading conditions corresponding to natural
roll periods of 9, 12 and 15 seconds which
are typical operating conditions. The roll
damping has been calculated using the
discrete vortex method for the barge with a
square edge, rounded bilge and a rounded
bilge with a bilge keel. Results from
Ikeda's and Tanaka's method are shown for
comparative purposes in Table 5. The
variation of the regular roll response with
wave frequency is shown in Fig. 8 for the
barge with square edges and as expected the
Ikeda and Tanaka methods predict
significantly larger roll responses than
the DVM method. This is also demonstrated
in Table 5 by the value of the RMS roll in
a 5 metre significant wave height which has
an average wave period of 8 seconds (this
is close to the natural roll period of 9
seconds). The Ikeda and Tanaka methods
give the same damping coefficients for a
rounded bilge as a square-edge and this
highlights the inadequacies of the methods
for applications to barges. The damping
coefficients are in much closer agreement
for the case with a bilge keel although the
damping for the Tanaka method is highest
resulting in a lower roll response. These
trends are consistent with that shown in
Figs.6 and 7 where the Ikeda method

Table 5 : Roll Damping Coefficients and RMS
Responses for Different
Theoretical Methods (T = 9 sees)

Bilge
Condition

Square Edge

Round Edge
(bR - 0.5m)

Round Edge
with Bilge
Keel
(I>K " 0.5m)

Method

BMTIMF
IKEDA
TANAKA

BHTIHP
BHTROB
IKEDA
TANAKA

BMTIMP
IKEDA
TANAKA

B!
2y(I+a^)

0.00
0.00

-0.01

0.00
-0.04

0.00
-0.01

0.02
-0.01

0.09

\
2(1-^)

0.86
0.01
0.22

0.79
1.00
0.01
0.22

1.14
1.35
1.36

RMS Roll
(degs)

^1/3 = 5n)

Tp ~ 8 sees

5.1
13.4
8.1

5.2
5.4

13.4
8.1

4.4
4.5
3.3

^ [RAD/SEC1
Fig.8 Comparison of Roll RAO with DVM,

Ikeda and Tanaka Roll Damping
Coefficients

predicted virtually no vortex damping for
sections with no bilge keel and the Tanaka
method overpredicted the damping for
sections with bilge keels. The motion
responses shown in Fig.8 and Table 5
emphasize that the ship based damping
methods of Ikeda and Tanaka are unsuitable
for application to transport- ation barges
with shallow draughts and high beam to
draught ratios.

The Robinson correction method given by
equation (4) has been compared in Table 5
with the direct DVM method and although the
non-linear damping is larger the negative
linear term results in a slightly larger
RMS roll response. The damping coef-
ficients shown in Table 5 exclude the
wavemaking damping which is determined in
the seakeeping program and a negative
damping will not occur in practice when
this component is added to the vortex
shedding terms. A negative coefficient can
occur because Bi and B^ are obtained from a
least square fit to the equivalent linear
damping calculated over a range of roll
amplitudes. Bi represents the intercept at
the origin (zero roll amplitude) and Bo the
slope of the equivalent linear damping
which arises due to the assumption of a
quadratic non-linear damping. In practice
the equivalent linear damping does not vary
linearly with roll amplitude as shown in
Figs-6 and 7, particularly for the Robinson
correction (BMTROB) and Tanaka's method.
The damping coefficients B^ and Bo are

the uncoupled non-linearconsistent with
roll equation

(1+344)^ + (B^+ B-j^ + B^ip i

+ AgGMy. = F(t) (6)

where I is the moment of inertia, a44 is
the added mass moment of inertia and B,. is
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the wave damping component obtained from a
seakeeping program. The vortex shedding
damping coefficients shown in Table 5 have
been calculated at the natural period of
the vessel and since the coefficients vary
only slightly with wave frequency they are
applied at all frequencies in the
seakeeping program in the regular response
calculations by obtaining an equivalent
damping term

(7)

The roll damping coefficients for all three
loading conditions shown in Table 4 have
been determined and the non-linear DVM.
coefficients vary by at the most 8% whereas
the Tanaka coefficient varies by as much as
30% due to the sensitivity of the method to
the position of the vertical centre of
gravity. The barge's roll response in
irregular shortcrested seas is shown in
Table 6 for each loading condition for
three significant wave heights, using the
DVM and Robinson's correction methods where
applicable for the vortex damping
components. As expected the highest roll
response occurs for the condition with the
smallest natural roll period since the
other conditions have natural roll periods
which are ' much greater than the average
wave period.

The results which have been presented are
for a barge at zero speed which is probably
acceptable due to the low tow speeds used
for transportation barges. No reliable
methods exists Co include the speed effect
for the DVM method and as discussed in
Ref.[5] the existing methods for including
speed effects for conventional monohulls
are unre1i able and hence should no C be
applied to barges. The motion responses
which have been presented have neglected
non-linear effects due to the restoring
moment, deck-edge or cargo immersion and
non-linear wave loading due to the shallow
draught and the possibility of wave impact
on overhanging loads as discussed by a
number of authors such as Robinson [Ref.12]
and Patel [Ref.16]. Other effects such as
the accelerations are also \mportant,
particularly for large volume cargoes and
the accuracy of the horizontal acceleration
obvious]y depends on the reliability of the
roll damping.

5 CONCLUSIONS

Previous studies reported in Ref.[6] have
indicated that existing theoretical methods
for determining the vortex shedding of
conventional ship forms are unsuitable for
application to transportation barges which
have high beam to draught ratios and a
large variation in the vertical position of
the roll centre. In an earlier study the
discrete vortex method was demonstrated to
give more re]table damping coefficients for
barges with sharp corners or bilge keels
[Refs.6 & 12]. A detailed description of
the DVM method has been presented in this
paper together with a discussion of a
correlation which has been undertaken with

Table 6 ; RMS Roll Response in Short-
Crested Seas for Different
Loading Conditions

Bilge
Condition

Square- *
Edge

Round- "
Edge
(OR = 0.5m)

Round- 'k
Edge with
Bilge Keel
(b^ - 0 .5m)

* BMTIMP # BMTROB

Barge
Natural
Period

(sees)

9
12
15

9
12
15

9
12
15

RMS Roll (degs)

J^W [Tp(secs) ]

3 [7 ]

2 . 6
1.0
0.5

2 . 8
1.1
0.5

2 . 3
1.0
0.5

5 [ 8 ]

5.1
2 . 5
1.0

5.4
2 . 8
1.0

4 , 4
2 . 3
1.0

8 [ 9 . 5 ]

8 . 2
5 .7
2 .8

8 .7
6 . 3
3.0

7 .0
4.9
2 . 5

an extensive series of model tests for a
range of barge sections with varying beam
to draught ratios, roll centres, bilge
radii and bilge keel spans.

A practical design method has been
developed based on the DVM method so that
the vortex shedding component of
transportation barges can be determined for
a range of beam to draught ratios for a
square edge and in addition for a range of
bilge radii and bilge keel spans. The
Robinson empirical correction [Ref.12]
which can be applied to rounded sections
with no bilge keel gives reasonable
agreement with the direct DVM method which
takes account of the bilge radius.

The roll motion of a typical transportation
barge has been determined for three loading
conditions which represent typical cargoes
which have different vertical centre of
gravities or natural roll periods. The
motion characteristics confirm that the
conventional ship based empirical methods
of Ikeda and Tanaka are unsuitable for
application to transportation barges. The
DVM method which has been discussed and
evaluated in this paper provides a reliable
means of determining the roll damping
component due to vortex shedding and it can
be used in conjunction with any existing
seakeeping program. Alternatively it could
be used in a time domain analysis which
could be developed to investigate
non-linear restoring, wave-load and cargo
immersion effects.
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A NOTE ON SURGING AND LOSS OF CONTROL OF SMALL
FISHING VESSELS IN SEVERE FOLLOWING SEAS

M.R. RENILSON1 G.A. THOMAS2

It has long been established that the behaviour of a small vessel in
a following sea is determined by the longitudinal surging and surf
riding caused by the waves.

Experiments have been carried out to investigate the surging forces
applied by the waves and this is related to the reduction of rudder
effectiveness in the waves and hence to the likelihood of broaching.

INTRODUCTION

It is known that vessels travelling in
steep following seas can become uncontroll-
able and broach-to with potentially
disastrous consequences (1).

Recently, work done by one of the authors
and by others (2,3,4,5) has shown that
broaching-to occurs when the wave induced
yawing moment exceeds the yawing moment
available from the rudder for a sufficient
length of time to allow a large yaw-rate
to build up. As both the rudder effect-
iveness and the yawing moment from the
wave are functions of the longitudinal
position of the vessel in the wave this
means that a critical longitudinal
position relative to the wave can be
identified (6). Hence, if sufficient
time is spent in this critical position
a broach is likely.

^•Senior Lecturer, Ship Hydrodynamics

Centre, Australian Maritime College,

Tasmania, Australia 7250.
research Assistant, Ship Hydrodynamics

Centre, Australian Maritime College,

Tasmania, Australia 7250.

In addition, the wave imposes a long-
tudinal force on the vessel which is also
a function of the relative position of
the vessel to the wave. When che
encounter frequency is low this long-
itudinal force can dominate the vessels
behaviour causing surging with a mean
speed greater than that in calm water.
This is because the vessel spends more
time in the part of the wave with the
greatest forward force. In the extreme
case this longitudinal force may cause
the vessel to travel at wave speed - a
phenomenon known as surf riding.

Unfortunately, for waves between about
one to two times the ships length the
region where the longitudinal force is
greatest also coincides with the largest
yawing moment and the lowest rudder
effectiveness.

In order to investigate the longitudinal
force on the vessel and the loss in
rudder effectiveness caused by the wave,
captive model experiments were carried
out on a trawler model at a low frequency
of encounter in steep regular waves.
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EXPERIMENTAL PROCEDURE

The 1/15 scale model used in the study
was that of a Success Class Trawler, this
is a 25 metre stern trawler built by
Australian Shipbuilding Industries (WA),
Fig. 1,2. The model was set up with an
adjustable rudder (an all moveable rudder
with bottom support). Details of the
stern geometry are shown in Fig. 3. At
this stage in the investigation the model
was not fitted with a propeller.

Figure 1 Body Plan

Length BP
Beam W.L.
Draught
Displacement
Longitudinal Centre

of Buoyancy
Rudder Area
Rudder Aspect Ratio

Full Scaie Vessel
22.05m
7.3im
3.00m

204 tonnes
0.74m
aft of amidship
2.64m2

1.838

Model
1.470m
0.487m
0200m
58.970kg
0.049m
aft of amidship
00118m2

iB3B

The tests were carried out in the 60m
towing tank of the Ship Hydrodynamics
Centre at the Australian Maritime College.
(For further details of the Centres
facilities see Ref. 7-

The model was free in heave, pitch and roll,
thus the forces in surge, sway and yaw were
measured. A wave probe was fixed in line
with the forward perpendicular of the
model in order to measure the wave height
and also determine the relative position
of the model and the wave crest- The
data was recorded using an IBM-PC mounted
on the carriage sampling at the rate of
100 samples per second for a period of
15 seconds.

Three waveheights were tested at a constant
wave frequency. The wave length chosen
corresponded to approximately X/L = 1.2
which from previous work has been shown
to be that most likely to cause broaching-
to. The smallest wave was non-breaking,
the next was on the verge of breaking
whilst the steepest was a fully breaking
wave. Due to the steepness of the waves
non-linearities caused the wave celerity
and length to vary with height (see
Appendix).

CJt/gl172 2.255
h/^

0.0783
0.0968
0.1110

'-""""•• ',
^ / L
1.310
1.351
1.387

t-n i'orcJ.-Q
0.470
0.485
0.496

Figure 2 Principal Particulars

l̂ ter Line

147mm

80 nun

Figure 4 Principal Wave Particulars

The aim of the experiments was to
determine the variation in the values of
rudder effectiveness (N.) and longitudinal
force (X,,). over the wave length. In
order to avoid any possible frequency
effects the model was towed at close to
wave speed and hence the encounter frequency
was approximately equal to zero. For this
reason a number of runs had to be made for
each wave to ensure results were obtained
over the complete wave length.

Figure 3 Stern Profile of Model
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RESULTS AMD DISCUSSION

Longitudinal For ces

The usual method for non-dimensionalising
forces is:-

As can be seen from this Figure the results
from the three different wave heights all
collapse essentially to the same curve.
Thus for the range of wave heights tested

Aa single curve of X against ^ can be
drawn. Fig. 6.

(1)

rhis was felt to be inappropriate in this
case as:-

(i) The longitudinal wave force is
deemed to be independent of vessel
speed for small encounter frequencies.

(ii) The wave height and vessel beam
would have greater influence, than
the vessel length, on the longitudinal
wave force.

Thus the following non-dimensionalising
method for the Longitudinal force was
adopted.

Ax =
(25

In order to determine the longitudinal

wave force from the total measured force,

the resistance of the model in calm water

was deducted as follows:-

\AVE~ MEASURED" RESISTANCE

This was then non-dimensionalised and

plotted as a function of the non-dimension-

al position of the wave crest relative to

the ships stern, (i^Xw/A) , see Fig. 5) -
X*

03
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01

0

-01

+
*

+
<( t^- "«

«
*

+

«

-t*

+

+
v

4
i

02 0-1 06 08 t !

• h/^ 00783 + h/^00968 » h/yOillO
JC

Figure 5 X for Varying 'E,

0 O f 02 03 04 05 06 07 08 09 £- 1

Figure 6 X for Varying £;

From this curve an indication of the
vessels behaviour in the wave can be
obtained. In order for longitudinal
equilibrium to be achieved the force from
the wave must balance the difference
between the vessel resistance at wave speed
and the thrust available from the propeller,

For any given wave height, speed and
propeller revs this can be calculated and
plotted as a horizontal straight line.
From this it is possible Co identify any
points of longitudinal equilibrium.

PROPELLER RESISTANCE

(4)

For example Fig. 6 indicates two positions
where this occurs: when ^ = 0.16 and E, = 0.95,
At E, =0.16 there exists a position of
unstable equilibrium since a decrease in E,

Aresults in an increase in X thereby
increasing the acceleration and hence
producing a smaller .̂ Similarly when
E, = 0.95 represents a stable position of
equilibrium, and is thus the point on
the wave that the vessel will spend most
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Rudder Effectiveness

The values of the rudder derivative
obtained from the experimental data were
plotted as functions of £, (see Fig. 7).

-2

-4

-fi

-8

t-airn hafairl-6

h/X= 0.1110

0 0.1 0.2 03 0.4 05 0.6 0.7 OS 0.9 f 1

-2

-4

-6

-8

-10

Figure 8 N „ for Varying h/A

increases. It is interesting to note that
when the vessel is operating in the wave
with the greatest steepness, a severe
breaking wave, the rudder effectiveness is
reduced by 70% when ^ -= zero. This large
change in effectiveness can be attributed
to the orbital velocities of particles in
the wave altering the water velocity over
the rudder.

It must be appreciated though, that with a
operating propeller in front of the rudder
this change is likely to be reduced. As
shown above a vessel in a following sea
spends most time with the wave crest at
its stern, thus seeming to suggest that a
vessels inability to avoid broaching is
seriously increased by the reduction in
rudder effectiveness found with this wave
position.

Figure 7 N r for Varying E,

The curves show the variation of rudder
effectiveness for different positions on the
wave; the rudder is least effective when
the crest is at the stern and most
effective just before the trough reaches
the stern (as the wave slowly overtakes the
vessel). It can be seen that over the
whole wave there is a general loss of
effectiveness when compared to the calm
water value. Fig. 8 indicates that the
rudder effectiveness reduction becomes more
marked as the steepness of the wave

COKCLUSIONS

When a vessel is travelling in a following
sea at a low encounter frequency:-

(i) The wave applies a Longitudinal force
which is a function of the Longitudinal
position of the vessel in the wave,
This force is approximately proport-
ional to the wave height over the
range tested.

(ii) This Longitudinal force will cause
surging and the vessel will spend
longer at a wave position with the
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crest just aft of the transom.

(iii) The rudder effectiveness varies as a
function of Longitudinal position of
the vessel in the wave, with the
minimum occurring at a wave position
with the crest at the stern.

APPENDIX

X W

The Effect of_Wave Amplitude on Have
Celerity Figure 10 Definition of X

It is well known that the celerity of
finite amplitude waves is dependent on
their height. This is usually ignored,
however, as the waves become very steep it
must be taken into account. In order to
determine the effect of wave height on
speed two wave probes were positioned in
the tank at a known distance apart (less
than a wave length). The wave profile data
was recorded using an IBM-PC sampling at
100 samples per second. The celerity
was derived by measuring the time for a peak
to travel from one probe to the next.

The results were compared with that
predicted by the third order correction for
wave velocity as outlined by Wehausen and
Laitone (8).

Where A = A[l + 1/8 A 2̂] (5)
the velocity becomes
c = (g/m)15 (1 + 1/2 AW +...). (6)

NOTATION

Ship length
Ship beam
Ship velocity
Wave celerity
Wave length
Wave height
x distance from wave crest to transom,
(see Figure 10).
Non-dimensional wave position
Wave induced surge force
Non-dimensional surge force
Component of force along x axis
Non-dimensional X force
Yaw moment derivative with respect to
rudder angle
Non-dimensional Yaw moment derivative
with respect to rudder angle
Mass density of -water
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DETERMINATION OF CAPSIZING SAFETY OF DAMAGED SHIPS

BY MEANS OF MOTION SIMULATIONS IN WAVES

by Fernando Petey

We present a numerical method for simulating the motions of a damaged ship
in an irregular seaway and for computing the capsizing probability during a
given time.

We are mainly interested in following and head seas because of the oscilla-
tions of the righting levers caused by the passage of waves along the ship.

Computations carried out for an example ship show that the internal fluid
acts as a very effective roll damping mechanism. We show that a damaged ship
subdivided in accordance to the damage stability requirements of the German
Navy can be safe during a period of time in the order of magnitude of days
even in extremely severe seaways.

THE NUMERICAL METHOD

The classical strip theory is an
efficient tool for handling heave,
pitch/ sway and yaw motions of a
ship even in severe seaway
conditions. Unfortunately the roll
motion is a notoriously nonlinear
phenomenon. The righting lever of a
ship in still water, for instance,
is a highly nonlinear function of
the heel angle. Other effects on
the righting levers result from the
change of the submerged volume
during the passage of waves along
the ship: in general, the stability
of a ship is improved in the
sagging and reduced in the hogging
condition. Further influences
depending nonlinearly on the ship
motions are the hydrodynamic roll
damping, forces induced by the
motion of liguid in tanks or
damaged compartments, etc.

Therefore the method combines the
simulation of the roll and surge

motions of the ship in the time
domain with a treatment of the
other four motions by the strip
method. Since we are interested in
computing ship motions for several
loading and damage cases,
subdivision arrangements and seaway
conditions for extended periods of
time, it is of paramount importance
to use a model which, being
accurate enough, requires a
relatively small computational
effort. As a result of this
consideration, the program
represents a compromise of the
conflicting requirements for
accuracy versus computer demand.

In the program the ship is
considered as a six-degree-of-
freedom system travelling at a
given angle relative to the
dominant direction of a stationary
short-crested sea. The seaway is
represented as the sum of a large
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number of regular waves, each
having a particular frequency,
amplitude, direction and a random
phase angle. The wave components
are generated by the program from a
given sea spectrum (Pierson &
Moskowitz, Jonswap or Wallops).
Breaking waves, which can be
dangerous for small ships, cannot
thus be simulated.

We use response amplitude operators
for determining the heave, pitch,
sway and yaw motions.

Both the wave exciting moment and
the roll moment induced by the sway
and yaw motions of the ship are
determined by response amplitude
operators as well. This is
justifiable since in following,
quartering/ bow and head seas they
play a much less important role
than the oscillations of the
righting levers due to the passage
of the waves along the ship.
In the roll and surge simulation,
time is advanced in small
increments. Forces and moments due
to the liquid in tanks and damaged
compartments may be added to the
external forces and moments due to
wave excitation, wind etc. In this
way we obtain a time domain
solution for both ship motions and
internal fluid motions.
The program considers particularly
the shape of the righting lever
curve up to large heel angles and
its changes due to the waves
and ship motions. We use Grim's
"effective wave" /!/ for re-
presenting the elevation of the
sea surface along the ship's hull.
The program is thus capable of
simulating the phenomenon of
autoparametric excitation which may
lead to ship capsizing.

Tanks and damaged compartments are
divided into two groups: those with
a low and those with a high fill
depth of liquid.

The case of low fill depth is
governed by a nonlinear hyperbolic
system of so-called shallow-water
equations. Its solution is obtained
numerically, using Glimm's method
/2,3/ (random choice method). This
method is capable of simulating
both two-dimensional and three-
dimensional flows, including the
frequently occurring cases of
hydraulic jumps and of a partially
dry bottom.

In the high depth case the greatest
natural period of the fluid
oscillation is much smaller than
the dominant periods of the ship
motions. As a result the liquid
free surface may be oblique but
remains essentially flat. This
leads to a simple equation of
motion of the center of gravity of
the fluid which can be solved in
the time domain using the familiar
Runge-Kutta's integration scheme
/2/.

Water flowing through orifices in
the ship's hull is estimated by
straightforward relations based on
the classical Torricelli's formula,
so that the volume of water inside
the ship can be corrected at each
time step. Since the liquid fill
depth in a damaged compartment is
variable on account of the flow
through orifices, the program is
capable of changing automatically
between the two above-mentioned
flow computing methods during the
simulation.
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CAPSIZING PROBABILITY

We examine a ship in a given
loading case travelling in a seaway
at a given speed and heading. The
probability P(t) that the ship does
not capsize in the time interval
(0,1) is

P'(t) = exp( -t/Tk ) , 1)

where Tk is the mean capsizing
period.

Tk can be determined, at least in
principle, by simulating the ship
motions during a certain time d. If
the ship capsizes N times during d
(after each capsizing we restart
the simulation with the ship in its
upright position) a good estimate
for Tk is

Tk= d / N.

The starting conditions (roll angle
and roll velocity), however, must
not have too much influence upon N.
Therefore we do not take into
account the time immediately after
each simulation start.

the dependence of Tk upon H can be
estimated by

Tk/Ts = exp( A + B / H ), (2)

where Ts is the characteristic
period of the seaway; A and B are
constants.

According to the formula above, if
we calculate Tk by simulation for a

ive heights H and plot
over H we get

approximately a straight line from
which the constants A and B can be
determined easily. The greater the
slope B, the safer the ship.

number of wave heights
ln(Tk/Ts) -- "~2

We performed a very large number of
simulations which confirmed the
validity of the expression (2).

Very interesting is the dependence
of the probability P. that the ship
does not capsize, upon the
significant wave height H
(combination of expressions (1) and
(2)). If we choose t large enough,
so that

lim P = 0 ,
H—> oo

In the cases of practical interest,
however, Tk can have an order of
magnitude of years, so that the
simulation time d= N.Tk (N should
not be less than 5) would be
unrealistically long.

we see on fig.l (A=1.0) that after
keeping practically the value 100%
for low wave heights (the ship is
thus safe) the curve P(H) falls
extremely sharply to around 0% (not
safe).

Therefore Soding and Tongue /4/
proposed to simulate the ship
motions in a steeper seaway (i.e.,
with a higher significant wave
height H but with the same
characteristic period), in which Tk
could be determined by the above-
mentioned formula, and extrapolate
the capsizing probability to less
severe seaways. They found that

APPLICATION

We present some results for the
following example ship:

Lpp = 146.0 m
= 24.6 m
= 16.3 m

9.0 m

Breadth
Height to deck 2
Height to deck 3
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Fig. 2: Subdivision

Fig .3: Damage case 2
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Double bottom height 1.5 m RESULTS

Situation before damage:3Displacement = 19000 m
mDraught

Trim
= 8.17

=- 0 . 2 3 m by the stern

Fig.2 shows the subdivision.

We present results for 2 damage
cases (symmerrical flooding):
number 2 (fig.3, damage at stern)
and number 4 (fig.4 damage at
amidships). Other cases and details
in /5/.

Case Damaged KG' KG GM
Compartments

11.76 11.94 0.00
12.22 11.15 0.00
11.98 10.95 0.20
11.76 10.75 0.40

2a 16 17 26 27
4a 13 14 23 24
4b 13 14 23 24
4c 13 14 23 24

The righting levers of a damaged
ship are usually very small
compared with those of an intact
vessel. Its range of stability is
reduced. Furthermore the
hydrodynamic damping moment is
small on accunrrf" of the low speed
of damaged ships (some forward
speed is necessary for the sake of
manoeuvrability).

In a seaway the rignting levers can
further be reduced by the passage
of waves along the ship's hull
causing a capsizing.

In beam seas the righting lever
oscillations are relatively small,
so that they can be neglected. In
following or head seas, however,
they can be very severe and must be
considered, if sufficient accuracy
is to be obtained.

In the table above KG'and KG are
the heights (m) of the center of
gravity above the keel before and
after damage respectively; GM is
the residual metacentric height
(m).

According to the damage stability
regulations of the German Navy /6/
the maximum allowed intact KG' for
the subdivision shown on fig.2 is
11.76 m.

The still-water righting lever
curves are shown on fig.5
(calculated by the lost-buoyancy
method, i.e., displacement taken
constant).

For ships travelling at low speeds
there is no danger of capsizing on
account of pure loss of stability
in the hogging condition, since the
encounter period of the slow moving
ship with the much faster
travelling waves is too short.

In damage cases which result in a
very small residual metacentric
height GM we expect no danger
neither from roll resonance nor
from autoparametric excitation
since the roll period of the
damaged ship (even if it differs
somewhat from the theoretical value
in still water) is very long.
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Fig.4: Damage case 4
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In all cases investigated in /5/
the water in the flooded
compartments was found to act as a
very effective damping mechanism,
i.e., the dynamic effect of the
flooding water was to damp the roll
motion, not to excite it. This was
a result of the energy dissipation
connected with the appearance of
hydraulic jumps (shallow water) and
the flow of water through the
orifices in the ship's hull which
causes a shift in the phase between
the roll velocity and the moment
exerted on the vessel by the
flooding water.

Fig.6 shows the dependence of the
mean capsizing period Tk upon the
significant wave height H for both
case 2 and case 4. The ship is
travelling at a constant speed of 5
knots in following seas. The short-
crested seaway was generated from a
Jonswap spectrum and has a
significant period Ts=9.5s (cases
2a, 4a, 4b and 4c) or 8.5s (case
4a'). The curves correspond quite
well to the expected linear trend
according to expression (2). Notice
that the greater the residual
metacentric height GM in case 4,
the greater the slope B (and thus
the more stable the damaged ship).
Ttee following table shows the
dependence of the mean capsizing
period Tk upon the residual
metacentric height GM for a
significant wave height Ĥ  6''. 5 m.

Case

4a

4b

4c

GM

0.

0.

0.

(m)

00

20

40

Tk

20.1

511.6

4144.0

(hours)

The probability, for instance, that

the ship in case 4a does not
capsize during 2 days time is
according to expression (1)

exp( -48.0 / 20.1 ) = 9%.

In the limit case 4c (KG'== 11.76m)
we get

exp( -48.0 / 511.6 ) = 91%.

Other cases investigated in /5/,
however, show that an increase in
GM need not make the damaged ship
safer.

Fig.7 shows for case 4b the
dependence of the slope B upon the
significant period Ts of the seaway
and upon the dominant wave
direction -p. ( TJ. ̂ O in following
seas). We see that the most
dangerous conditions are in
following and quartering seas. We
could only very seldom observe
capsizings in head or beam seas.

Furthermore we see that in
following and quartering seas, in
turn, the most dangerous condition
occurs when the wave spectrum has
its maximum value for those waves,
the lengths of which closely match
the ship's length. In this case are
expected the most severe righting
lever oscillations.

The pattern shown on fig.7 was
found to hold for all other cases
we investigated.

Very interesting is the comparison
between the cases 2a and 4c. From
fig.5 one should expect case 4c to
be safer than case 2a. Just the
opposite occurs. There is following
explanation for this behaviour: the
righting lever oscillations in the
seaway depend on the form of the
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intact part of the ship. If the
damaged compartments are located at
amidships (case 4a) the os-
cillations due to the passage of
the waves along the ship's hull are
severe on account of the triangle-
shaped frames at the bow and at the
stern. Conversely, these os-
cillations are much less severe
if the damage is located at one or
at both ship's ends, so that the
damaged ship is safer.

Tanks and Damaged Compartments,
STAB 86 Proceedings, Gdansk, 1986.

/3/ J. Dillingham, Motion Studies
of a Vessel with Water on Deck,
Marine Technology, Vol.18, No.l,
1981.

/4/ H. Soding and E. Tongue,
Computing Capsizing Frequencies of
Ships in a Seaway, STAB 86
Proceedings, Gdansk, 1986.

If we now have wave data for a
given sea area like, for instance,
that shown on table 1 /7/, we can
combine this information with that
from fig.7 to define a "long term
mean capsizing period" T' for this
sea area (details in /5/). For the
limit cases 2a and 4c we found the
value of T' to be much longer than
the time the ship needs to reach
the nearest harbour, say, 5 days.
The damaged ship is thus safe.

For case 4b (KG reduced by 20cm) we
found T'=- 1646 hours (approx. 69
days). If the ship travels during 5
days the capsizing probability in
North Atlantic is

exp( 5.0 / 69.0 )

/5/ F. Petey, Numerical Deter-
mination of the Capsizing
Probability of Damaged Ships in a
Seaway (in German), Report No.487
of the Institut fur Schiffbau der
Universitat Hamburg, 1988.

/6/ Stability Regulation No.1033
for Ships of the German Navy (in
German), Koblenz.

/7/ H. Soding, Capsizing Risk
Analysis by Means of Ship
Motion Simulation (in German),
Schiffstechnik, Vol.34, No.l, 1987.

AUTHOR
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If we further take into account
that the captain of a damaged ship
can adjust heading (see fig.7) and
speed in order to decrease the
danger of capsizing, we can
consider this case 4b as safe too.
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SERIES STAND TESTS WITH PASSIVE STABILIZING TANKS

V.Rakit-m 1; R.Nachev u Tz.Tzvetanov 2 /

ABSTRACT

The paper presents results obtained by series model tests of "FLUME"- and "FRAME" - type pa-
ss ive stabi l iz ing tanks. The mathematical aspect of the problem and the experimental realiza-

tion, as we l l as certain technical aspects of force and stabilizing moment measurements have
been described. Some of the results, representing the amplitude and phase characteristics of

the measured values in the frequency range, are also presented in this paper. Some particular
effects of fluid motion in the tanks, depending on the internal damping coefficient, have

been described.

Analytical approximation formulae have been derived on the basis of experimental data.
Conclusions have been drawn about the effectiveness of the stabilizing tanks.

^ INTRODUCTION

The proo1e,i of choice of both type and di-

mensions of the stabilizing tanks, which
should be optimum for a particular ship,

inevitably occurs in the design process.

The solution of this problem is substantial-
ly facil i tated at availability of objective

experimental data for the roil motions of
the stabil ized ship, the efficiency of the

tanks, the fluid motion in them, the influ-
ence of the different devices, varying the
internal damping coefficient, etc. Such da-
ta can be obtained most thoroughly by model
experiments.

Due to the interest of the foreign
clients and -in connection with the pros-

pects for development of the Bulgarian Ship-
building industry, an extensive programme
for investigation of stabilizing tanks of
"FLUME" and "FRAME" types, has been develop-

ed at BSHC. The programme induooo perfor-

1) Naval Architect, Research Scientist

£) Dipl.Ing., Research Scientist

BSh;C, Varna 9000, Bulgaria

piance of series model stand tests and tests

in regular and irregular waves of ship mo-
dels equipped with stabilizing tanks. For
this purpose a three-component motion simu-
lator and a system for measuring the stabi-

lizing moment and the horizontal force du-
ring the tests in waves in the experimental
tank, were designed and manufactured. The
motion simulator imitates roll, heave and
sway motions of the ship. During the experi-

ments the dependence of the generated stabi-

lizing moment on the geometrical character-
istics of the stabilizing tanks and their
internal damping was investigated. The expe-
rimental data obtained in view of its great
amount proved to be reliable basis for deve-
lopment of analytical approximation formulae
and design procedures of a stabilizing tank
for a particular ship. The analysis of the

experimental results allowed determination
of the extent of influence of the varying
parameters on the effective operation of the

stabit izing tanks.

This paper comments the resulis of part
of the stand model tests performed and it
gives the main conclusions, drawn from the
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investigations, as well as the trends of
continuing this activity.

MATHEMATICAL MODEL

It should be noted that in the preparation
of the mathematical model describing the
stand tests, use was made of the classical
theoretical approach based on the simpli-
fied theory of roll motions C1>2).

The pure ship roll motions about the
longitudinal axis passing through its cen-
tre of weight is discussed. In first appro-
ximation the equation of such an oscilla-
tion can be represented, as follows:

lll(.-r

$+2v ^+n20=c^n2sinot-^ ——sin(ot+£^r), (3)

where,

a - effective angle of the wave slope,

n - / A h / I . - natural roll frequency,

£c-r -- phase angle of the stabilizing moment,

The equation of roll motions is trans-
formed by transferring the expression for

the stabilizing moment to its left side,

'"ST^ + —cos£<-TS^nc it+2^;,,^+I. oT $
(4)

'"ST
+ -i—sinec-.cosCTt+n^ = omn sinot

The solution of eq.(3) is well known
and in this case it is sought in the form:

L$ + 2N $ + Ah 0 = M,-, 1) 0 = Asinot + Bcosot

where, M-. - some harmonic excitation

function.

It can be assumed that the resultant
motion after certain period of time, will
also become harmonic and w111 be performed

with the same frequency but with a phase
lag in comparison to the excitation effect.
In the accepted formulation of the problem

the total moment M-,- consists of the moment
of the external excitation effect and the

moment generated by the fluid moving in the
stabilizing tank. The external excitation

moment during the stand tests can be assum-

ed to be strictly harmonic and then the equ-
ation of the roll motions has the following
form:

I^+2N^+Ah _ I > = Ah a sinot+M--,- (2)
where,

MCT = m<--rSin(ot + £c-r)-

In the obtained algebraic equation af-

ter grouping the terms in the sine and co-
sine parts, the following is obtained:

Wcr2 . bT(A(n^-o2)-2\^o•B-a^+ ^—cos£^-)sinat +

E5)
2 ST+ (B(n.-CT2)+2^J-CTA+ ——sin£cT-)cosot = 0
V 'V 1 < J i

The equalizing of the sine and the co-
sine parts of this equation leads to the fo-
llowing expressions:

mc-r
^V021"82^0 = W T-^^ST

mc-r
A2^o+B(n^o2) = - - Îsin^

And the subsequent transformations

allow obtaining of a formula for the roll
motions' amplitude of the stabilized ship.

^ = A2 + B2 =

In view of the sinusoidal character of
the external excitation the stabilizing mo-
ment in the frequency range, interesting

from practical point of view, is also a har-
monically varying function.

In its normal form eq.(2) can be wri-
tten in the foil owing form:

(6)

^ST71^251"2^"2^!/1']^"^1'?005^

+4\r-o2

^ _ 1 ^""^VST^^ST'.
ST l•\ /(nl-CT^+^o2 '

where
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m,, = A1"1?^ ~ excitation moment amplitude,
mcT - stabilizing moment amplitude.

Eq.(6) is quite simplified but itclear-
1y reflects the stabilizing tank effect on
the behaviour of the stabilized ship in pure

external harmonic excitation.

EXPERIMENTS

The series model tests have been performed
with stabilizing tank models of FLUME and
FRAME types at approximate scale M - 1 : 25
in comparison to full scale. During the
stand experiments the roll and sway motions
were simulated. The experimental programme
has been developed on the basis of the vari-
ation of the following parameters:
- height (breadth) of the connection water

channel;
- internal damping coefficient in the tank;
- mass of the water filling the tanks;
- value of the roil angle;
- value of the sway motion;
- frequency of the oscillations generated
by the simulator.

The combinations of the varying roll
and sway amplitudes and the frequency of
motion have been selected, so that they
should reflect comparatively most accurate-
ly the behaviour of the real ship. During
the experiments the phase angle between
those two oscillations simulated by the
stand, was varied. The tests have been per-
formed in the following two states: "frozen"
liquid and "free" stabilizing liquid.

It should be noted that 1n the develop-
ment of the force-measuring system of the
motions simulator an approach has been ac-
cepted, treating the investigated stabiliz-
ing tank as a body of six degrees of free-
dom, so that in the three-dimensional coor-
dinate system this body was subjected to
the effects of the external forces, the ap-
plication points and directions of which
are not known and vary during the experi-

ments. This approach makes the measurement
complex but it has the following advantages;

- adequate reflection and perception of the

forces acting on the stabilizing tanks;
- a possibility for simultaneous measure-

ment of all force components of interest;
- preconditions for increasing the measure-

ment accuracy;

- independence of the different force-mea-
suring elements.

During the tests the following parame-
ters have been measured and controlled:

- moment with regard to the roll axis;
- horizontal force;
- fluid motion in the tank;
- roll and sway motions;
- oscillation frequency.

The data acquisition and preliminary
processing of the experimental data has been
performed by means of a computer system us-
ing IBM PC.

The accepted algorithm of processing

the experimental data of the stand tests is
based on the method described in (2) and it

consists in determination of the amplitudes
of the stabilizing moment and the horizon-
tal force and their phase angles, as follows:

A^ = /(A^cos^-A^)2 + ( A ^ s i n e ^ ) 2

A,sine.

A.cose.-A,;
£y - arctg

where,

A - stabilizing moment amplitude (horizon-
tal force);

A, - first harmonic amplitude of the measur-
ed moment (force) of the open water
tests;

A,, - first harmonic amplitude of the measur-
ed moment (force) in frozen water tests

e - phase angle of the stabilizing moment

(horizontal force) versus the angular

oscillations;
e, - phase angle of the first harmonic of

the moment (force) versus the angular

oscillation of the open water tests.
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As a result of the experimental data pro-
cessing the sine (in-phase) and the cosine
(quadrature) components of the stabilizing
moment are obtained depending on the fre-
quency of the external excitation. Those
components are necessary for the determina-
tion of the roll amplitude of the stabiliz-
ed ship in regular waves and the drawing of
the amplitude response function of the ship
jn real sea waves.

TESTS RESULTS

The final processing of the experimental
results of the stand tests has been perform-
ed on a 32-bit computer, using Fourier ana-
lysis program modules. The test results are
presented in non-dimensional form, so that
the dimensionalizing coefficients depend on
the geometrical dimensions of the stabiliz-
ing tanks and the oscillation amplitude. On
the account of these results generalized
graphical relationships have been developed
concerning the measured values as a function
of the varying parameters. It should be- not-
ed that to a great extent the reliability of
the results obtained depends on the correct
and accurate modelling of the "frozen" wa-
ter state, expressing in the exact height
determination of the mass centre position.
The same refers to the modelling of the
mass inertia moment of the stabilizing tank.
F1gs.1t4 give exemplary graphical relation-
ships for the non-dimensional amplitudes and
the phase angles of the stabilizing moment
and the horizontal force generated by the
stabilizing tanks in force motion of the
water in them.

The performed analysis of the experi-
mental results obtained allowed evaluation
of the influence of the parameters varying
during the tests on the measured stabiliz-
ing moment, horizontal force and the water
oscillations in the tanks.

The free water surface with the FRAME
type tank is kept horizontal independently
on the oscillation angle up to frequencies

of about 0.2 Hz at lack of sway motion. The
sway motions,particularly when they are in

a phase with the phase oscillation, lead to
strong curving of the water surface in the
tank and occurrence of standing waves. In

the further increase of the oscillation fre-

quency the height of those standing waves
increases and they start breaking. In this
case the influence of the roil motions an-
gle is strong. The to-tal breaking of the
water surface linearity occurs at angles
greater than 8°. It should be noted that the

internal damping coefficient significantly
influences the behaviour of the water in the
tank, so that its increase shifts the strong
damping of the water surface in the higher
frequency zone of the forced oscillations.

With the FLUME type tank due to the

great area of the water surface and the

specifics of its internal configuration
even at very low oscillation frequencies,
surface waves are generated, the amplitude

of which quickly increases with the in-
crease of the roll motions angle. The waves

start breaking at oscillation angles great-

er than 10°, so that this breaking occurs
very rapidly at presence of sway motions.
At oscillation frequencies higher than
0.25Hz the different water levels are clear-

ly formed in the different tank volumes.
The internal tank damping influences signi-
ficantly the water surface shape. At high
internal damping coefficients and oscilla-
tion frequencies greater than 0.45Hz the
occurring waves propagate only in the ran-

ges of each different tank section and they
have insignificant height. It should be

noted that at those states the generated

stabilizing moment is quite small. A typi-
cal example of the registered water surface
behaviour in the FLUME and FRAME type tanks

is shown on Figs.5t6.

The described fluid motion in the
tank characterizes the phase variation of
the generated stabilizing moment regarding
the external excitation. At small oscilla-
tion angles this phase increases monoto-

nously with the variation of the frequency
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and its determination experimentally is no
problem. When the oscillation amplitudes,
however, become significant (>12°) and the
water surface behaviour assumes predominant-
ly expressive nonlinear character (strong
wavemaking with subsequent total wave break-
ing), the determination of the phase angle
becomes difficult. This particularly refers
to the frequency zone, in which the hydrau-
lic jump occurs. That is why in this region
there is certain instability of the experi-
mental results.

The amplitude of the moment,generated
by the fluid oscillating in the tank, is in-
fluenced most strongly by the frequency of
the external excitation effect, so that this
relationship appears to be a function of the
third power of this frequency at given roll
and sway motions and oscillation frequen-
cies higher than 0.45Hz. In the low frequen-
cy range the variation of the stabilizing
moment is proportional to those frequencies
(Fig.7).

The effect analysis of the phase-angle
oscillation in the whole frequency range of
the external excitation shows that the sta-
bilizing moment seems to be a function of
the first degree of those amplitudes with
the FRAME type tanks and respectively, a
function of their second degree with the
FLUME type tanks.

The internal damping coefficient in-
fluences significantly the amplitudes and
the angles of the stabilizing moment gene-
rated by the tanks. The increase of the in-
ternal resistance leads to considerable in-
crease of the phase angle with the high fre-
quencies of the forced oscillations but the
absolute value of the moment amplitude
starts decreasing. At tow oscillation fre-
quencies the stabilizing moment is in app-
roximately linear dependence on the roll
angle.

It should be noted that the phase di-
fference between the forced oscillations,
in principle does not influence significant-

ly the distribution by frequencies of the
moment generated by the tank and leads only
to decrease of the moment amplitudes at de-

phasing of 90° between roll and sway motions.

This reduction of the moment value is most
significant at oscillation frequencies high-
er than 0.30Hz, which is explained by the in-

crease of the share of the stabilizing mo-

ment falling to the sway motion and by its
direction opposite to the basic component.

During the test performance the effect
of the pure sway motion on the stabilizing

moment has been investigated too. The analy-

sis of those data shows that up to frequen-
cies in the range of 0.25i0.30Hz this in-
fluence seems to be slight but above those
frequencies it starts growing (Fig.8).

The phase frequency characteristics of
the horizontal force and the stabilizing mo-
ment correctly reflect the physics of the
fluid motion processes occurring in the sta-
bilizing tanks. The phase shift of the mea-

sured values with regard to the phase angle
oscillation strongly depends on the internal
tank resistance, on the amplitudes and fre-
quencies of the forced oscillations and the
pnase difference between them. In a11 those
cases, however, the jump of the phase cha-
racteristics occurs at attaining of the mi-

nimum values of the measured moment and ho-

rizontal force. The water "level in the tank
also influences these phase characteristics.

During a11 stand tests the tank height
position with regard to the oscillation axis

does not vary and that is why no conclusions
regarding the relationship between the am-
plitude of the stabilizing moment and the
tank position can be drawn.

ANALYTICAL APPROXIMATION

One of the aims of the experimental investi-
gations performed was the obtaining of ana-
lytical approximation expressions about the
stabilizing moment and its phase, depending
on the parameters varying during the tests.
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The main requirements towards the analyti-
cal approximations were the incorporation
of a11 combinations of the varying parame-
ters and accuracy not less than that of the
experimental data results. The standard ap-
proach was adopted, at which the approxima-
tion function is represented by the follow-
ing expression:

ai

where,

A. - regression coefficients,
X . - varying parameters,
a_ - integer power values.

At the systematic analysis of the ex-
perimental data the regression coefficients
have been obtained with the aid of standard

programs for regression analysis (5.). There
are different regression models developed
for the two types of tanks. The full appro-

ximation relationships describe quite accu-
rately all experimental results and allow
obtaining of the stabilizing moment for any
of the parameter combination within their

variation ranges. However, as far as the
analytical formulae have been intended for
practical application in the design of the
stabilizing tanks, it is necessary to note
the following: the full approximation deve-
loped does not give satisfactory result in
the determination of the main characteris-
tics of a stabilizing tank designed and ac-
counted for a particular real ship. This

disadvantage of the full approximation func-
tion is due to the ultimately small number
of variations for almost all parameters in-
cluded in the regression. This has imposed

a certain change of the investigation pro-
gram in the sense of the additional test
performance with the purpose of expanding
the ranges of some of the varying parameters,
Inspite of that on the basis of the main

and additional investigations two-parameter

approximations of the experimental results
have been developed for varying frequency
of the external excitation effect and one
varying parameter and at fixed values of

the rest tank characteristics. It should be
noted that this approach has lead to signi-
ficant improvement of the results from the
practical application of the analytical for-

mulae. A calculation procedure has been pre-
pared for determination of the geometric and

tank damping characteristics with the use of

these formulae and the developed analytical
expression for prediction of the stabilizing
moment obtained by test results of ship mo-
dels equipped with passive stabilizing tanks
in regular wave or harmonic external excite-

ment (4).

CONCLUSIONS

The model investigations performed with
FRAME and FLUME type stabilizing tanks have

allowed accumulation of a great deal of ex-
perimental data, the multivariant investiga-
tion of which gives a possibility to evalu-
ate the effect of a number of parameters on
the tank efficiency. That is why the calcu-
lation procedure created, including also a

computer program for prediction of the sta-
bilized ship behaviour in first approxima-
tion, has been considered as a first stage
in the creation of a test procedure for de-
sign of passive stabilizing tanks.
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NOMENCLATURE

- Oscillation frequency
- Metacentric height
- l^ater level height

- Virtual mass moment of inertia about
the roll axis
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Total excitation moment
Stabilizing moment
Stabilizing moment amplitudes
Wave excitation moment
Natural roll frequency
Amplitude of the horizontal force,
generated by fluid motion in the tank
Water level oscillation amplitude
Sway amplitude
Effective wave slope
Displacement

'ST
^T

WL

Y

Phase angle of the stabilizing moment
Phase angle of the horizontal force
Phase angle between the roll and sway
motions

'ST
TY

^Y

Non-dimensional roll damping coeffi-
cient
Circular wave frequency
Roll amplitude
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APPROXIMATE METHOD FOR STABILITY ARM EVALUATION
AT INITIAL SHIP DESIGN STAGES

1) 2)S.Diimtrova , R. Kishev

ABSTRACT

In this paper a s i m p l i f i e d procedure for static and dynamic stability arms ca lcu la t ion at
equivolume incl inat ions is presented, employing the three-parameter Lewis forms technique for
recontruction of the cross sections in a semifixed (rotat ional) coordinate system, the sec-
tional data being obtained by preceding optimization f u l l form evaluat ions. The easiness of
the procedure., unburdened by excessive inputs , makes it appl icable for the purposes of prel i -
minary ship design.

INTRODUCTION

In the process of sh ip design the static
and dynamic stability diagrams are calculat-
ed by standardized procedures, approved by
the classification societies and requiring
detailed description of the sh ip hu l l form
C2). At earl ier (contract) design stages,
however, computerized systems for optimum
selection by mul t iva r i an t comparisons could
be appl ied (3.1,(4), and for s tabi l i ty as-
sessment in the frames of comparative sea-
keeping ca lcula t ions express methods, opera-
ting with generalized form characteristics,
are needed in those systems.

1. OUTLINE OF THE DESIGN PROCEDURE

In (3) an or iginal r ank ing procedure for
stabili ty assessment is ou t l ined and fur-
ther integrated in the generalized proce-
dure of h u l l form optimum design by seakeep-

ing considerations C4) . The method is based
-on Bales ranking approach, which searches
empirical relat ionship between certain h u l l
form parameters and the generalized seakeep-
ing estimator defined as an averaged and
nondimensionalized complex reaction:

R(D) ^ R*(G) (1)

where, D is a set of s igni f icant reac-
tions, forming the general sh ip behaviour
in waves, and G is a set of geometry parame-
ters most i n f luenc ing ship seakeeping. In
(4) these factors are defined, as follows:

6 = ^sw'^s'^s^o'^k^max'
(e^eJ (2)

1 "i T N N N N 1
^ m a x ' 2 " i a w ' ' ' s h " • l s ^ "sr-1

and hence,

'/a
G = (L/7 ,B/T,T/L,D/T,Cg.C^,C^,LCB.LCF.

(3)
(T -T.)5 ' s /s s /s l[_ 'WW

1)

2)
Research Scientist
Senior Research Scientist, Ph.D.
BSHC, Varna 9000, Bulgaria

(See the list of used nomenclature at
the end of the paper).

The optimum complex' of design parame-
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ters is then searched by conditional opti-
mization of eq.(1).

To calculate motion ampl i tudes and
other wave related phenomena, a standard
str ip theory procedure u s i n g conformal map-
ping of cross sections by Lewis forms could
be a p p l i e d , considering the s i m p l i f i e d ge-
neration of variant h u l l forms on the one
hand, and the m i n i m u m comput ing time re-
quirements , on the other one.

The or ig ina l contour of the i-th cross
section, defined on Fig.1 in the fixed co-
ordinate system 0 (x )yz by the integral pa-
rameters -
a ( x ) - cross section wetted area;
b ( x ) - ha l fbeam;
c ( x ) - vertical position of the section

centroid;
d ( x ) - sectional draft;
is approximately described by (1) :

2. CALCULATION OF SHIP STABILITY
CHARACTERISTICS

The authorized procedures for static and
dynamic s tabi l i ty arms ca lcula t ion (5) de-
mand rigorous description of the s h i p l ines .
The s impl i f i ed design approach, however,
deals with general form characteristics,
such as sectional ha l fwid ths , draughts ,
areas and consequent static moments obtain-
ed as output of the opt imizat ion procedure
C4). In accord wi th ' the wel l known fact
that small local var ia t ions of the h u l l
form do not affect s igni f icant ly sh ip dyna-
mic characteristics (3) , (4) , an attempt has
been made to calculate s tabi l i ty d iagram
elements par t ic ipat ing in eq . (2 ) by recon-
struction of the cross section contours as
analyt ical Lewis forms.

y = f - , (a ,C^, i=1-4)

z - f^(a,C^., i=1t4)
(4)

where, Lewis form coefficients C. are
to be expressed o r i g i n a l l y by a, b, c and d

It is suggested, however, that for
proper accounting of board entry at incli-
nation, the section geometry parameters
have to be evaluated with respect to the
deckline rather than the waterline.

Fig.2. Coordinate Systems

For the inc l ina t ion description a new
coordinate system, 0 (x )y z ,is introduced,
as shown on Fig .2 with or igin t y i n g at the
crosspoint of the- baseline and the center-
l ine . The index 6 corresponds to the angle
of inc l ina t ion , to which the coordinate
axes are rotated, fo l lowing the free sur-
face position (9=0 correponds to the up-
right pos i t ion) .

F ig .1 . Cross Section Descript ion
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Obviously,

y ^ y-o -

z^ = z + d(x)
(5)

and hence,

power series, as fol lows:

VQ) -.l^e21^ 13)

which makes possible the analytical evalua-
tion of the requested diagram elements 1g ,

Hid A
I^ , 6 and 6,-."max' m f

(6)
y. = y c o s 9 + z s i n 9

U 0 0

z,a = z cos6 - y sin9

The sectional draft at inclined posi-
tion, d,,(x), is obtained from the equivo-
"lume condition:

(7)

by expressing sectional area as a function
of d (x) and successive approximation of
eq.(7). Further, the procedure follows the
well known routine (5), consecutively eva-
luating:
- the coordinates of the new CB position
with respect to the rotated axes;

YBB = V^

^e ' W^

and their respective values yn(0) and Zn(6)D D
in the upright coordinate system, obtained
by eq.(6);
- the lever arm of weight stability:

1 (9) = (KG (9)

the lever arm of form stability:

I^(9)=yg(6)cos0+(Zg(9)-Zg(0))s1ne (10)

the static stability arm:

^(e) = ^(e)-i ( e )

the dynamic stability arm:

He) - /L(e)dea Q s

(8)

(11)

(12)

3. PRACTICAL APPLICATION

The method of approximate evaluation of the
stability diagram elements has been applied

as an optional procedure in the course of
the seakeeping optimization of a container-

ship hull form, described in details in (3),
and (4). To prove its applicability, compa-
rative calculations of the stability dia-
grams have been effected applying different
techniques, namely:

- rigorous presentation of the ship hull,
form (up to 30 offset points per section,
parabolic interpolation). The program mo-
dule is authorized by the Bulgarian Regis-
ter of Shipping;

- widely spaced offsets (up to 9 points per
section, linear interpolation). This module

is incorporated in the complex program sys-

tem SEA, which is intended for general sea-
keeping calculations;

- approximation of the cross section con-
tours by the three-parameter Lewis form, as
realized in the computerized design optimi-

zation system SEAOPT (3),(4).

The comparison illustrated on Fig,3

for the case of the form stability arm dia-

gram of the basic hu11 shows quite accepta-
ble coincidence between the predictions ob-
tained by the three techniques. Obviously,
the greater discrepancies occur in the re-
gion of the maximum stability arms but they
never exceed 1.5%. It makes the suggested

form approximation applicable for the pur-

poses of ship stability estimation at ini-
tial design stages.

For calculation convenience the static

stability arm curve is approximated by a
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NOMENCLATURE

Significant vertical accelara-
tion at FP
Breadth, moulded
Linear regression coefficients
Block coefficient
Water]ine coefficient
Middle cross-section area
coefficient
Depth, moulded
Significant wave height
Weather criterion
Position of CG above baseline
Lever arm of form stability
Lever arm of weight stability
Static and dynamic stability
arms
Ship length
Longitudinal centres of buoy-
ancy and floatation
Static moment of the volume
around 0 axis
Static moment of the volume
around 0 axis
Added power in waves
Numbers of occurrence of deck
wetness, slamming and screw
racing
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ON LARGE ROLLING IN FOLLOWING DIRECTIONAL SPECTRUM WAVES

Seiji TAKE2AWA*, Tsugukiyo HIRAYAMA**,Schivashis Acharrya * * *

ABSTRACT

As well as in beam seas, rolling motion of a running ship become large in
quartering sea. On the other hand , no rolling motions are expected in
following long crested seas within linear theory. But it is known well
that nonlinear mechanism induces rolling motions in following seas and in
some cases capsizing will occur. Other than this , large rolling seems to
be excited in fol lowing sea condition of short crest wi th in l inear
phenomena. Our study is experimental and theoretical study on the rolling
motion in fol lowing short crested irregular waves expressed by two
dimensional spectrum and we call such waves as direct ional spectrum
waves. Such a running experiment could be done owing to the newly
developed wave maker installed at the end of long towing tank and such an
experiment wil l be the first time in the world.

INTRODUCTION

Ship rolling in quartering seas
is important for her stability and
rolling in fo l lowing seas is also
important because encounter wave
period become long and there are
possibility that the resonant large
rolling motions are excited.So, many
s t u d i e s were made on ro l l ing in
following long crested waves.

However, study on rolling motion
in following short crested irregular
seas had not been carried out yet in
laboratory. This is mainly because
that there did not exist such an
experimental tank in which we can
conduct a running ship test with
generating and control 1 ing such a
multi directional seas as we want.

This paper show the experimental
and theoretical results about roll-
ing of a running ship in following
directional spectrum wave in a long
towing tank,and this could be real-
ized by the newly deve loped wave
m a k e r [ l ] w h i c h can genera te di-
rectional spectrum waves.

H e r e , w e ca l l short crested
irregular waves as "d irec t iona l
spectrum waves" because we consider
irregular waves that have continuous
spectrum in direction as well as in
frequency.

* Professor,Yokohama National Uni-
versity, Department of Naval Archi-
tecture and Ocean Engineering,
Tokiwadai-156, Hodogayaku,Yokohama,
JAPAN ** Associate Professor,Do.
*** Student of Post Graduate
Course,Do.

EXPERIMENTAL TECHNIQUE

Gene rat j^n of Directional Spectrum
waves and Measurement

Wave generator:Up to this t ime,
it had been considered that genera-
tion of directional spectrum waves
with arbitrary directional function
will be very difficult in a towing
or long tank, bcause of wave reflec-
tion at the tank wall. On the other
hand snake type wave maker installed
in a square basin or rectangular
tank can realize only a very small
area of uniform directional spectrum
wave.

For generat ing the u n i f o r m
directional spectrum waves along a
long towing tank , a new wave maker
was ins ta l led at the end of the
towing tank of Yokohama National
University[l]. The type of this wave
maker is so called snake type but
the most important point is that
this wave maker u t i l i ze the tank
wall reflection positively as mirror
image generators.

Considering infinte number of
mirror images of the wave maker, we
can understand that u n i f o r m wave
field will be realized over the long
tank.

Schematic description of this
wave maker is shown in Fig.1 and an
example of generated d i rec t iona l
spectrum wave is shown in Photo 1.
The wave directional characteristics
of this tank are already confirmed
[3 ,4 ] . Each unit with electric servo
moter can be controlled independent-
ly according to e lec t r ic s ignals
through D/A converter. Digital wave
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signal is pre-calculated as describ-
ed in the next section and stored in
floppy disk of personal computer.

Wave signal: As an expression
of directional spectrum we consider
the following expression.

(1)

^ = absolute wave frequency
As directional spreading funct-

ion D , nex t two express ions are
familiar and here we adopted those
expression-

D ( x ) = C.cos^x where - n- ^ X ^-L 1 o

(4)
S {w x,V}

S ( . w . x ) = ——————
^0

1-——Vcosx
Sf

The suffix o means absolute and
e means encounter. Spectrum in the
right hand side does not include V
in this case . ( Expression ( 4 ) in-
cluding V is used for motion spec-
trum estimated by the transfer func-
t ion expressed in absolute wave
frequency.)
The relation between absolute wave
f r e q u e n c y and encounter wave
frequency is given by

( 2 )

9c x
D (x ) = C cos (-) 'where - re ^ x £ "'

4 Lt £,

Vcosx (5 )

(3 )wave direction

Parameters n and s are both
concentration parameter and inverse
of those parameters will be called
as directional or angular spreading
parameter. Between those two parame-
ters there is an approximated rela-
tion as s=4.3n . Cl and C2 are coef-
ficient for normalization.

Based on the exprssion ( l ) , t i m e
history of voltage for wave maker
signal are calculated consider ing
transfer funct ions of wave maker
units. As one dimensional wave spec-
trum we adopted so called P-M type.
Significant wave height was adjusted
to 6 .7 m ( 7 . 6 cm in model s c a l e ) ,
zero up crossing mean period to 11.3
sec(1.21 sec in model s c a l e ) , and
range of wave direction was limited
as +-90 deg. The number of frequen-
cy is 150 to 200. Direction inteval
is made 2 dgrees an<i time interval
is made 0.935 sec (0.1 sec in model
scale) .

Measurement of directional Wave:
Directional spectra are estimated by
using so called MLM (Maximum Likeli-
hood Method) [2 ,3 ] .For this purpose
we used arrays of five wave probes
as illustrated in F i g . l and 3. at
rested position.

For the running condi t ion , i n
case of head seas ,we can estimate
encounter directional spectrum by
introducing small correct ion into
MLM ,but in fo l lowing seas we can
not apply MLM because of one to one
correspondence in frequency domain
can not be realized.

This situation is described in
F i g . 2 . F i g . 2 ( a ) is an example of
estimated directional spectrum from
wave records at standing condition.
Abscissa is circular frequency and
ordinate is wave direction. On the
other hand (b ) is direct ional en-
counter wave spectrum in following
sea condition trnsformed from (a) .
This transformation is made by the
following formula

F i g . 2 ( c ) shows one of contour curves
of spectrum ( a ) , a n d this curve is
transformed into a thick solid curve
in F i g . 2 ( d ) . Others are transfomed
results of lattice in ( c ) . As can be
seen in this figure, corresponding
frequency area is modified and fold-
ed, so one to one correspondence can
not be realized in such a following
sea case. So, MLM can not be applied
for these following sea case.

From this reason, in following
•sea case, we adopted direct ional
spectrum estimated at standing con-
dition as input wave spectrum for
obtaining response spectrum as shown
equation ( 6 )

.Y ,̂7) -

After this ,the obtained spectrum is
transformed into encounter frequency
expression by formula ( 4 ) .

Model and Experimental Conditions
Model ship: Principal

particulars of two meters length
model ship used is shown in Table 1.
This is container ship type and was
adopted in the I T T C ' s comparat ive
study of ship motion.Two speeds are
selected. Fn=0.2 (16.1 knots) and
0 . 2 7 5 ( 2 2 - 1 knots)

Experimental setup:
Arrangement for model experiment in
following sea condition is shown in
F i g . 3 . The m o d e l ship is towed
through gymbal mounted at the center
of gravity of the m o d e l , and the
heave ,pitch and roll mot ions are
measured. This time surge , yaw and
sway motions are fixed and thoreti-
cal calculations are also made fol-
lowing this condition.

Generally speaking , for ob-
taining stable statistical values
,about 200 encounter c y c l e s are
requested in irregular waves, so 8
to 14 times runs were executed for
following sea experiment.

- 288



RESULTS and DISCUSSION

Example of Timehistory

Example of t imehistor ies of
wave and motions measured in follow-
ing irregular waves are shown in
Fig.4. F ig .4(a) corresponds to that
in long crested wave and ( b ) cor-
responds to that in d i rec t iona l
spectrum waves.Directional distribu-
tion is cos square. The wave height
and absolute mean period are the
same in both cases.

Of course encounter mean wave
period is changed from that absolute
value and become longer in following
sea condition. Fur thermore, f rom
analysis ,encounter mean period of
directional spectrum waves becomes
shorter than that of long crested
irregular waves by about 10% in this
case, but this can hot be seen ac-
curately in time history.

The most significant feature is
that in following directional .spec-
t rum waves there appear ro l l ing
motion which can hardly seen in long
crested following (encounter angle^O
degree) irregular waves except non-
linear phenom&na. The encounter mean
wave period (23 sec) of this csae is
close to natural period of rolling
so about 40 degrees maximum double
amplitude can be seen. On the other
hand pitch is reduced by 8%.

Example of Theoretical Estimation

Two dimensional spectrum:Left
hand side in F i g . 5 , we show two
d imens iona l f r e q u e n c y response
functions and two dimensional spec-
tra .Contour curves in the right
hand side corresponds to that of
left . Abscissa shows absolute (not
encounter) wave frequency and ordi-
nate shows component wave direction.
Mean (or main) wave direction cor-
responds to zero degree.

(a) is "wave slope" spectrum
t r a n s f o r m e d f r o m wave e leva t ion
spectrum of F i g - 2 ( a ) at standing
condit ion. This expres sion corre-
spond to transfer function expressed
in wave slope, ( c ) and ( g ) , each
corresponds to theoretical trnsfer
f u n c t i o n s of p i t c h and ro l l at
Froude number of 0 . 2 7 5 . Theoretical
calculations made by strip method
(NSM) is done on the base of abso-
lute wave frequency namely on wave
length. Considering experimental
condition, sway and yaw are fixed.
Roll damping from free roll is used.

Transfer functions of angular
motions are expressed by wave slope
,so by wave slope spectrum multipli-
ed by square of t rnsfer funct ions
,we can obtain theoretically esti-
mated response directional spectrum
as F i g . 5 ( e ) and ( i ) , as a l r eady
described by equation ( 6 ) .

As can be seen in F i g . 5 ( g ) , ( h ) ,
the peak of transfer function of

roll exist not at 90 degrees but at
about 60 degrees of fo l lowing ob-
lique waves. Such characteristic is
already referred to, for example in
re fence F 5 ] , a n d this wi l l results
large rolling in f o l l o w i n g direc-
tional spectrum waves.
Comparison of Experimenta^L Results
with Estimations

T h e o r e t i c a l l y e s t i m a t e d two
dimensional spectrum ,as shown in
Fig.5 , can not be compared directly
with experiment, because measured
motion timehistory results in one
dimensional spectrum. In other words
this is the integrated results of
two dimensional spectrum as follow-
ing equation.

7t

S^^x) dx (7)
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So ,here, comparison between
one dimensional spectra is made .

Left hand side of Fig.6 corre-
spond to Fn=0.2 and that of right to
F n = 0 . 2 7 5 . Directional func t ion is
cosine square type. Cal means calcu-
lated results ,as already described,
using theoretical directional trans-
fer function and directional spec-
trum of waves es t imated f rom the
measured waves at standing condition.

FFT means that the one dimen-
sional spectrum is obtained by Fast
Fourier Transformat ion method and
MEM means by Maximum Entropy Method.
Results in Fig.6 are averaged re-
sults according to run number. Both
methods show about the same results
but relativly sharp peaks are ob-
tained by MEM than by FFT.

Differences are seen between
cal and experiment. Cal is smaller
than experiments fo r rol l ing and
larger for pitching- For the Fn=0.2
case ,the peak frequency of encount-
er wave is near to that of natural
ro l l ing and large ro l l ing is
excited. For the Fn=0.275 case there
seems two peakes ,one correspond to
wave and the other to roll natural
frequency, so it will be said that
resonant rolling motion was induced.

It should be noted that verti-
cal scale of Fig. 6 (c ) and ( f ) are
differnt each other and rolling of
Fn^O.275 case is smaller than Fn^O.2
case, because wave per iod is near
but out of roll natural period in
case of F n = 0 . 2 7 5 . I n f o l l o w i n g sea
case,pitch natural frequency is far
out of wave frequency as shown by
downward arrows.

About the reasons why the the-
oretical estimations show discrepan-
cies with experimental results ,
discrepancies between wave directio-
nal spectrum measured at standing
condition and running condition will
be one reason. Estimations are made
by the wave at standing condition.
Secondary, the response spectrum is
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the results of mul t ip l icat ion of
wave directional spectrum and re-
sponse function as shown in Fig. 7
(this figure is quated from F ig -5 (b )
and ( h ) ) . So the small estimation
error of relative peak position of
wave and transfer function will make
a large differences.

E f f e c t of angular spreading
Jparameter: To see the effect of wave
directional spreading on motions ,we
show Fig.8. The abcissa is angular
spreading factor defined by 1/s, and
s is parameter used in equation ( 2 ) .
Four kind of s is considered.
Ordinate is defined by square root
of M o ( m o t i o n ) / M o ( w a v e ) . Here Mo
means area of spectrum, so if this
value equal 6 . 0 then by a wave with
significant height of 1.0 meter, 6 . 0
degrees significant roll or pitch
significant values are excited.

As shown in this f i g u r e , cos
square dirctional function corres-
pond to l /s=0.2 approximately. And
for pitch motion the effect of an-
gular spreading factor is not large
but for rol l its e f f e c t is very
large in experiment and so very im-
portant factor. Both for pitch and
roll the experimental results show
larger change than calculated re-
sults -

Statistical characteristics:
Next Fig. 9, we show the results by
statistical analysies- First , Fig.9
(a) is roll maximum double amplitude
in fol lowing seas. Abcissa is by
spectrum and ordinate is by statis-
tical analysys. In the estmation
from spectrum, we used formula for
narrow banded spectrum including the
dependency on number of peaks of
time history. The peak number is
about 200. Looking this figure the
maximum double rol 1 ampli tude is
lower than estimation from spectrum,
and nonlinear large rolling phenome-
na as parametric osc i l la t ion wi l l
not not be seen f rom this f igu re .
Fig.10 correspond to maximum roll
single amplitude according to direc-
tional spreading factor.This figure
is very similar to that F i g . 8 ( b ) ,
(d ) , and this means that the effect
of angular spreading factor on max-
imum roll is similar to that on mean
or significant value.

Finally,frequency distributions
are presented. Fig.11 is roll double
amplitude and Fig.12 corresponds to
roll maxima. Solid curve in left is
Rayleigh distribution and that in
right is calculated by using band
width parameter following Longuet-
Higgins.

From these fi.gures it will be
said that rolling in following di-
rectional seas have not so abnormal
features within our experiment of
this t ime.

CONCLUSION

Following conclusion wil l be

made about the rolling motion of a
running ship in following directio-
nal spectrum waves. We consider that
this experiment is the f i rs t case
conducted in a laboratory. But here
it must be noted that the experi-
ments are made under the condition
that sway and yaw are f i xed . Fur-
thermore nonlinear oscillations like
parametric oscillation are not con-
sidered here.

(1)In following directional spect-
rum waves the effct of directional
spreading factor on roll is very la-
rge and small on pitch.This tendency
is more severe than theoretical
results.

(2)Even if the main wave direction
is not beam or quartering , resonant
large rolls about 40 degrees single
amplitude were observed in directio-
nal spectrum waves as cosine square
distribution of with 0 degree main
direc t ion , 6m s i g n i f i c a n t wave
height, llsec mean wave period, and
at the speed of 16 knots.

(3)Conclus ion (1) show the suf-
ficient controlling characteristics
of the newly developed directional
spectrum water wave maker in a long
tank-

Finally, in our experiments the
wave cond i t i ons are not changed
w i d e l y so more reserach w i l l be
needed in this field .
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nEMPBa-T rnM Table.1 Principal particulars

ITEMS

LENGTH ( P.P )

BREADTH

OEPTg

OliAFT

DISPLACEMENT

BLOCK COEFF.

C.G- FBOM KEEL

C-G. FROM a!

LOHC]. MDIUS DF GYMTIOM

TItIM

01

KM

T ( PITCa ; Fn 5 0
Fn = 0.2
Fn = 0.275

T ( HEAVE ) Fn = 0
Fn = 11.2
Fn = 0 275

T < BOLL ) Fn = 0
Fn = 0 2
Fn = 0.275

SCALE

SH 1 P

SPECIFIES VALUE

1T5-00 (»>

2S.40 (11)

IS.W t»)

3.50 (n)

247<Z (tan)

O.S62

3 52 (.)

-3.161 (•)

0 24 L,p

0.0 (•)

1.0 (»)

10.52 (»)

T.47 (sec)<-
7 4fi (sec) -
7.i5 Cscc)<-

T 2S (sec) «-
7 2; (3cc3 <-
7-2< (sec)«-

]g.1 (stc><-
18 9 (sec) <-
[S-2 (sec) <-

[

MODEL*

2 000 (•)

0 3» W

0.176 Ca)

0 [08B (i)

3S.032 (1-1)

0 5G2

o loaa (»>
-0.03S3 (a)

0 24 I..

o.o («)
0 01143 (B)

0 1202 (r)

2 / 17S

KP VALUE

36 030 (kg)

0 10S65 (i)

0.339 L,.

[1.01154 (.)

• O.TT5 (sec?

- O.n4 (sec)

» w i t h b!Ige keel

il—aa.7 cm —»j

TARGET .1____________^—-POSIT ION 3EMSn!l TARGET
(HBAVEt

-HEAVI m; HOD

SWAY and YAW
are f ixed

Fig.l The directional spectrum water
wave generator for long towing
tank of Yokohama National Univ.

VW/W. POTENT 1 OMETE11 |J
(gjTjJI . HOLD [T

————^ ~^"

Photo.1 Example of generated wave.

3.62cni.

WAVE PROSE AKHAY

WAVE

ffAVB pRoae
• ( SERVO TTPE 1

Fig.3 Schematic arrangement for model
experiment in following sea
condition.

Fig.2 Example of two
dimensional spectrum
of wave. (a)is esti-
mated at Fn=0 and
(b) is transformed
results from (a) un-
der the condition of
following sea ( Fn=
0.275). (d) corres-
pond to transforma-
tion of contour cur-
ve and mesh of (c).
The contour curve of
(c) is drawn at 5%
level of spectral
peak of (a).

003 o 16 025 033 Oa2
ENCOUNTER FREQUENCY (FWD/SEC)

0.08 0.26 0.45 0.6,1 O.SI
ENCOUNTER WAVE FREQUENCY (RAO/SEC)
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KWE la.) nooA

F o l l o w i n g Sea
{ LONG CRESTED 1(a)

F o l l o w i n g Sea
[ SHORT CRESTED l( b )(„,.(,.;„,,

f \ . . ^ r\.,

EEfiffi (ml -~-|-y-.,,A A A A A A. •^.A .^.^.^v^_____ o.Mr. n. AA.A A A --^-..^ .•~-'.A /\" iF- ^1 ^ v v v V k ;̂ •u" •'-/ •^' •^' ' o - ^ - "-"IV vv\/ w • v Uc - V \'

FITCH (deglo.ooJr-A-A-̂

Km, (deg)

JSrn- A..̂  J.l'•fl.r^l•1 •AA-'Al-'u/\JJ'•VL1W • v v v ^ / v ^ "h / i f V .-w^-^i

Fig.4 Example of measured timehistory in long crested(left) and short cres-
ted(right) irregular waves. Scale is drawn in actual ship scale. Fn=0.275.
The wave condition is the same in both case: Hl/3=6.78 m ( 7 .75 cm in model
scale),T02=11.34 sec (1-2 sec in model scale).

wave slope spectrum ...„,„„„ „. ..„ ,,^ ,,.,-

Fig.5 Analyzed directional wave slope spectrum (a)from measured timehistory
at Fn=0. Theoretical transfer function of pitch(c) and roll(g). Estimated
motion spectra of pitch(e) and roll(i). Right hand side correspond to con-
tour curve of left figures. Except waves,Froude number is 0-275 and all are
in following sea.Ail abscissa is drawn in absolute wave frequency.
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£o WAVE
w0

zo1
Q c"

^§
IE u>

U ""

^"at/)0

D"

^0

3°-
0. •a
0s

0
0-

s-

?-—-̂
 1

'"̂

l\IV„— •*&«»„.,

-e- ME"M
-X- CAL

EXP CAL

"1/3 - 7 41 m "l/S - G 7a m
Taap - 19 93 sec T^ - 11 34 sec

> T-,4p. ' 11 2 5 s ^ c Tagg - 19 48 sec
^ BffPg - B 825 BW? -

Fn = 0 2
SHORT CRESTED

COS--2 dist

Fol lowing Sea

-FFT <a)

0 40 0 60 0 80 1 00
ENCOUNTER FREQUENCY (ffAO/SEC)

Fig.6 Analyzed one dimensional encounter spectrum of wave(a)(d), pitch(b)(e)
and roll(c)(f) from experiment in following sea condition. Left hand side
correspond to Fn=0.2 and right to 0.275.FFT means by Fast Fourier Transfor-
mation method and MEM by Maximum Entropy Method.Cal is estimation by
theoretical transfer function and measured wave at standing condition.
Natural frequencies of pitch and roll are shown by arrows.

0.82 1.07
HAVE FREQUENCT(KAD/5EC1

0.330.08

Fig.7 Superposition of contour curves of Fig.5(b) and (h).Multiplication of
(b) and square of (h) make the response directional spectrum of roll. The
resultant response spectrum will largely different by the small differences
between peak position of spectra of wave and transfer function.
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PITCH Fn 0 275

0.10 0.15 0.20 0.25
ANGULAR SPREADING FACTOR =:l/s

F o l l o w i n g Sea
EXP
CAL

(0

0.05 0.10 0.15 0,20 0.25
ANGULAR SPREADING FACTOR

POLL Fn = 0 2 ROLL Fn - 0 275

0.10 0.15 0.20 0.25
ANGULAR SPREADING FACTOR =1/3

0.10 0.15 0.20 0.25
ANGULAR SPREADING FACTOR

Fig.8 Ratio of root mean square of angular motion and that of wave ele
vation in ship scale against angular(or directional)spreading factor(=l/s)
Significant wave height is around 6.7 m.T02=11.3 sec. Mark x in (a),(b)
correspond to the data at low significant wave height (3,5 m) case.

Fig.9 Maximum roll double amplitude
by statistical analysis against
by spectrum in following sea.

Fig.10 Maximum roll single ampli-
tude against angular spreading fac-
tor.Ordinate is divided by signi-
ficant wave height in ship scale.

DOUBLE AMP.
0 ROLL
Fol1 o w i n g Sea

230.
116.770

N =
MO

ex peeled maasiired
27.0 29.1
43.2 43.8
55.0 50.5
75.0 65.8

H mcon)-
H 1/3) =
H 1/10)=
H max) •

(deg)B5360ST1 OUT

SHORT CRESTED

H/H([nean)

Fig.11 Frequency distribution of
roll double amplitude. Solid curve
show Rayleigh distribition-

MAXIMA PROB- DENSlTY

N = 253.
B.WP. - 0.660

expected measured
h mean)- 10.1 1,1.9
h 1/3) = 22.2 22.1
h 1/10)= 33.6 25.7
h man) - 5B.9 38.1

B5360ST1 OUT eg^
SHORT CRESTED
F n = 0 . 2
COS**2 D i s t r i b u t i o n
T02=11.2 sec.
91/3=6.13 m /

,., , , ^(r...-5 0 b.O

'•0 ROLL
Fo I l o w i ng Sea

/\
\

n
\ r-

' \-T
\

\ Theory

^
•50

h/ABS(h(mean))

Fig.12 Frequency distribution of
roll maxima in probability density
scale.
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DAMPING EFFECTS OF SAILS ON ROLL MOTION AND EFFECT OF SAIL ON

CAPSIZING OF SAIL SHIPS IN GUSTS AND WAVES

N. Takarada

Y. Inoue

( Yokohama National University, Japan )

ABSTRACT

The present paper studies the effect of sail on roll damping

of ships. For the analysis, a 26000 dwt bulk carrier with sails

as an auxiliary drive Is considered. From the results. It is

observed that there is considerable reduction in roll amplitudes

due to the sails, although there is a slight increase In heel

angle. The effectiveness of the sail in roll damping increases

with the wind velocity and with the area of the sail. The effect

of heel on the hydrodynamic characteristics of the ship is

relatively small.

1^ INTRODUCTION

Rising oil prices and corresponding
increase la operational costs prompted ship
owners and shipyards to look for alternative
sources of energy. An obvious source was the
enormous 'wind power' which was mostly
unused for merchant ships after the world
war I. A first step in this direction was
made in Japan about a decade ago. A sail
ship was developed which had the ordinary
engine for the main propulsion and an
auxiliary propulsion system by sails. This
type of sail ship is called 'Sail Assisted
Ship'. After the succesfull development of
the first ship. more than 15 ships of the
same type were built in Japan- Matsumoto
etal11' reported the effect of sail on roll
motion of this type of ships, through first
ship model experiments and Takarada etal' '
reported roll damping effect by sail in ITTC
87 session 3b.

In this paper the authors would like to
present an evaluation method of 'roll
damping effect' due to the sail In different
wind speeds and different sail areas. Roll
motion response functions of ship with and
without sail in wind and waves can be
estimated by using lift and ' drag

coefficients. Hydrodynamic behaviour and

motion responses of heeled ship without sail

are evaluated by 'three dimensional source

technique'. And finally the effect of sails

on capsize of the ship in gust and waves are

discussed on the basis of 'Rules on
Stability In Japan'. --.

2^ PRIHCIPAL PASTICULARS^gF SAIL ASSISTED

SHIP

The study has been conducted on a

26.000 DffT sail assisted log and bulk

carrier. This ship was built in November

1984(3).

Principal particulars are as follows :

Loa

Lbp

B (mid)

D (did)

d (mid)

Cb

GM

T

162.00 m

152.00 m

25.20 m

14-80 m

10.57 m

0.7909

1.31 m

23.00 a

Sail area/Ld 0.478

3. STABILITY CRITERIA
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The ship was planned according to the
'Rules on Stability in Japan'. Wind force
induces a heel of ship and evaluation of
dynamic stability are derived as follows.

T : resonant rolling period

T - 2-Olk^ //GM'

k— : radlous of gyration of noment

about the X-axis.

d : draft

p & q ; from Table 1

Fig.) GZ CUTTB

Tang L. k^r -ad a

Ship Stand*rd

Tind Velocity

(1) Increase of Inclining lever by gusts
Gusts are determined to be /1.5 times

the velocity of steady wind by statistical
analysis of ocean weather. The inclining
lever D, for steady velocity is given by
formula.

D̂ ~ k A h / V (m»
where
A ; longitudinal sectional area of ship

rtabove water line (m )
h : height of centre of A above centre
v : displacement of ship (t)
k : from Table 2

(2) Dynamic stability
From Fig. 1, if c"area ABGH /

area BDE > 1.0 Is maintained, the ship is
stable dynamically. The resonant rolling
angle of a ship In irregular waves under
standard wind velocity can be derived as
follows. When maximum rolling amplitude out
of 20 to 50 rollings is considered, taking
Into account the fact that resonant
Irregular waves include outside frequencies
from resonance, it becomes approximately 0.7
times the rolling amplitude in regular
waves.

+i "./138.5 rs / H (deg. )

where r-0.73-1-0.6 OG/d

OG : Vertical distance from the

waterline to the C.G. of the ship.

s=p-qT

Ocean coinc
CoaitBl 1
Coa.tnl 2

O.OS14 0.151 0.0072

0.02T4 0.158 0.0100

0.01T1 0.1SS 0.0130

4^ EVALUATION OF ROLL DAMPING DUE TO THE

SAIL

From the general equation of motion of

the ship, the equation of rolling motion can

be derived as,

(A,+mM)zt+5(i<)+<7«i, =fie[Ct£*eip{'^.Ql

..(1)

where,

144 - W/g.k^2

g : acceleration due to gravity

W : displacement of ship

k,_: radius of gyration of moment

of inertia about the X - axis

11144 : the added moment of inertia

B : damping moment

CAA : restoring moment coefficient

The right hand side of the equation (1)

represents the exciting moment caused by

waves.

The damping moment is due to the wave

making forces and viscosity, which comprises

of non-linear terms. Considering the non-

linear terms, by polynomial expansion, we

obtain the following expression.

5(n) = Bi i* + Bt |rt| i* ,.(2)

Now introduclne Be. the equivalent
linear damping coefficient, obtained by the
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equivalence of energy in. a half period the

following equation can be derived.

we have.
lever
velocity

y = Jf + iz ^

v = K,, ̂  4- ? + tz

S^ + ——W, By 'ft A
3's . . (3)

BI and Bg are constants obtained from

experimental data.

Now, the lateral wind force acting on

the sail Is given fay,

FSML= ^p.CfS.(V,,+fif ^

o, : density of air

Cf : drag coefficient

Sg : sail area

V^y: wind velocity

- : horizontal displacement of motion

of the sail (positive In

starboard)

By expansion of (4J

fsAlt. = \ P. Of S. (V^, + 2 V,, i, + i)3) . (5)

Deleting the terms Independent of the

notion of the sail,

Nsi t ^ P - C f S, (V», n + 1 q3) . . (8 )

where

N53- ; damping coefficient due to

horizontal motion of the sail

Prom the energy method described above,

we obtain,

NSJ = p. C, S, ( V., + ̂ : ̂  r,A } . • (7)

For the rolling and yawing of ship, the

damping coefficients are described,

Nst ^ p. Cf s. (r., + ̂  ̂  tz ̂ ) . (a>

!fss = P.CfS,{V^, + --tf./^^} .(9)

where

t^ '• vertical distance from C.G. of

ship to the center of sail

(positive In downward)

J f ^ : horizontal distance from C.G. of

ship to the center of sail

(positive In offward)

^ '- amplitude of swaying motion

^A ; amplitude of yawing motion

Considering now only the lateral notion
due to the rolling.

Now considering both the rolling and

yawing,

-^ = tfsi ( -V,, i, + 17 + tz 4, +^ ^ ) .. (io)

The damping moment In rolling and

yawing motion are given as under.

MW = ^* tz ( -7" ̂  + 1 + {z ^ +^ ̂  •(11)

Ms^i = ffsB-^ (-V^1> + 1 7 + ^ ^ + 4 ^ ) ..tl2)

The formulation presented above applies

to the case of single sail. In the case of

multiple sails, air damping moment of each

of the sail must be calculated and by

addition, the damping effect of the sail

system can be evaluated.

EL. HYDRODYHAMICAL BEHAVIOUR ANB MOTION
RESPONSES OF HEELED SniP

The sail ship heels during
navigation, due to wind forces. In this
situation, underwater hull surface would
change to unsyimnetrlcal body. Therefore,
heeled navigation would bring about the
change of added mass. potential damping,
excltng forces. By using three
dimensional source technique, hydrodynamic
behaviours of heeled condition Is Investi-
gated here. The hull wetted surface is
divided Into 250 panel elements and heeled
angles are taken as 0, 10 & 20.

Roll damping coefficient 'N', obtained
by these calculation are observed to be
about l/4th of total damping, that is around
0.003- On the other hand. the roll damping
coefficient obtained from free roll tests
Is above 0.01. Hence, the wave damping Is
considered to be relatively small In
comparison with the total damping In roll
motion (ref. Fig- 4 & 5 ). In the present
discussion, only 'Increase of damping due to
wind force Is taken Into consideration,
neglecting Increase of wave damping due to
heel.
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<L. SAIL EFFECT ON STABILITY CRITERIA

From the results of the calculation the

following; effecta on stability
characteristics are observed.

The sail contributes significantly to
the roll damping. However, there Is a slight
Increase In the heel angle due to the sail.
(ref. Fig. 2 & 3). In figures, two cases of
GM - metacentric height - is considered. It
can be observed that the damping due to the
sail is more for the case with low GM value.
As a result of this, for small GM values
also, the increase in rolling amplitude Is
very little.

N11
26000 DWT SAIL-EDUIPPEO BULK CARRIER

IHgdil S h i p !

FULLY STRETCHED SAIL 90.0 DEC.

" t EXP.

Pit. 2 StablUtr with and without Sail

I.Q 2.0 3.0 J-d

H I N D VELOCITY ( • / i .e . I

Fit. < Variation of H Coartlclane with Wind Valoctty

2SOOO DHT S A I L EQUIPPEO BULK GABBIER

FULLY STRETCHED S A I L 30.0 GEG.
H I N D VELOCITY 3. S H/SEC.
3TEAOY HEEL (CAL.1 5.0 DEG-

1.0 2.0 3.0 1.0 5.0

HAVE LEMGTH/SHiP LENGTH

Fie- S Sail. Itoclon SBipoaae
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A FAST NUMERICAL SOLVER FOR LARGE AMPLITUDE
SHIP MOTIONS SIMULATIONS

Bradley K. King 1

ABSTRACT

The theoretical study of large amplitude ship motions is very complex. While it is desirable to ob-
tain global criteria for ultimate stability assessment, the present understanding of such phenomena
is insufficient to obtain valid limits. A viable method of investigation currently available consists
of performing nonlinear time domain ship motions simulations in near capsize conditions.
The paper discusses a program to perform these large amplitude simulations. The governing
equations are presented, and the numerical schemes employed to efficiently resolve the resulting
nonlinear differential equation system are discussed. The methods used to make the approach rapid
and reliable will be presented. The results of certain simulations will be presented and compared
with experiments.

INTRODUCTION

Linear seakeeping theories have been widely
developed and verified for a number of years-
Among the most popular is the strip theory
of Salvescn, Faltinscn, and Tuck [9J. These
theories arc very useful for studying the sea-
keeping performance of ships, but provide lit-
tle information about, large amplitude motions
and near capsize conditions. Many researchers
have considered specific motions problems in
greater detail to allow for certain nonlinear
effects; for example, Neyfeh [C] has studied
extensively the effects of certain nonlineari-
ties on roll motions. Several years ago Oak-
ley, Paulling, and Wood [7] developed a pro-
gram to perform time domain simulations of
the large amplitude motions of a ship. Their
method was quite successful and demonstrated
the practical advantages of such an approach.

Time domain simulations allow for many
nonlinear effects to be taken into account m
a straightforward manner. WIiile such meth-
ods cannot give global ship stability criteria
directly, they are useful for studying accidents
and critical cases or for performing systematic
studies in the same manner as experiments.

'Visiting Researcher, Bassm D'Essais des Carenes,
8 Bd. Victor, 75732 Paris CEDEX 15.FRANCE.

The approach presented here does not de-
viate significantly from that taken by Oak-
ley et al. and many others, for example El-
simillawy [2]- The goal of the present work is
to perform the nonlinear simulation of the mo-
tions with the best information currently avail-
able, and to develop a method that is reliable
and sufficiently rapid to allow significant vali-
dation and comparison with experiments- By
this approach, the aspects that are not well
modeled may be singled out and improved in
the future.

THEORETICAL APPROACH

The approach taken is described in the fol-
lowing sections. The exact kinematic and dy-
namic model of the ship motions presents no
particular difficulty and is fully retained. The
exciting forces, especially those due to the fluid
flow field, must be modeled approximately.

The incident waves are regarded as a sum
of sinusoidal waves that satisfy the linearized
free surface boundary condition. The linear
wave approach does not model large break-
ing waves or wave impact, but the nonlinear
models currently available are also incapable of
modeling these important phenomena. It was
decided that the complexity of implementation
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Figure 1: Coordinate Systems

of nonlinear models for the incident waves, es-
pecially in the case of irregular seas, prevented
their use at the present time.

Kinematics

For a floating body or a ship, three coordinate
systems are defined. The first system is a fixed
system defined by its origin and the three coor-
dinates (a-,t/,z) (Figure 1). Next a coordinate
system in steady translation with speed UQ is
defined by the coordinates: [x',y',z1]

x' = x + ;7o(
,,i _ y

z.z =

The center of gravity of the ship is the origin
of the third system denoted by: (a:",y",z").
The origin of this system with respect to the
steady translating system is given by the vec-
tor (3:1,3:2,3:3). The rotation of the ship is
given by the vector [3:4,3:5, 3:g), s^so measured
with respect to the translating system. In this
manner a point in the ship-fixed system with
the displacements, (3-1,3:2,3:3,2:4,3:5,3:6) may
be represented in the absolute system by a
transformation of coordinates (see for exam-
ple [3]):

The velocities in the steady translating
system are linked to the velocity vectors V and
Co by:

u3:1
X2

a'3

3:4

^5
^6

V
W

(2)
p
Q
R

04 tan 3:5
[S]=

1 S4 tan 2:5
0 C4

0 S4/C5

-S4
C4/Cp

The velocities X{ presented in this manner rep-
resent the motions of the ship with respect to
the steadily advancing coordinate system. The
integral of these velocities represent the posi-
tion of the ship in the same coordinate sys-
tem, linked to the absolute system by a simple
translation of coordinates at steady velocity.

Dynamics

The dynamic equation is written in the ship-
fixed system as:

U
V
w
p
Q
R

F - mS A V
f -u /\h

[M] (3)

[M] =

m
0
0

0
m
0

[0]

0
0
m

-I.^XX

0 'yy
0-h.

w

[T]

3:14 Uot
^i +P1

3^3

C5Cg S^S^CQ - C^SQ C4S5C6+S456

C^SQ S4S^SQ + C4CQ 548586 — S4CQ

-55 S4C5 C4C5

Cn = COSX^

s^ = sin Xn

where V •= {U,V,W} represents the ship ve-
locities in the instantaneous ship-fixed system
and OJ == {P,Q,R} represents the angular ve-
locities of the ship system with respect to the
coordinate system in translation. M is the
generalized mass matrix, m being the mass of
the ship. Written in this manner, the moments
of inertia, I j k , do not depend on the motions.
The forces denoted by F and T represent the
sum of all forces acting on the ship.
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Fig. 5 Trajectories of center of buoyancies .in still water

and wave at crest amiclship
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Fig. 6 Trajectories of C.B. and
ellipses for Ship E

a a "̂ci a ,J shown in Figs. 7 and 8 , denoteb n
the long axes in still water and at wave
crest amidship and b o » b ^ the short axes
respectively. Non-dimensional values of
these axes are introduced as follows:

0 0 02 03

0 0.1 02 03 0'. 06

or a y ) / Bnon-dimensional long ax i s= (aq
non-dimensional short ax i s= (bc . or b y) /d

(10)

The non-dimensional long and short axes are
deeply concerned with F,,/d. Fr/d is a newly

£. r-i
defined hull form parameter which means a
ratio of effective freeboard to draft
derived as:

Pp/d=(volums of main hull between L.W.L. and
upper deck)/(water plane area x d) (11)

Fig. 8 Long and short axes of trajectories
of C.B. at wave crest amidship

4. BR AND BRyn

Fig. 9 shows an inclined condition of a
ship in still water. The center of buoyancy
moves from B to Bq. The buoyancy force at Bq
acts upward to water surface. BR is a
horizontal lever between B and Bq. This BR
is represented as:

BR=y ngcos^ +( z ^-z gglsin^ (12)
In Figs. 7 and 8, the long and short axes
keep linear relations for the F^/d in all

F./d
Oi 02 03 Oc, 05

Fp/d

Fig. 9 Bq and BR in inclined condition

In the same way, BR,, for wave crest amidship•n
can also be represented as

BRy=y nyCOS?1 + ( Z R-Z m.)sin9i (13)••W " BW B " BW
02 03 05

Fig. 7 Long and short axes of trajectories
of C.B. in still water

Both BR and BR.. were calculated for then
trajecfcoris of center of buoyancy shown in
Fig. a. The results are shown in Figs. 10
and 11. Now we will explain with some

366



-external Forces

The exciting forces acting on the Jaody are di-
vided somewhat unconventionally. The hydro-
static forces and radiated wave forces are typ-
ically identified as spring stiffness, damping,
and added mass. Here they arc considered as
being external forces in order to retain the gen-
erality of the differential equation system. The
external forces consist of the following:

• Incident wave forces, including the hydro-
static forces

• Diffracted wave forces

• Viscous forces (primarily for roll motions)

• Forces due to lifting surfaces: rudders,
stabilizing fins or the entire body at an
angle of attack

• Eternally imposed forces, mooring sys-
tems, wind, etc.

• Ship resistance and propulsive forces at
forward speed

In cid ent wave jorces: The forces due to
the incident waves are the result of the integra-
tion of the pressure field created by the undis-
turbed incident wave potential. The forces
may be written in the following manner:

Ff = ! [ dSnpi
J J S ,

/ / dS r / \ n pi
JJS...

with:

Sc == the hull wetted surface

n ==the hull normal

r ==the vector between the center of gravity
and fche integration variable

pi =the pressure due to the incident wave

/- ^ Q ,pl[x,t) = - p , ( f > i - pgz

^>i(x,t) == ̂ y^e*"^"^03^"^81"^"1^
n ^"

Pf and 41! are taken as the real parts of the
expressions.

To facilitate the integration of the pres-
sure on the hull surface, the incident wave po-
tential may be written in the coordinate sys-
tem linked to the hull center of gravity -

3pi^\t) = ^E^^n6""^'
y-i

-pg^+^T^x",) (5)
J=I

^J = UTiycos^ + T^sm^ + T^j)

^n = kn[^3 + l((a:l + Uot} COS/?n + 3:2 SinAi))

The pressure is first integrated along each
ship section at x"\ constant, then along the
ship length. By assuming that each ship sec-
tion may be represented as a series of straight
line segments, it is possible to integrate (4) an-
alytically for each section. This integration is
performed up to the surface z == 0 or the sur-
face p{x",t) == 0. Linearized theory indicates
that the integrations should be performed up
to the calm water plane instead of the ex-
act free surface. There is much controversy
about the appropriate expression for the pres-
sure above the calm water plane (see [10]); for
this reason the two options are made available
for investigation.

DifTractecj wave forces: The forces due to
the diffracted incident waves are determined
from a linear seakeeping calculation, either
of strip theory nature or a three-dimensional
diffraction code. This computation, if per-
formed for the mean hull position and the non-
linear change due to the changing hull posi-
tion, is not taken into account. The forces take
the form:

^D=E^K,/?n)^
n

rD='Z.^YD^n,/3n)eitl3'tt

n

with

XD == Diffraction force at frequency a/n with
wave direction /?»

YD = Diffracted wave moment.

The values of X J ) and YD are considered as
program inputs, and their determination is
not discussed here. The effect of a change of
body position on the diffraction force remains
a point of further investigation.
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JiaaiaEed wave lorces: i ne waves created
by the ship motions are taken into account,
as in the case of the diffracted waves, by the
use of results of a linear computation at the
mean hull position. Ignoring the effect of the
changing body orientation, the radiated wave
force may be written in the form:

F,(t)=-fi,kXk(t)- f dTh,k{r)xk{t-r) (6)
JO

2 f°°
hjk(t) = - / dwBjk(^]coswt (7)

v Jo

r'^ wAyfc(e)
2'w-/ • 4^h "' ^W = o^(^) +

Jo vc

hjk represents the impulse response function
for the force in direction j due to an im-
pulsive motion in the direction k

Mj'Jfc represents the infinite-frequency added
mass.

The formula for the infinite-frequency added
mass is the result of an asymptotic devel-
opment by Greenhow [5] using the Kramers-
Kronig relations; u* is the highest frequency
for which Ajk is known. In the case of
monochromatic waves and linearized motions,
this general expression may be simplified to
added mass and damping for harmonic mo-
tion, but when the equations are nonlinear the
response is not necessarily monochromatic and
the general form as given should be retained.

Viscous forces: In the case of roll motions
it is clear that this formulation is insufficient
for the representation of the forces due to the
motion. In the roll direction it is imperative
that the viscous forces are taken into account.
There is currently no rational means of reli-
ably predicting the viscous damping. One of
the most frequently used expressions takes the
form:

f viscous = ~ 61^4 ~ &224|^4|

The values of the damping coefficients are usu-
ally taken as the values found experimentally
at the resonance frequency, knowing that the
damping is most important near the resonance
peak.

Lifting surface forces: For a ship that is
free to sway and yaw in waves, a system is
needed to maintain the heading. For this pur-
pose a fairly simple autopilot model has been

(9)

implemented, me rudder angle requested is
given by the command law:

ft
8d(t) ̂  kpXQ + kDXe + ki / dtxe (10)

Jo

The rudder force is modeled by the simple for-
mulas:

L = l/2pV2^
D = l/2pV'^CD

FiW = D
F^t) = L
F3(t) = 0 n, — 2y.^

•^L — '•>'^j£2+a?
T^t)^(^-z^L CD-^T
r,(t)=o ^-i2^
^W = -(^Cff - ̂ Cp)L

(")
^R. is the effective rudder aspect ratio

(^cp> ycpi-2'cp) 1s the rudder's center of effort.

The rudder inflow velocity is assumed to be
UQ + x\ with its direction remaining parallel
with the ship. It is obvious that the influence
of the propeller, the incident waves, the yaw
angle, and other phenomena play an impor-
tant role, but their influence is left to further
investigation.

Resistive and propulsive forces: The ship
resistance and propeller thrust, which become
unsteady with the ship motions in waves, are
extremely difficult to model realistically. The
effect of the incident waves on the propeller
forces and the added resistance in waves are
examples of the effects that cannot be mod-
eled accurately at present. For these reasons
no model is currently implemented, and the
ship is either given a steady forward speed or
allowed to deviate from its steady speed with-
out restriction.

The Differential Equation System

With the kinematic and dynamic equations,
as well as the external force components ex-
plained above, it is possible to establish a sys-
tem of 12 coupled first-order differential equa-
tions to be resolved:

(12)

xi

^2

^3

X4

^5

. ^6 .

• [T] [0] •

. [0] [S] .

' u '
v
w
p
Q
R }
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u
v
w
p
Q
R

m + MI- F* - mG A V
f^ - S A A

The method of prediction is the maximum en-
tropy or all poles method (see [8]). The linear
predictor takes the form:

AT
(14)

(13)
F*, F* represent all external forces with the ex-
ception of the infinite-frequency added mass,
which is added directly to the generalized mass
matrix. It should be noted that all 12 equa-
tions arc coupled, because the right hand sides
depend on the unknown positions and veloci-
ties.

THE COMPUTER PROGRAM

A computer code for the resolution of equa-
tions 12 and 13 was written in the FORTRAN
programming language. The approach used is
straightforward; the extrapolation method of
Stoer and Burlisch was used for the simultane-
ous resolution of the differential equations (see
[ii]).

The integration scheme diners from the
typical Runge-Kutta time-step optimizing
methods or predictor-corrector schemes. In
brief, the approach taken is to consider a large
time step that is systematically subdivided.
The results of the time step at each level of
discretization is extrapolated to an infinitely
small time step. When the extrapolation er-
ror is less than a fixed value, the integration
is considered to be converged to the extrap-
olated value for the large time step, and the
integration continues. This approach has the
advantages of being simple to program, stable,
and efficient in most cases- The program that
currently runs on an Alliant FX-80 computer
is faster than real time, even for the irregu-
lar seas cases where a sea state with 19 wave
components is used.

The majority of the computer time is
spent computing the right-hand side of equa-
tion 13. A method for reducing the number
of function evaluations necessary for integrat-
ing the system was found that is quite suc-
cessful in many cases. The ship position is
predicted one time step in advance, and the
external forces are computed for this position.
The forces found are linearly interpolated to
give the values at the necessary intermediate
times. In this way the number of calls to the
subroutine that determines the exciting forces
for a specific ship position is greatly reduced.

where the dk are determined using the maxi-
mum entropy method based on the past his-
tory of the motions. Since the prediction
is performed for only one time step beyond
known values, the prediction is, in general,
very accurate. The program runs five to ten
times faster by this method with only a slight
change in the results.

RESULTS

The program was run for a variety of ship
shapes. The values of the added mass, damp-
ing, and diffraction forces are taken from
a strip theory computation. The first case
presented (Figure 2) is for a simple two-
dimensional form. Several V hull forms were
tested at the Bassin des Carenes that present
interesting nonlinear behavior. The hulls were
three meters long. The result shown is a roll
decay test performed with an initial heel an-
gle of 20 degrees. The viscous damping term
was chosen to make the amplitudes of the roll
decay correspond approximately. The most in-
teresting feature is the dependence of the nat-
ural period on the amplitude of roll. While
the nonlinear simulation does not match ex-
actly, it models the roll behavior much more
correctly than the linear model. Later in the
simulation the cumulative small errors cause
the simulations to be out of phase with the
experiment. The next graph (Figure 3) is an
interesting case of varying the incident wave
amplitude- The curves for the different ampli-
tudes are dimensional and are not normalized
by the wave amplitude. It is quite interesting
to note that the peak frequency depends on
the wave amplitude and that, for the smaller
periods, the roll amplitude does not depend
on wave height. The time domain simulations
do not match the experiments exactly; how-
ever, the nonlinear behavior is modeled. It is
also very interesting to note that the simula-
tion results were obtained without the addi-
tion of viscous damping terms. It is clear that
in this case the linear approximation for the
hydrostatic forces creates an artificial need for
"viscous" damping to limit the roll angles. A
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linear theory result for the same case yields
100 degrees of roll for the 100mm wave height.

The second set of results are for a trawler
with a length of 25 meters; experiments were
performed on a 1:7.5 scale model for a fishing
boat-stability study in, cooperation with IFRE-
MER. The viscous damping term was taken as
20 % of critical damping as an average value
for similar hull forms [4]. The results are for a
irregular following sea ITTC spectrum with a
2.5 meters wave height, a peak period of seven
seconds, and a ship speed of five knots. At the
present time only qualitative comparisons can
be made because synchronized wave and mo-
tion signals were not available. The response
spectra (4) for the pitch motions agree rea-
sonably well between the experiments and the
computer code, but in the following seas case
it is difficult to perform accurate spectral anal-
ysis- The next two cases (Figures 5 and 6) are
examples of a more extreme sea state (a signifi-
cant wave height of six meters) than was tested
in the model bassin. It may be noted that
the only difference between the capsized and
the uncapsized case is that in the uncapsized
case the ship heading was maintained. This
result agrees well with observations from 1:20
scale model tests that were performed to ob-
tain phenomenological information about ship
capsize. These experiments that capsizes were
most generally preceded by a large change in
heading, a large roll angle that is maintained
during one or more wave cycles, and, finally,
the capsize.

CONCLUSIONS

The paper presents a simulation approach that
has the advantage of being rapid enough to al-
low numerous simulations to be performed al-
lowing for significant parameter variation. It
is clear that certain aspects of the problem re-
main to be addressed. Perhaps the most im-
portant point in terms of ship capsize is the
influence of water on the deck. Dillingham
and Falzarano [l] presented a solid approach to
treating the dynamics of water on deck. Noth-
ing preclude the inclusion of the effect of deck
water in the code, but many questions are still
outstanding. The amount of water trapped
on the deck depend on the action of break-
ing waves, relative motions, and the hydrody-
namic behavior of freeing ports. Other impor-
tant factors that are not well modeled are surf-
ing on waves, oscillatory propulsive forces, and

low-frequency horizontal motions- With ever-
increasing computer speeds the direct simu-
lation of the complete hydrodynamics prob-
lem with a nonlinear free surface will one day
be feasible. At the present time a simulation
code as discussed here is a realistic step in
that direction- The results indicate that the
simulations performed by the program realis-
tically model important nonlinear phenomena
and point out weaknesses in linear models. In
particular, the results for the V-hull cylinders
indicate that, in part the important influence
of the empirical viscous damping term in the
roll equation is an artifact of the linearizing
assumptions.
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Figure 5: Large Amplitude Trawler Motions - Simulation with Auto-Pilot
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Figure 6: Large Amplitude Trawler Motions - Simulation with Capsize
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REVIEW OF THE NEW SOLAS DAMAGE STABILITY REQUIREMENTS
FOR PASSENGER SHIPS
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The views expressed herein are the
opinions of the authors and not
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of Transportation or the U.S. Coast
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ABSTRACT
This paper reviews the recently adopted
passenger ship damage stability
amendments to the International
Convention for the Safety of Life at Sea,
1974. The development of international
damage stability regulations and the new
amendments is discussed. Knowledge
gained from the united States (U.S.)
Stability Control Verification Program in
1987-89 is addressed as well. The
contents of the amendments are reviewer,
with emphasis on those areas that may be
subject to interpretation. The general
effect of the amendments on both the U.S.
and the world passenger ship fleets is
examined. The paper presents the status
of a U.S. study on the effect of
implementing the new amendments on small
passenger vessels in the U.S. Finally,
future goals regarding international
passenger ship subdivision and damage
stability regulations are discussed.

BACKGROUND AND HISTORY
1) Damage Stability Regulation Prior to
1974
The 1912 collision of the "unsinkable"
SS TITANIC with an iceberg initiated
recognition of the need for international
ship safety standards to reduce loss of
life at sea. The TITANIC casualty led to
the world maritime nations gathering in
London in 1913-1914 to develop the first
International Safety of Life at Sea
Convention (SOLAS, 1914). The SOLAS
Convention details specific features,
construction standards, and safety
measures applicable to passenger ships
that make international voyages. Because
of the onset of World War I., SOLAS, 1914
did not come into force, although some
maritime nations used portions of the
Convention in their domestic laws.

In 1929, a new SOLAS Convention,
SOLAS, 1929, was drafted. SOLAS, 1929,
like its predecessor, SOLAS, 1914,
contained a simple subdivision standard
for passenger ships. This standard did
not consider damage stability concerns,
such as unsymmetrical flooding or
specific extents of damage. The standard
was based on a factor of subdivision and
assumed that by decreasing the spacing

distance between bulkheads, the level of
safety attained by a ship would be
increased. Portions of this subdivision
standard are still contained in the
current SOLAS Convention, SOLAS, 1974.

The first attempt to address
comprehensive damage stability problems,
such as unsymmetrical flooding, appeared
in SOLAS, 1948. Passenger ships subject
to SOLAS, 1948 are required to have
sufficient metacentric height (GM) to
limit heel to 7 degrees for
one-compartment flooding and 15 degrees
for two-compartment flooding.

In 1959, a specialized agency of the
United Nations, now called the
International Maritime Organization (IMO;
originally IMCO - later-Governmental
Maritime Consultative Organization? was
formed. The IMO is an international
technical body which has two main
functions; (1) the safety of life at sea
and (2) the prevention of pollution from
ships. The IMO became the forum used by
the world maritime nations to discuss and
approve standards, such as the already
existing SOLAS Conventions, for the
international shipping community and to
facilitate the international movement of
ships.

During the development of
SOLAS, 1960, a number of countries
including the Federal Republic of
Germany, Italy, Japan, Union of Soviet
Socialist Republics, and the U.S. ,
advocated various changes to improve the
deterministic damage stability and
subdivision standards contained in
SOLAS, 1948. Progress in ship design
since the standard's origin with
SOLAS, 1914 failed to ensure the level of
safety afforded by the deterministic
method of calculating damage stability
and subdivision. However, even though it
was acknowledged chac "improvement of
these regulations was desired",
SOLAS, 1960 contained the same
deterministic damage stability standard
as SOLAS, 1948 with a few minor
modifications.

As a consequence of the attempt to
revise the subdivision and damage
stability requirements during the
development of SOLAS, I960, an
international evaluation of the validity
of probability-based damage stability
requirements was initiated in 1962 under
the auspices of the IMO. This study used
actual passenger ship casualty data as a
basis and in evaluating the existing
subdivisi-on of passenger ships and their

307



damage stability. The study concluded
that deficiencies in the subdivision and
damage stability standard in SOLAS, 1960
led to an incorrect measure of a ship's
safety. The study also stated that "the
method used in SOLAS, I960 calls two
ships equally safe if they have the same
factor of subdivision even though these
ships may have quite different actual
capabilities to withstand damage." In
1973, after more than ten years of
theoretical and experimental research,
including a limited number of model tests
with two damaged ships in a seaway,
Resolution A.265(VII1) , the probabilistic
approach to damage stability, was
published as a recommended standard that
was equivalent to and acceptable as a
total alternative to the deterministic
standard in SOLAS, 1960. Following the
publication of A.265, no agreements were
reached on further revisions to the
deterministic standard in SOLAS, 1960 in
order to assure an equivalent level of
safety to that of A.265 for all passenger
ships.

2) Development of New Amendments
As the 1974 amendments to the

International Convention for the Safety
of Life at Sea (SOLAS. 1974) were being
developed, some concern was expressed
over the need for residual damage
stability requirements in the SOLAS
deterministi c damage stability
regulations for passenger ships.
Agreement could not be reached op-
specific regulations for residual
stability, so the matter was left , in
general terms, to the discretion of each
country.

The concept of residual righting
energy, as described by a range of
positive stability after damage and a
minimum specified residual righting lever
within that range, is contained in
several international codes for ships,
including those for bulk chemical
carriers (1985), liquefied gas
carriers (1983), tankers (1973), cargo
ships with reduced freeboard (1966),
special purpose ships (1983), and others.
By 1983, the need for similar regulations
for passenger ships was recognized by
most countries, and work on the subject
began in earnest at the 7MO.

The Sub-Committee on Stabil i ty and
Load Lines and on Pishing Vessels Safety
(SLF?, is the body at IMO responsible for
developing residual s tabi l i ty
requirements for passenger ships. At its
29th session in January 1.984 (SLF 1929),
the Sub-Committee developed a framework
for regulations, which Included (1) a
range of positive stabili ty in the final
condition of flooding, (2) maximum angle
of heel before equalization, (3) angle of
heel in the final condition, and (4)
stability in intermediate stages of
flooding, Except for i tern (3), where i t
was decided that the final angle of heel
should be not more than 7 degrees,
agreement was not reached on specific
numerical requirements.

The basic problem was that SLF could

not agree on, "How much is enough?"
There were neither casualty data nor
studies to provide clear guidance, and
there were two schools of thought on the
matter. For example, in discussing range
of stability and righting lever, one
group believed that criteria already used
by some countries (7 degree range,
0,05 meter righting lever) had proven
satisfactory, as evidenced by the large
number of ro/ro ships in service which
were built to those standards. The other
group favored requirements similar to
those already established for tankers and
certain other ships (20 degree range,
0-1 meter righting lever), arguing that
the requirements for passenger ships
should not be less than those for other
types of ships.

At SLF 30 in February 1985, the
debate continued. There was a wide range
of opinion on the factors which should be
taken into account concerning residual
stability, such as the effects of wind,
cargo shift, movement of passengers to
life-saving stations, and embarkation of
lifeboats. SLF decided that additional
studies were needed concerning the impact
of any new standards on future designs,
the overall level of safety of passenger
ships, and the relative safety of such
ships compared to other types of ships.

SLF 31 met in June 1986. Although
additional information was presented, it
was clear that there were still two
different opinions on the matter which
were very far apart. There were matters
of principle involved which appeared to
leave little room for compromise. SLF
agreed that the effects of passenger
movement, deployment of life-saving
appliances, and wind should be considered
in an assessment of residual stability,
and that residual stability criteria
should be expressed in terms of righting
lever, range of stability, and area under
the righting lever curve. However, as
for actual numerical criteria, SLF could
not find a basis for agreement, primarily
because of the two different philosophies
behind the criteria being proposed.

One philosophy stated that residual
stabClicy should be treated in a manner
based on an analytical approach to the
physicsl. aspects of the problem. Thi-s
approach required chat the residual
stability of a vessel be adequate to
withstand probable heeling moments
imposed on Che vessel in the worst damage
case specified by SOLAS, 1974. The
residual stability criteria which were
adopted by WO for liquid cargo vessels
required Co meet damage stability
standards and for special purpose ships
carrying special personnel were proposed
also for passenger ships, with a possible
reduction in the range of positive
stability after equilibrium. The
residual stability of the vessel should
be sufficient Co withstand the
overturning moment due to the effects of
passenger movement, deployment of
life-saving appliances, and wind, applied
in a manner to simulate a realistic
situation. The group supporting this
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philosophy proposed, in the final stage
of flooding, a righting lever of at least
0.10 meter, a positive range of at least
15 degrees, and an area under the
righting arm curve of at least
0.02 meter-radian.

The other philosophy pointed to
existing passenger ships which were known
to operate successfully with a different
standard of residual stability, which was
ipet in the worst damage case. The
residual stability standards taken in
conjunction wi th the standards used for
extent of damage, intermediate stages of
flooding, permeability, and other
factors, were considered to provide an
adequate level of safety in the worst
case. The coincidence of damage
occurring in the worst loading conditions
and at the deepest draught was thought to
be remote. For all other loading
conditions and damage locations, the
margin of residual stability after damage
would be increased. Experience
indicated that in this situation, many of
the damage cases would in fact achieve a
significantly greater residual lever. It
was contended that it is a basic
principle that many of the assumptions
related to the damage requirements in
SOLAS were determined implicitly having
regard to the probability of their
occurrence. Furthermore, it was
suggested that there was no evidence to
show that the survival criteria used were
inadequate. The group supporting this
philosophy proposed, in the final stage
of flooding, a righting lever of at least
0.05 meter, a positive range of at least
7 degrees, and an area under the righting
arm curve of at least 0.006 meter-radian.

The differences in points of views
might, never have been reconciled, except
for the unfortunate fact that on
6 March 1987, the passenger TO/TO ferry
HERALD OF FREE ENTERPRISE capsized just
outside the harbor at Zeebrugge, Belgium.
That accident, in which 194 people were
killed, brought the subject of passenger
ship safety and stability sharply into
focus with considerable public interest.
There was some continued discussion of
the two philosophies at SLF 32 in
September 1987, but the Sub-Committee
decided to recommend amendments to
SOLAS, 1974 consistent with the higher
level of residual stability. The Sub-
committee prepared draft amendments that
included detailed requirements for
heeling moments due to passenger
movement, launching of life-saving
appliances, and wind pressure, and
margins of safety to be applied.

The proposed amendments were debated
by the IMO Maritime Safety Committee
(MSC), the body responsible for approving
tacit amendments to SOLAS, 1974, in
April 1988. As in the SLF meetings, the
same two points of view emerged, and
there were some attempts to study the
matter further by returning it to SLF or
not applying it to certain vessels such
as TO/TO ships. The MSC decided co
circulate the draft amendments with minor
changes, with a view Co adopt them at its

next session. With minor additional
changes, the proposed amendments were
adopted by the MSC in October 1988.
According to IMO procedures, they were
deemed accepted a year later, and they
entered into force for new passenger
ships on 29 April 1990.

3) D.S. Stability Control Verification
Program
There are nearly 100 foreign flag
passenger cruise ships that operate in
and out of U.S. ports during most of the
year. Some of these ships can
accommodate upwards of 2000 passengers
per voyage. On many of these voyages,
most of the passengers are U.S. citizens.

By international agreement passenger
ships from f lag states that are a party
to SOLAS are required to comply with the
safety standards set: out in the SOLAS
Convention- The SOLAS Convention
provides the authority Co its signatory
parties to exercise port state control
over all ships operating within their
jurisdiction for the purpose of verifying
compliance with SOLAS. Prior to 1987,
the U.S. accepted the flag state's
assurance that each ship met the
appropriate stability requirements of
SOLAS and carried out inspections only to
verify that each ship met the fire
protection and life saving requirements
of SOLAS before departing a U.S. port
with U.S. passengers.

Following the highly publicized
passenger ship casualty of the British
ferry, HERALD OF FREE ENTERPRISE, the
U.S. and the rest'of the world began to
reexamine more closely the damage
stability standards of passenger ships.
At the 32nd session of the SLF in
September 1987, the U.S. noted that there
might be differing interpretations by
different Administrations of current
SOLAS passenger ship stability
requirements. The U.S. was concerned
that methods of calculating damage
stability could result in a broad
variation in the level of safety attained
from ship to ship.

The possible interpretative
differences, combined with the passenger
ship casualties, and the realization that
U.S. citizens represent 70-80% of the
cruise ship passengers worldwide,
resulted in the U.S. Coast Guard
initiating the Stability Control
Verification Program. In November 1987,
the U.S. gave worldwide notification of
the extended program at the 55th session
of the MSC. The program was initially
limited to foreign passenger ships
operating from a U.S . port for the first
time. It was decided that, if
interpretation differences resulted in
substantiated concern about a reduced
level of safety on foreign flag passenger
ships operating from U.S. ports, then the
program would be extended to all foreign
flag passenger ships.

Between November 1987 and April 1989,
the U.S. Stability Control Verification
Program reviewed more than f i f teen
foreign flag passenger ships,
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Approximately one-third of these ships
were older existing cruise ships coining
to the U.S. for the first time, and the
rest were newly built modern passenger
ships. As part of the review process,
the ships were also checked against the
new standard for residual stability that
was approved by the MSC and subsequently
adopted into SOLAS in 1989.

The U.S. was able to conclude that
there were no broad differences in
interpretation of the SOLAS stability
requirements by different
Administrations, so it ended the
Stability Control Verification Program on
11 April 1989. However, the U.S . and the
maritime community did benefit greatly
from the program as described below.

As the verification program
progressed, it soon became apparent that
instead of interpretation problems, there
existed an ever increasing inadequacy of
the residual damage stability
regulations. Comparison of the design of
new passenger vessels reviewed during the
program with older passenger vessels
substantiated the U.S. belief that the
damage stability standard of SOLAS, 1974
could no longer ensure as acceptable
level of safety. Some new cruise ship
designs which met the requirements of
SOLAS, 1974 did not provide sufficient
reserve stability to survive passenger
movement, launching of lifecraft or
moderate wind and waves. The review of
some of these new designs revealed
typical righting levers on the order of
0.02 meters. Ranges of positive
stability that were considerably less
than ten degrees were characteristic in
many damage cases, not- j^ust the worst
ones. One modern cruise design failed
the new damage stability amendments in
nearly 70% of the damage cases using the
existing SOLAS extents of damage. At the
opposite extreme, the review of older
passenger ships of similar size and
service were found to fully comply with
the new damage stability standard.

It became very clear that using the
SOLAS minimum GM of 0.05 meter as the
only measure of a ship's stability after
damage was dangerously misleading. For
the older passenger ships with large
freeboards and whose hull forms generate
intact righting arm curves that are
concave upward at small angles of heel,
minimum GM was an acceptable indicator of
sufficient stability. A ship with this
type of righting arm curve will continue
to list to an acceptable angle as the
initial stability reduces to zero.
However, for the more modem passenger
ships with smaller freeboards, the
righting arm curve can be concave
downward at small angles of heel and have
a short range of stability which
diminishes very quickly as GM gets
smaller. This type of righting arm curve
can quickly become negative with
degradation of stability Co an'unsafe
level. A ship with this type of righting
arm curve could capsize without warning
as stability is reduced by damage or
other factors.

Some owners of new foreign flag
passenger ships were introduced to the
new damage stability requirements that
were under consideration and subsequently
adopted by IMO during the stability
control verification program. Many of
the owners of new passenger ships in the
design stage accepted U.S. Coast Guard's
advice and decided to ensure their new
ships met the requirements even though
they were not yet formally applicable.
There were only a few problems
encountered in meeting the new amendments
if the new ship was early in the design
process. Residual stability was
increased by relocating downflooding
points inboard, using symmetric flooding,
installing partial bulkheads above the
bulkhead deck to gain additional
buoyancy, raising the bulkhead deck in
some areas, and by minor rearrangement of
tanks, bulkheads, and decks. All were
found to be practicable methods of
meeting the new residual stability
requirements without a major impact on
passenger convenience or utility of the
ship.

REVIEW OF THE AMENDMENTS
The amendments that were adopted in
October 1988 at MSC 56 contained
revisions to the deterministic damage
stability standard in SOLAS, 1974. These
revisions set specific requirements and
revised the very general standard in
Part B, Chapter 11-1/8 of the
SOLAS, 1974, as amended. For the first
time range of positive stability, as well
as sufficient positive righting lever and
righting energy, were included.
Provisions were also included to assure
limited survivability for the crowding of
passengers to one side, launching of
fully loaded survival craft, and beam
winds. The effective date for the new
amendments was 29 April 1990. The
specific provisions of the new damage
stability amendments are described below.

1) Righting Energy, Range of Stability
and Angles of Heel
The new amendments set minimum acceptable
levels of righting energy, range of
stability, and angles of heel for
passenger ships in intermediate stages of
flooding and in the final condition of
flooding as well. These requirements of
the new amendments are outlined below.

I. A passenger ship in the final
condition, after all flooding and after
equalization where it is provided, must
attains

1. Minimum range of stability of
15 degrees beyond the angle of
equilibrium.
2. For one-compartment flooding, the
area under the righting arm curve
measured from the angle of equilibrium
to the lesser of the angle at which
downflooding occurs or 22 measured
from the upright must be greater than
or equal to 0.015 meter-radian.
3. For two-compartment flooding, the
area under the righting arm curve

310



measured from the angle of equilibrium
to the lesser of the angle at which
downflcoding occurs or 27 measured
from the upright must be greater than
or equal to 0.015 meter-radian.

II. A passenger ship in intermediate
stages of flooding must attain;

1. Minimum range of positive
stability of 7 degrees.
2. The maximum righting lever within
the required range of positive
stability must be at least 0.05 meter.

In all intermediate cases of
flooding, only one breach in the hull and
only one free surface need be assumed.
III. The maximum angle of heel after
flooding but before equalization must be
less than 15 degrees.
IV. In the final condition, after
flooding and after equalization in the
case of unsynnnetrical flooding, the angle
of heel roust not exceeds

1. 7 degrees for one-compartment
flooding.
2. 12 degrees for simultaneous
flooding of two or more adjacent
compartments.

2) Heeling Moments
The new amendments require that new
passenger ships be able to survive
heeling moments due to a light wind,
launching of survival craft, and movement
of passengers for each assumed damaged
condition. The specific composition of
the heeling moments is outlined below.

Each passenger ship in the final
condition after damage and after
equalization where provided must
demonstrate a righting lever within the
required 15 degree range of stability
that is equal to or greater than each of
the heeling moments divided by the
ship's displacement plus 0.04 meter. The
required righting lever must always be
greater than 0.10 meter.

GZ(m) = Heeling Moment ^ Q^ ^ ^
Displacement

When calculating the heeling moments,
the following assumptions must be used;

I. For passenger crowding heeling
moment:

1. 4 people per square meter;
2. 75 kilograms mass per person;
3. People must be distributed on the
available deck areas towards one side
of the ship on the decks where muster
stations are located and in a manner
that produces the most adverse heeling
moment.

II. For moment due to launching of fully
loaded davit-launched survival craft on
one side;

1. All life boats and rescue boats
fitted on Che side to which the ship
has heeled after sustaining damage
shall be assumed to be swung out fully
loaded and ready for lowering;
2. For lifeboats which are arranged
to be launched fully loaded from the
stowed position, the maximum heeling
during launching must be used,

3. A fully loaded davit-launched
lifecraft attached to each davit on
the side to which the ship has heeled
after sustained damage shall be
assumed to be swung out ready for
lowering;
4. Persons not in the life saving
appliances which are swung out shall
not provide either additional heeling
or righting moment;
5. Life saving appliances on the side
of the ship opposite to which the ship
has heeled shall be assumed to be in
the stowed position.

III. For wind heeling moment;
1. A wind pressure of 120 N/m must
be applied;
2. The applicable windage area shall
be the projected lateral area of the
ship above the waterline corresponding
to the intact condition.
3. The moment arm shall be the
vertical distance from a point at
one-half of the mean draft
corresponding to the intact condition
to the center of gravity of the
lateral area.

3) Areas Subject to Interpretation
Because there were some owners of new
passenger ships who decided to meet the
new amendments during the U.S. Stability
Control Verification some problems with
the uniform application of the new
amendments soon came up. One of the
methods used to meet the new regulations
was to provide increased reserve buoyancy
above the bulkhead deck by using well
placed partial bulkheads. The new
amendments do not specifically define the
acceptable watertight integrity of
partial bulkheads above the bulkhead deck
so a clarification was needed in
regulations 11-1/8 and 11-1/20 of
SOLAS, 1974. There was some question as
to whether or not weathertight closures
above the bulkhead deck could provide
buoyancy if they were submerged in the
intermediate but not final stage of
flooding. By definition, achieving the
range of stability and righting energy
specified by the new amendments required
that watertight integrity above the
bulkhead deck be maintained for volumes
to be part of the increased buoyancy. In
response to owners requesting the U.S.
position with respect to this provision,
the U.S. suggested that any opening
submerged above the bulkhead deck, such
as doors in partial bulkheads, that were
within the range of residual stability
should be watertight. The U.S. deferred
to flag Administrations until IMO could
address the issue.

Further problems in applying the new
amendments resulted because, by allowing
credit for watertight volumes above the
bulkhead deck, fire doors might have to
serve as watertight doors The number of
watertight doors above the bulkhead deck
that must also be used as a means of
escape under regulation 11-2/28 is
therefore increased. Since the means of
escape for fire protection must not be
compromised, the U.S. recommended at
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SLF 34 the extension of existing
requirements for escapes below the
bulkhead deck to watertight areas above
the bulkhead deck. However, at least one
of the escapes must be independent of
watertight doors.

At SLF 34, the U.S . set forth those
interpretations and proposed that
SOLAS, 1974 regulations 11-1/8 and
11-1/20 be amended to ensure that the new
damage stability standard would be
uniformly applied. The U.S. proposed
that regulation 11-2/28 be referred to
the Sub-Committee on Fire Protection
because of concerns with escapes above
the bulkhead deck. SLF 34 essentially
agreed that clarifications were needed to
ensure uniform application of the new
amendments. SLF 34 sent amendments of
regulations 11-1/8 and 11-1/20 forward
for consideration at MSC 58 and
recommended that the clarifications of
these two regulations be distributed by
Circular to member nations. Revisions to
regulation 11-2/28 were referred to the
Sub-Committee on Fire Protection,

EFFECT OF IMPLEMENTATION OK DESIGN

1) General Design Variations
Over the last two decades, passenger
ships have undergone significant changes
in their hull forms and general
arrangements. The traditional passenger
liners typically had fine lines forward
and aft , deep watertight bulkheads, and a
limited number of decks above the
bulkhead deck. As a consequence of the
prevailing effort to accommodate as many
passengers as possible, modern passenger
ships have long full mid-bodies, low
bulkhead decks, and many levels of
structure and deadweight above the
bulkhead deck. As was seen in the U.S.
Stability Control Verification Program,
to achieve the standards set by the new
damage stability amendment, new passenger
cruise ships will be redesigned by moving
downflooding points inboard, using
symmetric flooding, installing partial
bulkheads above the bulkhead deck, and/or
raising the bulkhead deck. Careful
consideration of damage stability will be
needed early in the design process to
allow desired arrangements of tanks,
bulkheads, and decks. With forethought
and good design, meeting the new
requirements is attainable without
impacting on passenger convenience or
utility.

Passenger ship operating companies
want long, slow rolling for passenger
comfort, and concern was expressed by
some member nations at IMO, that the only
method of complying with the new
amendments was by increasing GM and
consequently, increasing roll period.
However, none of the information gained
from the U.S. Stability Control
Verification Program substantiated the
idea that the only method to meet the new
standard was by increasing intact GK
beyond an operationally acceptable level.
Designing to only an intact GM
requirement is not the solution intended

to comply with the new amendments.
Another concern expressed, during the
discussions at IMO, regarded increased
freeboards resulting from complying with
the new amendments. Particularity, that
new TO/TO passenger ferries complying
with the new amendments would be unable
to use the existing shoreside facilities
because of their increased freeboard .
However, even though this concern is
valid, the effect on shoreside facilities
is not an acceptable reason for not
requiring sufficient residual stability.

2) U.S. Study on Small Vessels
The U.S. flag passenger vessel fleet of
some 5100 vessels is mainly comprised of
those less than 100 gross tons. These
vessels carry anywhere from 6 to more
than 1000 passengers per voyage. About
4000 of these vessels are less than 65
feet in length. At least 25 new small
passenger vessels are built each year for
service in the U.S.

The U.S. passenger vessel fleet met a
higher stability standard than that of
SOLAS, 1974, prior to the new damage
stability amendments. U.S. small
passenger vessels were designed to a
damage standard similar to what existed
in SOLAS, 1974 as well as an intact wind
and passenger movement criteria. The
U.S . , through its domestic regulatory
process, is proposing to apply the new
SOLAS damage stability requirements to
all new domestic passenger vessels,
regardless of size or route. This action
will maintain the level of damage
stability safety of U.S. domestic
passenger vessels equivalent to that of
SOLAS vessels. The U.S. Coast Guard, the
responsible government agency for
passenger vessel safety in the U.S.,
believes that the need to require
passenger ship survival after damage
should not be a function of service or
route, and that the hazard this standard
seeks to prevent is present on domestic
as well as international voyages. To
substantiate this position, the U.S.
Coast Guard undertook a study through the
U.S. Department of Transportation's
Transportation Systems Center to evaluate
the effect of the new standard on the
domestic passenger vessel fleet. Sixteen
existing vessels have been examined so
far to determine the effect of these
regulations.

The U.S. passenger vessel fleet is
extremely diverse with some vessels built
over 100 years ago as well as newly built
high speed craft. The major types of new
small passenger vessels are party fishing
boats, paddlewheelers, dinner/excursion
boats, passenger/car ferries, and
converted offshore supply vessel hulls.
There are also a number of passenger/car
ferries of greater than 100 gross tons.
Because of their prevalence, the U.S.
study is concentrated on those five types
of vessels.

The study is divided into two parts.
The first is to determine whether or not
each vessel meets the new criteria. For
those vessels which do not meet the
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criteria, the necessary design changes
required for a new vessel to comply with
the criteria are to be determined, and
the cost of these changes in construction
and lost operating capacity are to be
calculated.

The majority of the vessels examined
to this point have had little difficulty
in meeting all requirements for range of
stability, righting levers, and righting
energy. Two vessels failed because they
had low downflooding angles. For both
vessel designs, Che downflooding points
could be relocated without high cost,
provided the vessel is in a design stage.

Few U.S. small passenger vessels
carry davit-launched lifecraft. One
vessel checked that does have this type
of lifecraft easily complied with all
provisions of the new standard. The wind
loading consideration in the new standard
was also satisfied by all of the vessels
examined, with the exception of three
light displacement vessels (a ferry and
two paddlewheelers).

By far the most difficult part of the
criteria to comply with is the passenger
crowding to one side. Seven of sixteen
vessels examined failed this provision,
some by wide margins. Preliminary
analysis showed it was the lighter
displacement vessels which have greater
difficulty complying with this portion of
the new standard, and the worst damage
case was usually the engine room. For
about half of the failures, design
changes similar to those used by the
SOLAS vessels, such as moving bulkheads,
locating downflooding points inboard,
careful placement of tanks, etc., allow
them to fully comply with the new
standard. Economic evaluations of the
major design changes needed have not been
completed. A more detailed analysis of
the failures, design changes, and
economic impact will be available when
the study concludes.

FUTURE OF PASSENGER SHIP DAMAGE STABILITY
REGULATIONS

During future meetings of the SLF
Sub-Committee, considerable review of the
passenger vessel damage stability
requirements of SOLAS will be undertaken.
Important issues, such as the future
direction of the SOLAS damage stability
regulations (deterministic, probabilistic
or both in parallel), will be decided by
the world maritime nations. Some of the
issues under consideration are discussed
in detail here.

1) The Deterministic Method
The deterministic subdivision and damage
stability methods in Part B, Chapter II-l
of the SOLAS, 1974 Convention with its
accompanying subdivision standard, part
of which originated back with
SOLAS, 1929, are scheduled for review by
the SLF Sub-Committee. Many countries
believe the subdivision standards in
Regulations 11-1/4 through 11-1/7 have
become outdated and do not ensure the
same level of safety for modern passenger
ship designs as the new damage stability

amendment. The basic difference is that
for the subdivision regulations,
transverse watertight bulkheads must
extend from sideshell to sideshell, but
for damage stability only to the B/5
penetration limit. Although it may be
thought that the subdivision regulations
provide a higher level of safety for
damage conditions that exceed the B/5
transverse damage penetration limit,
subdivision does not account for residual
stability for the off-center flooding
which is most certain on modern passenger
ship designs. Although the U.S. is
generally supportive of measures that can
ansure a higher level of safety, it
appears that the provisions of
regulations 4 through 7 that address
floodable length and permissible length
are misleading, or at best , redundant, so
this outdated standard should be removed.

In concert with this change, other
revisions are also under consideration at
SLF including relating the degree of
flooding protection to the number of
passengers carried rather than the size
or arrangement of the vessel, revising
the permeabilities based on current
research, and eliminating the margin 1ine
concept.

2) The Probabilistic Method
Even after the publication of A.265, the
majority of SOLAS passenger ships
continued to be designed to the
deterministic subdivision and damage
stability standard of SOLAS, 1960 and
SOLAS, 1974. One of the major reasons
for not making use of the probabilistic
standard was the ship designer's
familiarity with the deterministic
standard and unfamiliar!ty with the
probabilistic approach. The fact that
A.265 was only a recommended alternative
and not required by the SOLAS Convention
further de-emphasized the application of
the new s tandard.

Many believe that because Resolution
fl.265 attempted to correct the
defi-ci-encies found in SOLAS. 1960, it
required a higher level of safety for
modern passenger ships than that of the
existing deterministic subdivision and
damage stability standard in SOLAS, 1974.
In the minds of the owners and operators
of passengers ships, a higher level of
safety usually translates to higher
costs. Because of this reasoning, A-265
has not been put to full use by ship
designers, although it has been proven to
be a better and more flexible standard.

Resolution A.265 is similar to the
deterministic method in SOLAS, 1974 in
that it depends heavily on an initial
upright GM, however, it is modified by
ratios of beam and effective freeboard
and by ratios of constants determined
from model tests conducted in the U.S.
and United Kingdom. The constants used
in the formulae of A.265 are minimums to
prevent capsize in a light seaway, but
they may need to be modified to account
for wind, passenger movement, and
launching of survival craft. Also, the
tests were never varied to account for
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changes in vessel proportions even though
vessel proportions can affect the
floodability of the hull from both a
buoyancy and s tabi l i ty viewpoint. There
is a danger in the A.265 assumption that
all ships have a righting arm curve that
is concave upward. The relationship
between GM and survivability was based on
hull forms that still had a significantly
high amount of area under the righting
arm curve when GM was equal to zero.

Resolution A . 2 6 5 should be updated
with research using modern cruise ship
hull forms with due consideration for the
ef fec t s of varying vessel proportions and
accounting for suff ic ient residual
stability. The United Kingdom has made
important progress in this area
subsequent to the HERALD OF FREE
ENTERPRISE casualty. Knowledge gained
from the dry cargo ship probabilistic
standard which has been under
consideration at 1MO should be
incorporated into the formulae and
organization of A.265 . The best course
for the future would be a melding of the
deterministic and probabilistic methods
into a single required damage s tab i l i ty
standard that would provide an acceptable
level of safety. At the least,
Resolution A.265 needs to be given a
higher profile as an acceptable
al ternat ive standard to the present
deterministic standard that will en&ure s
similar level of safety.

3) Other Stability Related Areas
Flooding Protection -Means of E s c a pe -
Considerable research and technical
knowledge have gone into formulat ing the
SOLAS Conventions. These ef for ts go a
long way to assure the survival of a ship
in the flooding scenarios described in
SOLAS, 1974. However, SOLAS, 1974 does
not consider the survival of passengers
or crew who are accommodated in spaces
located within the damage extent
described in SOLAS, 1974. From the
passenger ships examined during the U. .S.
Stabi l i ty Control Verification Program,
it was discovered that current design
practice accommodates large numbers of
passengers and crew on and below the
bulkhead deck, where, in the event of
damage as prescribed by SOLAS, 1974,
persons in tnose spdcen iiiciy be entrapped
by flooding waters that will displace air
in the spaces and escape routes. This
means that, while the current
requirements of SOLAS may ensure survival
of the ship, the passengers and crew
accommodated in the flooded spaces may be
doomed.

The dangers of entrapping persons in
spaces that could be completely flooded
in the required flooding damage scenarios
has been addressed by some of the
classification societies and by the

domestic regulations of some of the world
aaritime countries, including the U . S .
However, an international standard for
flooding protection of both passengers
and crew is needed,

A new regulation should be added to
SOLAS to ensure that accommodation spaces
for large numbers of persons be s ized and
located to ensure rapid vertical escape
or be arranged to ensure a suitable and
accessible volume of air to allow for
evacuating the spaces within a reasonable
period of time. The United Kingdom has
stated that regulations should provide
for escape from vessels at very large
angles of heel. In future revisions of
the damage stability requirements of
SOLAS, this important issue should be
given serious consideration.

CONCLUSIONS
While the SOLAS Conventions have done
much since their beginning in 1914 to
increase the safety of li fe at sea, there
is much that remains to be accomplished
in the area of passenger ship damage
s tabi l i ty . The new revisions to the
deterministic damage stabili ty standard
in SOLAS, 1974 go a long way towards
ensuring the safety of passengers and
passenger ships. However, fur ther
revisions of SOLAS, 1974 Chapter I I / l to
remove the redundant subdivision
standards and to base the degree of
flooding protection on the number of
passengers carried rather than on the
design of the hull must continue, so that
the safety standards of modern cruise
ships can be improved. As passenger ship
designs change, so must the SOLAS
Convention. We must be wary of those
regulations which become outdated or
misleading. From recent work at SLF, the
real fu ture of damage stability
regulations lies in the more scientific
and casualty based methods of the
probabilistic approach to damage
s tabi l i ty rather than the archaic
deterministic method.
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TURBULENT WINDS AND FORCES FOR CONSIDERATION OF STABILITY OF MARINE SYSTEMS

Michel K. Ochi

ABSTRACT

This paper discusses the significance of low frequency turbulent winds
over a seaway which induce very large drag forces that may seriously affect
the stability of ships and ocean structures. The spectral energy density
obtained from measurements over a seaway is much greater at low frequencies
than that computed by any of the currently available formulations. The
magnitude of extreme turbulent wind-induced drag force with a risk parameter
of 0.01, which is highly recommended for design consideration, is much greater
than that of the mean wind drag force.

INTRODUCTION

A recent study on turbulent wind
spectra over a seaway indicates that the
magnitude of turbulent wind energy is quite
large at low frequencies of less than
approximately 0.02 Hz [1]. To elaborate on
the low frequency turbulent wind compo-
nents, Figure 1 taken from Reference [2]
shows an example of a time history of wind
speed. As can be seen in the figure, wind
velocity consists of a variety of frequen-
cies - High frequency turbulence often
called "gust winds" appear to be severe in
the figure but, in reality, their energy is

Figure 1: Example of time history of wind
speed (from Ref. 2).

small. On the other hand, low frequency
components as indicated by the dotted line
carry substantially larger amounts of
energy, especially over a seaway. Neverthe-
less, it is common practice not to consider
turbulent wind energy in the design of
marine systems. Furthermore, the natural
response frequencies of some marine systems
such as those of surging or yaw ing motions
of a tension-leg platform or a moored ship
appear to be in the frequency domain where
very large turbulent energy is observed.
When this is the case, turbulent winds may
induce resonance in addition to that pro-
duced by rough waves resulting in a criti-
cal condition during storms.

This paper presents the significance
of low frequency turbulent winds over a
seaway; information vital for evaluating
stability characteristics of marine sys-
tems . The paper discusses (i) turbulent
wind spectra to be considered for evalua-
ting drag force and (ii) some results of a
comparison of the extreme turbulent wind
drag forces with the commonly known mean
wind-induced drag force.

Professor, University of Florida
Coastal & Oceanographic Engineering Depart-
ment- 336 Well Hall, Galnesville, Florida
32611, U.S.A.

TURBULENT WINDS

Energy of turbulent winds is a func-
tion of the severity of mean wind speed,
wind shear velocity, height above the sea



level and frequency; hence, the energy
spectrum is often presented in the fol-
lowing dimension less form:

S(f^) = f S(f)/ u^ (1)

where f.=fz/u (2)* z
f = frequency in cps
z = height above sea level in

meters
U = mean wind speed at height z

in m/sec
S(f) = spectral density functionnin m/sec
u = shear velocity in m/sec.

Although a variety of formulae are
available for mean wind speed at height z
above sea level and for friction velocity
u^, the following formulae are used in the
present study. These are,

U = U,. + 2.5 u. ln(z/10) (3)z 10 "

u* ' ̂ 0 ^lO- (4)

where

U = mean wind speed at 10 m
height in m/sec

C = surface drag coefficient
evaluated from wind
measurements at 10 m height.

10 20 30 40 50

WIND SPEED U,Q IN M/SEC

The surface drag coefficient, C^Q,
depends on mean wind speed, Uin- The re-
sults of several studies on this subject
are summarized and shown in Figure 2.
Among others, Wu's results [3] are based on
data obtained for a wide range of wind ve-
locities over a seaway which may be ex-
pressed by

-3C - (0.77 + 0.066 U ) x 10 (5)

From Eqs.(3) and (5), the ratio of the
mean wind speed at height z and that at 10
meter height, U^/Uin, which may be called
the height coefficient can be calculated.
It is a function of U|Q as shown in Figure
3.

Figure 4 shows a compilation of avail-
able turbulent wind spectra obtained from
wind speed measured over a seaway at dif-
ferent geographical locations [1]. In the
figure, the upper and lower bounds are
given for Eidsvik's spectra covering 15
spectra developed from an extensive analy-
sis of measured data [4]. As can be seen,
Eidsvik's upper and lower bounds encompass
most of the other spectra derived from
analysis of data obtained elsewhere. We
draw the average curve of all measured
spectra shown in Figure 2 (except for
Smith's result) and represent it approx-
imately by the following formula shown in
Figure 5.

20 40 60 80 100 150
HEIGHT ABOVE SEA LEVEL, z IN METERS

Figure 2: Wind drag coefficient C as
a function of mean wind speed at height
2 = 10 m (from Ref. 1).

Figure 3: Height coefficient U /U-„ as a
function of height above sea level.
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Figure 4:
Comparison between dimension-
less turbulent wind spectra
obtained from data measured
over a seaway (from Ref. 1).
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Figure 5:
Mathematical presentation of
average of measured wind
spectra over a seaway (from
Ref. 1).
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The dimensional wind spectrum as a
function of frequency w becomes

420 f
0.70

4925 u2 (z/U )2 u" z

(6) for 0 ^ u ^ 0.0189(U / z )
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It is noted that due to a minor sim-
plification made in the conversion from f^
to m, there is approximately 0.5% differ-
ence in S(w) computed by the first and
second equations at u = 0.00189(U/z). It
is also noted that no data is available at
present for the energy spectrum at frequen-
cies less than f^ = 0.003. Hence, the
spectral formulation is given such that the
energy reduces linearly to zero at OJ = 0
(in dimensional form) for frequencies less
than f^ = 0.003.

Figure 5 shows the turbulent wind
spectra S(̂ ), computed by Eq.(7) for var-
ious mean wind speeds at height z = 10
meters. The figure demonstrates that the
turbulent wind energy increases substan-
tially at low frequencies and the increase
is particularly pronounced for large mean
wind speeds. These low frequencies are in
the domain of natural surging and yaw ing

frequencies of tens ion-leg platforms and
mooring ships; hence, there is a possibil-
ity that the turbulent wind may induce
resonant motion responses.

Figure 7 shows an example of the ef-
fect of height above sea level on the in-
tensity of energy spectra. As can be seen;
for the mean wind speed Vin = 100 knots
(51.4 m/sec), there is no significant dif-
feience in the intensity irrespective of
the height above the sea level for frequen-
cies i*i greater than 0.15.

It may be of interest to compare the
average of the spectral density functj ons
obtained from measurements over a seaway
with currently available turbulent wind
spectral formulations. As stated in the
Introduction, currently available spectral
formulations are developed based on data
measured primarily over land in an attempt
to formulate turbulent wind energy for rel-

10 15

FREQUENCY(0 IN RPS

dgure 6:
Turbulent wind spectra for various
wind speeds at height z = 10 m.

0 2 03 0 4 0'i
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Figure 7:
Effect of height above the sea level
cm intensity of energy spectra for
U , - 51.4 m/sec (100 knots).



atlvely high frequencies, say f^ > O.I.
However, extension of the formulations is
made here to see if they are still valid in
the low frequency range of interest for the
design of offshore structures.

As can be seen in Figure 8, spectral
energy density obtained from measurements
over a seaway is much greater than that
computed by any of the formulations at low
frequencies, smaller than f^ = 0.01. The
dimension less frequency 0.01 is equivalent
to a period of 19.6 sec at 10 m and 49-5
sec at 30 m height, respectively, for a
mean wind speed of 100 knots (51.4 m/sec).

WIND-INDUCED DRAG FORCS

The incident wind speed as shown in
Figure 1 consists of two components; one a
constant mean speed, U, the other a ran-
domly fluctuating turbulent wind speed,
w(t). We may write

U(t) = U + w(t). (8)

Then, the wind-induced drag force
acting on offshore structures can be writ-
ten by

Fp(t) = ̂ p Ĉ  A{U(t)}2

= ̂ p C^A u2^ p CpA U w(t) + ̂ p CpA{w(t)}2

(9)

where p = air density, C = drag
coefficient, A = projected area of
structure .

(10)

The first term of Eq.(9) is called the
mean drag force, denoted by F , the second
term is the linear turbulent wind-induced
drag force, while the third term is the
nonlinear turbulent wind-induced force. It
may be well to write Equation (9) as fol-
lows :

F _ ( t ) = F 1 + 2 w( t ) + \{w(t)}2

D D L U U2

z z

where ^ 4 p C^ A U2

In order to find the significance of
turbulence in wind-induced drag force, the
last two terms in Eq.(lO) including the
nonlinear term should be considered. It
was found, however, that the linear term is
the major contributor to the drag force
[5]. Hence, in the following analysis we
will evaluate the extreme magnitude of the
linear turbulent drag force and compare it
with the magnitude of the mean wind drag
force.

We assume that the turbulent wind
speed is a non-narrow-band Gaussian random
process with mean value zero and with vari-

')ance o-, where the variance is equal to the
area under the turbulent wind energy spec-
trum. Then, the extreme magnitude of the
peaks (or troughs) of the turbulent wind
speed expected to occur in T-hours with a
risk parameter a, denoted by Hext^"^' can

be evaluated by [6],
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/ 2

"extt01 - ^ 2 ln { ̂ ^JV"-^ m" w

m. = j-th moment of the turbulentwhere
wind energy spectrum, and a = 1 yields the
most probable extreme value.

Computations of the extreme values
i-leyt(ci) are made for a = 1 and 0.01 for
various mean wind speeds at 30 meter height
above the sea surface on an offshore struc-

oture having a projected area A = 2,000 m~.
By multiplying the computed extreme values
of riovi-(ci) by 2 F_/ U , we can evaluate the(-.XL. •' D z
magnitude of the peaks (or troughs) of
turbulent wind-induced drag force. In
computing the mean drag force, F , the drag
coefficient C is taken as unity, while the
air density p is taken as 1.2 kg/m .

The results of the computations are
shown in Figure 9. Included also in the
figure is the mean drag force for compari-
son. As can be seen in the figure, the
magnitude of the probable extreme turbulent

20 40 60 80
MEAN WIND SPEED QM IN M/SEC.

8020 40 60
MEAN WIND SPEED UK) IN M/SEC-

Figure 9: Comparison between extreme
turbulent wind-induced drag force and mean
drag force for various wind speeds at
height z = 30 m.

drag force expected in one hour is o£ the
same order as that of the mean wind drag
force. It is noted that the probability
that the extreme drag force will exceed the
probable extreme value is rather large ——
theoretically 1 - e - = 0.632. Hence, it
is highly desirable to evaluate an extreme
value for which the probability of being
exceeded is very small: for example, the
risk parameter a equal to 0.01. The magni-
tude of the extreme turbulent drag force
for a = 0.01 is much greater than that of
the mean drag force, particularly for large
mean wind speeds. For example, the former
is 33 percent greater than the latter for a
mean wind speed of 60.5 m/sec at 30 meter
height which corresponds to 100 knots at 10
meter height above the sea surface.

CONCLUSIONS

This paper discusses the significance
of low frequency turbulent winds over a
seaway which induce very large drag forces
that may seriously affect the stability of
ships and ocean structures. The turbulent
wind energy spectral densities obtained
from data measured over a seaway are very
large at low frequencies (less than 0.02
Hz) —— much greater than those evaluated
by any of the currently available spectral
formulations. The low frequencies are in
the domain of some natural response fre-
quencies of marine systems; hence, there is
a high possibility that the turbulent wind
will induce resonant motion responses.

The magnitude of turbulent wind-
induced force acting on marine structures
appear to be significant and thereby ex-
treme care must be taken to include the
turbulent wind-induced force in evaluating
stability criteria of ships and offshore
structures. Results of the computations
show that the probable extreme value of the
peaks (or troughs) of the turbulent wind-
induced force is of the same order as that
of the force associated with the mean wind
speed. The magnitude of extreme drag force
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with risk parameter a = 0.01 is much great-
er than that of the mean drag force. For
example the former is 33 percent greater
than the latter for a mean wind speed of
60.5 m/sec at 30 meter height which corres-
ponds to 100 knots at 10 meter height above
ths sea surface.

REFERENCES

1. Ochi, M.K. and Shin, Y.S., Wind turbu-
lent spectra for design consideration of
offshore structures. Proc. Offshore
Tech. Conf. OTC 5736, 1988, Vol.2,
pp.461-468.

2 - Shiraishi, N., Aerodynamic response of
bridge to natural winds. Wind Effect on
Structures, Univ. of Tokyo.

3. Wu, J., Wind-stress coefficients over
sea surface from breese to hurricane, J.
Geophy. Res. 1982, Vol.87, pp. 9704-
9706.

4. Eidsvik, K., Large-sample estimates of
wind fluctuations over the ocean, J-
Boundary-Layer Meteo., 1985, Vol.32, pp.
103-132.

ii5. Ochi, M.K. and Murer, Y., Estimation of
extreme wind force for offshore
structure design, Univ- of Florida,
Tech. Rep., UFL/COEL- TR/81, 1989.

6. Ochi, M.K., On prediction of extreme
values, J__ Ship Res., 1973, Vol.17 No.l,
pp. 29-37.



STABILITY OF HIGH SPEED VESSELS

Egil Jullumstroe, Senior Research Engineer,
MARINTEK A/S. Norway.

Abstract

The paper discusses present state of the
art regarding the possibility of developing
complete stability rules and regulalations
for high speed vessels.

Compared to conventional ships and their
stability recommendations, safety codes of
high speed vessels need to include further
requirements. By their nature high speed
vehicles are much more sensitive to prob-
lems associated with motions, transverse
and longitudinal stability, control and be-
haviour in different wave situations and
wave directions.

Reflecting the fact that static stability
data alone are not sufficient for future
rules and recommendations. MARINTEK A/S has
initiated a research programme which incor-
porate the dynamics of high speed vehicles
with respect to stability on an overall
basis.

In this programme, transverse stability is
investigated in beam and oblique sea condi-
tions, longitudinal stability is investiga-
ted in following wave conditions. Investi-
gations concerning operational aspects such
as loss of stability, loss of lift, danger-
ous situations are carried out both for
long-crested and short-crested waves. Sta-
bility as a function of manoeuvring, are
investigated in calm water as well as in
waves.

The work within the research programme is
based on a combination of experiments and
theoretical work to obtain a complete
understanding of the stability problem of
high speed vehicles.

The results and the methodology derived
from the research programme will be put
forward to national (Norwegian, NMD) and
International (1MO) governmental organiza-
tions.

Examples of results and stability recommen-
dations based upon these are presented.

1. INTRODUCTION,

Over the later years, the operational pat-
tern of high speed vehicles has changed
quite a lot. Vessels are designed for all
kinds of tasks within transportation servi-
ces, and they are operating in very rough
sea conditions compared to what until now
were acceptable conditions. As a result of
this, the safety margins have changed and
become more critical due to reduction of
safety factors.

Advanced high speed vessels are poorly de-
veloped with respect to stability rules and
regulations compared to conventional ves-
sels. There are several reasons for this.
One important factor is that there are many
different types of high speed vehicles, and
many different solutions within each cate-
gory. Thus, a generalization of rules and
regulations is difficult. Another factor is
that there is poor understanding of differ-
ent phenomena affe cting ship- stability.
both longitudinal and transverse stability.
A better understanding of these phenomena
is necessary for developing of future
rules.

The "Code of Safety for Dynamically Suppor-
ted Craft" is the international safety
standard of IMO developed for high speed
vehicles. High speed vessels in this con-
text could be SES, hydrofoils, catamarans,
ACV's et cetera. With respect to stability,
both static and dynamic stability in the
transverse direction is described for
hydrofoils, however, most other vehicles
are not dealt with in detail. With the
trend of today towards hydrfoils, SES and
catamarans there are at least two concepts
that should be developed paralell to the
hydrofoil concept. The recommendations of
the hydrofoil concept in itself is inade-
quate, however, the framework for future
rules are laid through the IMO-recommenda-
tion.
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Future stability and safety rules should
be based upon different thinking and metho-
dology, rather than by using traditional
precedents. Instead of extending conven-
tional ship standards readily available,
methods from the aircraft industry should
be applied and developed. Through the Nor-
wegian Research Programme of High Speed
Vessels, one of the main goals is to deve-
lop safety standards for SE3. catamarans
and hydrofoils.

As a consequence of developing and taking
new rules into use, a thorough documentation
of vessel characteristics is also necessary.
All technical data and details of construc-
tion affecting stability of the vessel
should be presented. Performance data should
be obtained for the relevant situations. If
the performance data does not comply with
the rules, action should be taken.

2-STABILITY AND SAFETY REGULATIONS,

The IMO-recommendation concerning stability
of high-speed crafts are laid down in reso-
lution A.373(x), "Code of Safety for Dynami-
cally Supported Craft", the stability rules
can briefly be described as follows:

* A single paragraph covers all types
of high speed vehicles.

* Transverse stability recommendations
are given for hydrofoil vessels. The
framework for future recommendations
is laid, however the specific stabi-
lity demands should be adjusted.

* Transverse stability recommendations
for vessels other than hydrofoils are
not covered by A.373(x).

* Longitudinal stability recommendations
do not exist.

* Coupling of transverse and longitudi-
nal stability is not described.

* "Active", safety demands such as ope-
ration manuals are not included.

* The stability requirements are in
accordance with the requirements of
conventional, displacement ships.

Though the safety record of high-speed ve-
hicles has been excellent, there is no doubt
that new safety standards should be worked
out for all kinds of high-speed craft. With
respect to stability, each major class of
vessels should each have a paragraph cover-
ing specific characteristics for different
types of vessels. This also applies for
other safety standards than pure stability,
for instance fire safety, design features,
buoyancy and subdivision, damage etc.

The IMO-Code is a minimum safety standard, a
future minimum standard should, in the
author's opinion cover at least the above
mentioned aspects. As to the code of today,
it is only mandatory for international voy-
ages. A future code should have binding
rules also for international services.

3. RESEARCH PROGRAMME.

The Norwegian Research Programme for High
Speed Vessels is a four year programme, it
was started medio 1989 and will be final-
ized in 1993. The programme is sponsored
by The Norwegian Council of Science &
Research (NTNF) and Norwegian Industry.
Among several topics within the programme,
the following sub-projects are mentioned
since they are related to the overall safety
of high-speed vessels, and due to the fact
that they will contribute to the working out
of new safety recommendations.

* Cockpit-project.
* Seakeeping Prediction Programme.
* Safety regulations for high-speed

vessels.

The Cockpit-project is run in order to pro-
vide efficient and safe operation of high-
speed vessels, by developing bridge systems,
procedures for operation, equipment systems,
simulation/training systems and accidents/
evacuation procedures -

The Seakeeping Qualities Project is run in
order to work out tools that predict sea
loads and motions of high-speed vessels.
This means that for SES, hydrofoils and
catamarans, the limitations of today's
numerical prediction models are reduced.

The Safety Regulation Project identifies
important areas where rules and regulations
shoud be improved and/or extended. Hereunder
stability in a broad sense. The work de-
scribed in the following chapters is carried
out in this sub-project.

A catamaran and a hydrofoilcatamaran vessel
are investigated in beam and following seas
with respect to stability. In respect to
beam seas results one should bear in mind
that a SES off-cushion behaves quite simi-
larly to a catamaran and that the QZ-curve
is reduced in on-cushion compared to off-
cushion condition. The beam seas test re-
sults are judged against the existing stabi-
lity recommendations of high-speed vessels.
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For longitudinal stability, no recommenda-
tions exist to this day. This is rather
astonishing, the documentation made by this
project and experience from full scale,
fully confirms that this problem must be
taken seriously. Concerning high-speed ves-
sels, the probability of major accidents due
to low longitudinal stability is very high.

4. TRANSVERSE STABILITY - PROBABILITY OF
CAPSIZE.

A catamaran hull has been tested with vari-
ous righting moment curves. The variation
in the righting moment was obtained by al-
tering the superstructure, thus the meta-
centric height GM-r and VCG-values were equal
to those of full scale designs. Increase of
VCG-values to decrease the initial stability
and to alter the roll resonance period to-
wards longer periods was not regarded of
interest. The tests carried out were there-
fore an investigation upon the shape of the
GZ-curve and the requirements of having a
positive GZ-value to a certain heeling
angle. Figure 1 shows GZ-curves for cata-
marans with small/normal superstructures and
for a catamaran with a large superstructure.

STATIC STABILITY CATAMARAN

lkelBngle(,)tFK.)

Normal Snperslructiire

Large Superstructure

Figure 1. - Static stability curve for
catamarans.

groupiness in the wavetrain), and in steep
plunging breakers (capsize when hit by the
breaker). The tests were carried out in
hullborne condition, speed equal to zero,
incoming waves as beam seas and with the
model completely free to move in 6 degrees
of freedom. As indicated above, there are
different hypothesis for typical situations
in which capsizing might occur, however most
tests were performed in plunging breakers.
This is in accordance with a test philosophy
and procedures de-veloped at Marintek for
stability research with conventional hull-
forms , i.e. for cargo vessels and fishing
vessels.

A general conclusion from the test programme
can briefly be described as follows:

The catamaran hull with large superstruc-
ture, i .e. with GZ-curve positive to a large
heel angle, did not capsize in any wave
situation.

The catamaran hull with a normal small
superstucture, that is with a GZ-curve hav-
ing a distinctive angle of vanishing stabi-
Itiy at approx. 70 degrees, and large nega-
tive GZ-values from 70 to 180 degrees, did
not capsize as a result of resonant rolling,
nor in irregular wave trains. However, cap-
sizing occurred in plunging breakers when
wind load was applied.

A large number of tests were run with vary-
ing wind loads, varying wave heights and
with variation in prehistory of the plung-
ing, breaking wave. A well defined limit for
occurrence of capsizing was established
through these tests.

The probability of capsize in steep and high
waves from the side for small vessels is
evaluated by E. Aa. Dahle, D. Myrhaug and
S.J. Dahl in ref.[l], based on the
Sevastianov method ref. [ 2 ]. In this eva-
luation, the critical height of a near-
breaking wave He is defined as a function
of the significant wave height, and a pro-
bability of extreme waves for given sea
states are calculated. The probability of
capsize as a functon of He is expressed
versus the internal work E=AJItlvG2d(l̂  until
GZ becomes zero. Further, it is shown that
capsizing frequency derived from model
tests shows good agreement with full scale
accidents.

As an example, the results from the present
study is compared with results from earlier
investigations, mainly fishing vessels, this
is done to express the difference in proba-
bility between a catamaran hull and mono-
hulls.

Tests were performed in regular waves (reso-
nant capsize), irregular wavetrains (capsize
""e to breaking waves and
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Figure 2. Probability of capsize for
fishing vessels.

The difference in righting moment
expressed as GZ-curves is for a
catamaran as compared to a monohull
enormous, however, the heeling
moment due to wave loads will also
be much higher for a catamaran than
for a monohull.
Discussing stability of catamarans
and multihulls out from monohull
stability recommendations are due
to this irrelevant.

As for monohull capsizing safety,
the shape of the GZ-curve beyond 40
degrees heeling angle is of great
importance, as is also the angle of
vanishing stability.

- A relevant requirement for the GZ-
curve for small catamaran vessels
is that the curve is positive to a
heeling angle of 80 degrees.

Another safety aspect which is very impor-
tant with catamaran hulls is the magnitude
of roll motion and accelerations with re-
spect to cargo and cargo shifting. In gene-
ral, roll motions and vertical accelerations
at the ship's side will be much higher than
for a monohull. This means that cargo is
much more exposed to shifting. According to
this, the cargo securing recommendations
should be strengthened.

tlicfiauidtervailV'}

Prol—bilffy ofcaptOt. catamaran with normal supeistmctarc

Figure 3. Probability of capsize for
catamaran hull (hullborne)

By comparing the curves in Fig. 2 & 3, the
following should be observed:-

- The probability of capsize for a
catamaran hull is much less than for
monohull of similar size, neverthe-
less. there is a probability of cap-
sizing catamarans.

- The probability of capsize for cata-
maran hulls on international voyages
is significant, small vessels i.e.
displacements less than 750-1000
tonnes should be carefully studied
with respect to stability to avoid
capsizing.

5. LONGITUDINAL STABILITY DECK DIVING.

A catamaran and a foil-catamaran hull are
investigated with respect to longitudinal
stability in following seas.
The investigations were carried out as
model tests and as computer calculations.
The objective of this work is to evaluate
the probability of deck diving at high
speed.

Tests and computations were performed with
various speeds, with variation in wave-
length/shiplength and in waveh eight/wave-
length . Tests were carried out in regular
waves, the model was free to surge, pitch
and heave. "Bowdive", a Marintek developed
program was used in computations.

J
The background for these investigations is
that high speed vessels in most cases are
designed and built with slender forebodys,
in order to reduce wave impacts. As a result
of this the buoyancy of the foreship is re-
duced , while the afterbody is normally
highly buoyant oscillating in a seaway.

The combination of high speed, hull design
and wave situations might lead to different
dangerous situations. This study is related
to following sea situations and safety. In
following seas, loss of foil lift is also
very pronounced-
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The main conclusions from this work are:-

- The probability of deck diving of
today's design of catamarans, mono-
hull and foilcatamarans and high-
speed vehicles is very high.

- Deck diving might occur in very small
wave heights. If wave length and ship
speed is unfavourable in combination,
deck diving becomes a problem even
for 2-3 metres wave height,

- Deck diving occurs frequently for wave
length/ship length ratios between 1,0
and 2,0. That is. similar situations
that lead forward to broaching situ-
ations.

- Deck diving is critical for ship
speed equal to or greater than wave
speed.

- Mode! tests and computer calculations
of deck diving in a wave situation
shows good agreement.

- Reduced foil-lift due to waveparticle
velocity, ventilation, out of water
situations and pitch angle close to or
larger than zero-lift angle may lead
to deck diving.

IE3T MS 1;B I-; B IM 15 » K«

Ikui
(111)

1'illll

(.kl!)

I'uilition ufveshtl iimave profile, computed

Figure 4. Time series from tests and from
computations of heave and pitch
in a following wave.

Position of bow in relation to
wave profile.

When deck diving occurs, the following sce-
narios are possible:

- Deck/superstructure goes into the
water, total buoyancy of submerged
volume is sufficient to bring the
vessel to an upright position- Speed
is reduced as a function of diving
depth, equipment on deck and parts of
superstructure may be damaged.

- Deck/superstructure goes into water
and the total buoyancy of the foreship
is insufficient to raise the forebody
out of the water- Speed is reduced to
zero, large longitudinal acceleration
occurs, superstructure will be vio-
lently submerged and possible destroy-
ed. The possibility of having flooded
compartments is high.

Both scenarios include high risks
vessel safety and must be avoided-

for small

6. FUTURE RECOMMENDATIONS,

The future high-speed craft industry wil!
be a high risk business similar to the avi-
ation industry. Thus, many of the same
challenges that the aircraft industry meet
will have to be dealt with in a similar
manner for high-speed craft. This will be
also be the situation in regard to safety
rules, hereunder stability and safe opera-
tion of vessels. The results obtained so
far in this project clearly state the neces-
sity for improved rules and recommendations.
and also for operation. A good example in
this context is the deck diving situation
that might occur in following seas. It is
very difficult to design and operate a
vessel for international voyages that will
not be exposed to deck diving. The risk of
deck diving should be evaluated at the de-
sign stage. However, in extreme weather con-
ditions procedures for safe operation are
needed. To build up systems and procedures
similar to those of the aviation industry is
the only reasonable way to go.

Adopting systems and procedures from the
aircraft industry, does not mean that ves-
sels shall be classified as aircraft. Ship
and waterway regulations must apply. The
first step in the sketched direction for 1MO
will be to recognize that this is the way to
go. secondly, separate paragraphs should be
worked out to cover all types of high-speed
vessels in a correct manner. Further, a
third step required prior to the implemen-
tation of the rules, is to develop safety
standards and procedures covering the dif-
ferent paragraphs.

i?6



OPERA I'lON

HICII SPEED CRArr

REFERENCES.

[1] E.Aa.Dahle, D.Myrhaug & S.J.Dahl: "Pro-
bability of capsizing in steep and high
waves from the side in open sea and
coastal waters"
Ocean Eng.Vol.15,No.2, pp.139-151, 1988.

[2] Sevastianov, N.B.; "Practical and Scien-
tific Aspects of the stability Problem
for Small Fishing Vessels". Int. Conf -
on Design Considerations for Small
Craft, RINA.LONDON 1984.

[3] International Maritime Organization,
iMO-resolution A.373(x) -"Code of Safety
for Dynamically Supported Craft" - 1977.

[4] Kristiansen, Svein et al - Efficient and
Safe Transport of High Speed Craft-
MARINTEK Reports January 1990.

[5] Holden, K.O. : -Summary report of acti-
vities within High Speed Craft Programme
NTNF-report HRAP1/1990.02.-14.

Figure 5. Safety System For High-Speed
Craft Based On Aviation
Industry System.

[ 6 ] Jul!umstr0, Egil. -Stability of High
Speed Craft. - NTNF-reports 600006-01,
600006-02, 600006-03 March 1990.

7. CONCLUSIVE REMARKS.

Development of safety standards and stabi-
lity recommendations for high-speed craft
will be one of the great challenges for IMO
and other institutes during the nineties.

Stability recommendations for high-speed
craft other than monohuli, based on conven-
tional ships' code are inadequate.

Transverse stability and safety of SES's and
catamarans are highly dependant upon the
extension of the GZ-curve and the area under
the curve for heel angles greater than 50
degrees.

Capsizing of multihull vessels is possible,
in spite of high initial stability and
righting moment curve, this possibil-ity
should be associated with critical wave
heights.

Longitudinal stability, expressed as deck
diving probability, is a very serious prob-
lem. To this day this problem has not yet
been paid attention, in the future it will
be necessary to treat this problem as equal-
ly important as the transverse stability
problem. Accidents due to lack of longitudi-
nal stability can have the same outcome as
capsizing accidents with respect to loss of
lives and vessels -

- 327



PROBABILISTIC STUDY ON SHIP CAPSI2IKG DUE TO PURE LOSS OF STABILITY
Hi IRREGULAR QUARTERING SEAS

Naoya Umeda, Yasuyuki Yanakoshi and Tsutomu Tsuchiya

ABSTRACT

This study presents a theoretical method for calculating probabilities of capsizing due to
pure loss of stability for a ship running in short crested waves and fluctuating wind. The
aim was to develop stability criteria of a ship in quartering seas making use of the risk
analysis. We divide the ship motions into the steady motions and the unsteady motions. Then
we integrate the probability density funct ion ,which is g iven by the s teady r a n d o m
process theory, on the safe domain that is determined by separatorices of the unsteady
dynamic system. The reduction of restoring moment when a wave crest moves into the center of
gravity of the ship is fully considered by Grim's effective wave concept. Numerical example
is sRown for a coastal trawler.

INTRODUCTION

Stability criteria against capsizing
in following or quartering seas are re-
quired besides the IMO weather criterion
for a ship in beam seas. [1] Because,many
seamen have lost their lives in quartering
seas and naval architects observed capsiz-
ing of radio-controlled models mainly in
quartering waves. [2] In particular, the
pure loss of stability is the most critical
phenomenon among the capsizing modes in
quartering seas. [31 This means that the
transverse stability of a ship in quarter-
ing seas is drastically reduced when a wave
crest moves into the center of gravity and
the ship easily capsizes.

To d e v e l o p pract ica l stabil i ty
criteria, we should assess the capsizing in
irregular seas. B e c a u s e , the risk and
reliability analysis requires the probabil-
ity of capsizing of a ship to compare this
with the acceptable risks. [4,5] However,
we have few studies to assess the probabil-
ity of capsizing due to the pure loss of
s tabil i ty in irregular following seas.
[6,7,8] As to the capsizing in irregular
quartering seas we find very few studies
besides model experiments and numerical
simulation those use a kind of the Monte
Carlo technique.

Therefore, the authors did propose a
method to assess the probability of capsiz-
ing due to the pure loss of stability in
irregular quar te r ing seas to deve lop
stability criteria by using risk analysis.
In addition, an assessment of a ship in
following seas or beam seas can be included
as a limit of this method.

1) National Research Institute of Fisheries
Engineering; Hasaki.Kashima,Ibaraki,Japan
2) President, FRP Fishing Boat Research
Association of Japan; Tokyo, Japan

BASIC CONCEPTS OF THIS STUDY

\-Se assume that a ship is running with a
constant averaged speed and a constant
averaged course in wind and waves. The wind
ve loc i ty changes wi th t ime around the
averaged velocity Un, and has the Davenport
spectrum S (m) ; 01 is a circular frequency
[4.]. The wind genera tes short c res ted
waves. The significant wave height and"V3
the mean wave period T _ , are given by the
Fierson-Moskowitz formulae :

H^- 0.02U U^ (1)

(2)

(3)

= 3 . 3 6
01

The spectral density of the fully developed
waves is greater than that of the develop-
ing w a v e s . Thus we use the ITTC (1°78)
directional spectrum S([ i ) ,a) for 't11® fully
developed waves. [9] Here a is an angle of
the component wave to the principal wave
direction. Further, we assume that the wind
direction coincides with the orincipal wave
direction.

Next, we should consider ship motions
including capsizing in the wind and waves.
In the final stage for capsizing, the ship
m o t i o n s are comple te ly non-linear and
unsteady. Thus to uredlct capsizing is very
difficult besides random simulation in tine
domain. Since a non-linear dynamic systen
d e p e n d s on initial conditions, we must
employ all possible combinations of the
initial conditions "LO carry out the random
simulation. In the neanwhile, except for
this final stage, it is often reported that
linear and steady seakeeping theories can
predict irregular ship motions in even
heavy seas. [10] Therefore, we divide the
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ship motions into the steady motions and
the unsteady motions those include capsiz-
ing (See F ig .1 ) . First the steady motions
are statistically predicted by a linear
theory in frequency domain. Then we regard
the predicted steady motions as Initial
conditions for the unsteady problem and in-
tegrate non-linear equations of motion in
time domain. The correlation between the
steady and the u n s t e a d y m o t i o n s is
reflected by the continuity of physical
variables on bounds. This concept was pre-
viously used by Block! [11] for the low
cycle resonance in beam seas whe re the
bounds selected are when roll angle is
aero. In this study the bounds selected are
w h e n a wave m o v e s into the center of
gravity because the pure loss of stability
is a trigger for the capsizing in quarter-
ing seas.

UA-yV-4-VT- 2 VUrcosx (4)

(5)7.4= COS

We rewrite U and U.
-L ri.

(6)

(7)

Here Un,and U. are averaged velocity and D-
1 A 1

and U. are variations of the velocity and

change with time. Substituting Eqs. (6) - (7)
into Eqs. (4) - (5) ,

V (8)-cosxHJy
U ^ /

V -r t

2 , , lcos7^\- 2 2 cosy
(51717.4)1 1 +

\ sm?_4 / u U ACOSf^

(9)

The aerodynamic lateral force due to
averaged wind F is given by

iJUSK/W PROCESS 1 - 2 ;
F .I =-„-fl 1 A .4 C DA U .4 ( Sm?..! )

(10)

Fig.1 Scheme of capsizing

STEADY MOTIONS

Motions due to wind
When a ship runs with her velocity V in the
wind whose velocity is U and angle is y ,
the apparent wind velocity and angle on the
ship are calculated as follows : (See
Fig.2)

Here p. is air density, A. is a transverse

projected area of the ship above water, C
-Un

is an aerodynamic drag coefficient and h
n

is a distance of the center of the force
f r o m a w a t e r s u r f a c e . S i n c e t h i s
aerodynamic force induces a hydrodynamic
force whose magnitude is same and direction
is opposite and a distance of the center of
the hydrodynamic force from a water surface
is h , the inclining m o m e n t , F. (h .+h^ ) ,
acts on the ship. Thus, a heel angle of the
ship, ()) , is obtained by the following
equation of equilibrium.

(11

The roll moment due to wind is assumed
to be given by

KA( t )=-,,-pAAACoAhAcV^sin.^ A (12)

Here h.,, is a distance of the center of the
Ab

wind force f rom the center of gravity of
the ship. Then we separate variations of
the moment ,K ( t) , only from K , ( t ) .

-"- .ri

(13)
Neglecting the coupling effects, we can ob-
tain an equation of one-freedom roll motion
due to the wind as follows :Fig.2 Apparent wind
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( l44+A44)^+B440+C440-K,l( t )

dGZ,

where

( - ] / ) relation between the restoring moment and
wave is non-linear. [8] To bypass this dif-
ficulty, Grim [6] proposed the concept of
an e f fec t ive wave where an irregular wave
profile around the ship is replaced with a
regular wave called "the effective wave".
The length of the effect ive wave is equal

where I is the moment of inertia of the
44

ship, A is the added moment of inertia,
44

B is a linearlized roll damping coeffi-
44

cient and to the ship length L and the crest or the
PP

trough of the wave is situated at the cen-
(-15) ter of g r a v i t y (See F i g . 3 ) . Since the

relation between GZ and the effect ive wave
is not only non-linear but also non-memory,
we can discuss the probabilistic properties
of GZ. Though Grim presented formulae for
the ship in long-crested following seas, we
presented formulae for the ship in short-
crested quartering seas shown in Fig.4.

Here W is the weight of the ship ; GZ is a

righting lever of the ship in still water.
Hence the transfer function of the roll
w h o s e input is the f l u c t u a t i n g w i n d
velocity is given by If sea surface elevation is assumed to

have a Gaussian distribution, it is repre-
sented as follows :(16)

rwff, TI, t ) = J^ J"', ̂ '2S(^.a)d^da

co&l^ t - k^cosa-- k'7sma'+0) f i a l

p/iA/iCo-ih w
where y - a - x and ^ is a random number.
The effective wave is defined as follows :

(c^,-ar) -0^2

PA,\ \CnA'
[ 44 -A44 ^

-^A \ C M h 4 G {( Ur- Vcosx) - U ̂ .,cos-x]

i^x. i}=a(t)+^^t)cos^y.
( T T . L-

- [ ^ < x <-l-\
2 x 2 J (19)

; Cu(^)
V I*4+A44(0oi

Making use of the least square method , the
•transfer function H whose input is r and^ "w
output is ^ „„ is given by

Motions due to waves
It is well-known that linear strip methods
can predict steady ship m o t i o n s due to
waves. Lee 8: Kirn applied a strip method for
the sway-heave-pitch-roll-yaw motions of a
ship wi th a heel angle. l12] Though we can
use their result, we temporarily use the
transfer function of one-freedom roll mo-
tion due to waves, as follows : [13]

^

where

H ( ( . , x ) - H. + iH (20)

cos/,

H^,y)=H^+ i H*. (17)

where
Further, the righting lever is rewrit-

ten

GZ4,t) - GZ^) + GZ^(4),t) (21)

w h e r e GZ,, (43 ) is the righting lever in
(^-u\} +a^\ I « + A «

w2

J — — Vcosx

a n d Y is an e f f e c t i v e w a v e s lope
coefficient. As to the surge motion, the
transfer function H (^,X) ^^ be obtained

in the same manner. [14]

CHANGE IN GZ DUE TO WAVES

G2 ( d ) , t ) is the variationwstill water

of the righting lever in waves. We would
calculate GZ (d>,t) tor only the effectivew
wave. The e f fec t of the frequency QJ and y
is taken into account by E q . ( 2 0 ) . We ex-
amined the e f f e c t i v e wave concep t by
comparison with direct stability calcula-
tions [15] shown in Figs.5-6. In this study
the stability calculation for the effective
w a v e is based on the F r o u d e - K r y l o v
hypothesis without the Smith effect and in-
tegrates water pressure up to the actual
free surface. [16]

It is difficult to predict restoring moment
in irregular quartering seas because the
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Lpp

Fig.3 Effective wave concept

The restoring m o m e n t of a ship decreases
when a wave crest moves into the center of
gravity. At the same t i m e the velocity of
the ship becomes almost a maximum and the
r e l a t i v e ve loc i ty to tehe w a v e p h a s e
velocity becomes sma]l. Then the restoring
m o m e n t of the s h i p d e c r e a s e s f o r a
prolonged period of time because of fre-
quency modulation due to surge. Though we
can express the frequency modulation by an
infinite series of trigonometric funct ions
and the Bessel functions [14.]. this paper
uses a simple approximation with a square
wave model shown in Fig.7. An interval when
the restoring moment decreases,T , is ap-

proximated by

r ( Y ) -= ———————————————
<yL-(c"i/g)|V+X)cos/ (22)

where

V Lco^/

and X is surging velocity.

-nFig.4. Coordinate systems

I/Lpp

Fig.5 Loss of stability for a Japanese
drift netter (H/L- -0.0$, / = 0,
0 = 30°, wave crest at G.G.)

Fig.7 A p p r o x i m a t i o n of Change in the
effective wave

The selected bounds between the steady
and unsteady motions are the moment when a
w a v e c r e s t c o m e s into the center of
gravity, that is, the effect ive wave be-
comes a minimum. At the same tine the wave
exciting roll moment that is independent of
a roll angle is almost zero. Therefore, the
equation of the roll can be obtained as
follows;

Fig.6 Loss of stability for a Japanese
drift netter (H/Lpp=0.0866, VL=I.O,

cb = 30°, wave crest at C.G.)

( l44^A44)?+B^-WG2(0.^ . / / t ) ) = I \ 4 (23)

where

0 < t ST,

TC < t

« • -ft » • -a
and t=0 means the bounds. K. ,X ,<i) ,q> are

-n-

values of K ,X, (b ,< l ) when 1=0. These are
r\

statistically predicted by a steady random
% • #

process theory ; 4i and d) are used for
initial conditions of Eq.(23). In addition,
for simplicity sake, we use an approxima-
tion for the wind moment as follows :
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h = ̂  ( hA+ ̂  ) (24) (D S(oj,x) dm d);m =
n J n J /n - eJ 0 '-IT/Z-X

Then we would numerically integrate
Eq . (23 ) with the initial conditions of ri)
and A. Drawing separatories on the phase
plane is efficient to show properties of a
dynamic sys tem because the number of
trajectories is infinite. The separatorices
are passing through unstable equilibrium
points. [17] This is the same method as one
of t he a u t h o r s u s e d f o r the s u r f -
riding. [18] That is, we start to integrate
Eq.(23) from unstable points of equilibrium
with (fc=0. Then we can find a safe domain on
the phase plane. All trajectories within
the safe domain tend to stable points of
equilibrium. All trajectories outside the
safe domain tend to capsizing. Numerical
examples for ^ ->co are shown in Figs. 8-11.

When an amplitude of the effective wave in-
creases, the safe domain shaded on the
phase plane becomes smaller. When r f f /L
>0.08, the safe domain does not exist and
the ship capsizes regardless of initial
conditions. Furthermore, the safe domain
for T < oo is obtained by integrating the

equation from the separator ices where
r „, =0 for the period -[ . Therefore, we

can obtain the safe domain if r f p»x , ( t i and

A are given.

PROBABILITY OF CAPSIZING

If the initial conditions of Eq.(23) are
selected within the safe domain S, the ship
never caps izes when she meets the wave
crest. In the meanwhile, the probability
density of the initial conditions, that is,
£, f f » ^A ^d ({) can be p red ic ted by a
steady random process theory. Thus we ob-
tain the probability of capsizing when the
ship meets a wave crest, p, by integrating
the probability density of the initial con-
ditions on the safe domain as follows:

CO , 00

p = 1
-CO •• -03

^eff x* *' ^

^eff xt ^ ^ ) d^ d^ dx ^eff
(25)

where f is the probability density function
of X, ^ and 4) when the center of gravity
meets a minimum of the effective wave. (See
Appendix.) In addition, p is the probabil-

ity of a minimum of the effective wave when
the ship meets a wave crest.

m , m»
(26)

where

, CO , 7T/?—V
f ) "' ~ \ n 9» n ,, / \ i •<•

< = / - "e V^X)!n -I o J-TT/2-x e ^

S(o),x) dco dx

Moreover, annual risk of capsizing for
a ship can be calculated by making use of
both p and the statistics for sea states.
[5] Then we will compare the annual risk
with the acceptable r i sk . The resul ts
enable us to develop stability criteria and
present an operat ional manua l for the
master of a ship.

Numerical example

We p resen ts a numerical exanple of the
described procedure. The ship used is a
Japanese coastal trawler whose principal
particulars are shown in Table 1 and whose
body plan and general arrangement are shown
in Figs.12-13. Fig.14. shows the probability
of capsizing drastically increases when the
wind velocity exceeds about 10 m/sec . This
increase is due to mainly the increase of
the effective wave amplitude. When the wind
velocity increases more, the probability of
capsizing continues to increase. The heel
due to wind plays a significant role for
this tendency instead of the e f f e c t i v e
wave. For simplici ty sake, we neglect the
effects of the surg ing m o t i o n in this
e x a m p l e . T h i s m e a n s t na t -r equals

infinite. Thus the probability of capsizing
for the ship may be somewhat overestimated
in this example.

We will continue to calculate the
probability of capsizing of ships after
s u b m i t t i n g this paper . How the ship
veloci ty , the e n c o u n t e r a n g l e , the
metacentric height and the ship length af-
fect the capsizing is an urgent problem to
be solved. When the encounter angle tends
to TT/2, this method may examine Lhe accept-
able risk of the IMO weather criterion.
Then we may discuss the stability criteria
for a ship in quartering seas with the same
acceptable risk. Further numerical results'
will be appeared as soon as possible.

CONCLUSIONS

On the basis of this study the following
conclusions can be drawn:
( 1 ) Me examined that the effect ive wave
concept is useful to predict the restoring
moment in waves by comparing with direct
stability calculations.
(2) We showed, that the safe domain on the
phase p lane b e c o m e s s m a l l e r w h e n an
amplitude of the effective wave increases.
(3) We presented a theoretical method to
evaluate the probability of capsizing due
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Fig.8 Safe domain for the coastal trawler
(^/Lpp-0.0, U^Om/sec, ;< =30°,
F^O.3, T^-)

Fig.9 Safe donain ior the coastal trawler
(^/Lpp=0.025, U^Oro/sec, x ^O0,
F^O.3, T^-)

Fig.10 Safe domain for the coastal
trawler(^ ,.,,/Lpp=0.05, U-20m/sec ,
X =30°, F-0.3, T - ">)

Fig.11 Safe domain for the coastal
trawler (^^./Lpp-0.075,

U^=20m/sec, ^=30°. F -0.3, T = °°)

Fig.12 Body plan of the coastal trawler

Fig.13 General arrangement of the coastal
trawler

Fig.14. Probability of Capsizing for the
coastal trawler when the shin meets
a wave crest (\ =30°, F =0.3» short
crested wave )
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i/u pui c -Lutoto UJ. fa ' -d-u-L-L-]-u^ i u J. d a inp run-
ning in both short crested quartering waves
and fluctuating wind.
(4.) The calculated results show that the
probabili ty of capsizing fo r a coastal
trawler drastically increases when the wind
velocity exceeds about tOm/sec.
( 5 ) ^e should continue to calculate the
probability of capsizing under various con-
ditions by the present method.
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The minima of the effective wave r „„ are-'eff
defined as the points which satisfy the
conditions r r.f=0 and r ,-,.>0. Hence a com-••eff 'eff
bined probability function of the minima of
the effective wave, roll, roll rate and
surge velocity Is described as [19]

^eff <t>» 4>» X)

^eff ^eff °* '^eff cs)' (h x) d(; 'eff

/( dX^eff
—CO •' —00

j Q ^eff ^eff- of ^eff ^ f (i)f x) ^eff

(27)

Here g is a combined probability function
of x! ^eff^ ^ ^eff^ ^ ^eff^ \
(=4)), x (=i|)) and x, (=X) and given by

gl.x , x , x^, x , x , X / J

6 6
£ I.

j=1 k=1
1____ r -1

•. ——TT? ̂  3771
(2TT)3 A 1 / IA1 1

A | _ , (x. - E[xJ ) (x , - E [ x , ] ) ] (28)
J"- J J -K K

Because, we assumed that the e f f e c t i v e
wave, the roll and the surge are Gaussian
Process. Further, A denotes a covariance
matr ix whose element is C. , ( j , k s 6). [ A |

J"
denotes the determinant of A; J A ., denotes

the determinant of a cofactor of A .
We find the variance or covariance C-,Jk

as follows:

c^J:[;yJH/^)||H^)l

S (". x+x}cos[Ei(w,x) -£;(•", x}} d/Jdoi

^^Hr^s^)^^
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where

H^.x)|=yH^4-H?,

£ (y,X) = -tarT''(H /H )
J J" J1-

H™(^) -/(H^™)^ (H™7

and 6.-. is Kronecker ' s delta. Here we as-
sume that the wind is uncorrelated with
waves.

Neglecting higher order effects due to
wind and waves, we find the mean E[x.] as

J
follows:

E[x ] = 0 ( J = 4 ) (30)

= -cL ( J = i. )

Substituting Eq.(28) into Eq.(27) and
integrating analytically, we can obtain f
as follows:

f(^//,0,0.x)

- 9 /mr 1 _1_J , _ ^_ ^~UY ̂  \
' Vm'4 (z^lAI^2 2a"^ 2 ^ a-f^W ]

^^['-^^^--.—(lAI^+^+IAI^+IAI^x^//

1 ^AI^+IAj^+IAI^x2)2 l A |

1 /
iA| V

where

-..- ̂

(31)

2 | A |

1

Table 1 Principal particulars of the
coastal trawler

Length B.P. L [m] 14.̂ 0
Breadth B [m] 3.05
Depth D [m] 1.38
Draft d [m] 0.875
Trim T [ni] 1.05

3Displacement volume V [m ] 27-56
C.G. from midship 1 , [m] 1.28CD
Metaeentrie height GM [m] 0.152
Rolling period T [sec] 10.2



PROBABILISTIC STUDY ON SURF-RIDING OF 4 SHIP IN IRREGULAR FOLLOWING SEAS

Naoya Umeda 1)

ABSTRACT

This study deals with surf-riding of a ship to develop stability criteria against broaching-
to. The author discusses l imits of the sur f - r id ing in regular fo l lowing seas by using
separatorices on the phase plane of the longitudinal mo t ion . Furthermore, a theoretical
method is presented for calculating probabilities of surf-riding f u r a ship self-propelled
with constant revolution in irregular seas. The results indicate that the probability for a
type of the surf-riding, that never occurs in regular seas, is not so small in i rregular
seas.

INTRODUCTION

Stability criteria for ships in following
seas are required to prevent caps iz ing of
s m a l l s h i p s l ike f i s h i n g b o a t s . The
stability criteria should cons ide r three
modes of capsizing, that is, broaching-to,
low cyc le r e s o n a n c e and p u r e loss of
s tab i l i ty . In addi t ion, like a wea ther
criterion for ships in beam seas, practical
cr i ter ia are desired to take irregularity
of actual waves into account . However , we
have very few studies on these capsizing
modes in irregular fo l lowing seas, espe-
cially for the broaching-to [ 1 ] [ 2 ] .

A ship in waves usually runs w i th pe-
riodic surg ing mot ions . However, in heavy
following seas she may be accelerated and
r u n wi th a w a v e v e l o c i t y [ 3 ] » which is
called as surf-riding and can be regarded
as a kind of non-linear phenomenon. Under
the surf-riding condition the ship may sud-
den ly yaw her d e s i r e d c o u r s e d e s p i t e
applicat ion of maximum oppos i te r u d d e r .
This is known as broaching-to and possibly
causes even a capsize . Hence , the su r f -
riding is a prerequisite for the broaching-
to to happen.

Since the surf-r iding is completely
non-linear , a phase plane of the dynamic
sys tem is an appropriate tool to analyze
the surf-riding [ 4 ] • Following a pioneer
work in USSR [ ? ] , the present work analyzes
the surf-riding for a ship in regular seas
by using the phase plane.

We would further study the surf-riding
for a ship in irregular following seas to
develop pract ical s t ab i l i ty c r i t e r i a .
Recently Grim studied the surf-riding for a
ship in irregular following seas by using a
d e t e r m i n i s t i c approach [ 2 ] . H o w e v e r , a
probabilistic approach is more su i table to
develop the criteria because we can only
forecast ocean waves as random process.

1) National Research Institute of Fisheries
Engineering; Hasaki,Kashima,Ibaraki,JAPAN

There fo re , this study presents a method to
predict probability of the surf-riding for
a ship in irregular following seas.

SURF-RIDING IN REGULAR SEAS

Equation of motion
An overview of the coordinate systems for a
ship running in regular following seas is
s h o w n in F i g . 1 . The i ne r t i a l s y s t e m ,
d e f i n e d by O^r t r a n s l a t e s wi th a wave
trough at the wave phase veloci ty C. The
local s y s t e m G x z is f i x e d in the ship
with the origin G being located at the cen-

ravity. £ is a horizontal distanceuter of g
between 0 and G.

Fig. 1 Coordinate systems

Since the ship is slender, the cou-
pling e f f e c t on the s u r g i n g m o c i o n is
negl ig ib le . Thus we can use an one-freedom
equation of the surging motion as follows:

T + VM

Here m is the mass of the ship, F is the
A

wave force acting on the ship in x direc-
tion, R is the resistance of the ship in
still water , T is the thrust due to the
propeller and VM is inert ia force due to
the virtual mass of the ship.
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As to the wave f o r c e , the Froude-
Krylov hypothesis is effective. Under the
su r f - r i d ing c o n d i t i o n w h e r e the sh ip
velocity U equals to the wave velocity c,
this Froude-Krylov force can be regarded as
the first order approximation for an exact
potential theory and be explained as the
interaction between ocean waves and ship
generating waves [6].

(8)

Subtracting Eq.(8) from E q . ( 7 ) and expand-
ing R and K near c, one can finally obtain

the following equation.

^p+U^+fsin(kS.,+£)=b (9)\J Lr li

where
(2)

where

F = f^ ^^StxkoskxdxC J A-EL
FE -kd(x;- J S(x)sinkxdxF -s AE

£=tan (F /F^

Here S ( x ) is local sectional area of the
ship, d ( x ) is its local depth, AE is an aft
end of a submerged hull of the ship and FE
is a fore end of that. £; , \ and k are wave.w
a m p l i t u d e , wave length and wave number ,
r espec t ive ly . The ship r e s i s t ance , the
t h r u s t and the virtual mass may be es-
timated by exper imental results in still
water as the first order approximation.

R - R(c+^)

T - tl-tpipn^K^Etc+^Xl-w)^!

U}
( 5 )VM . -^

Here t is a thrust deduct ion f rac t ion , w

is a wake fraction, n is a revolution num-
ber of the propeller, D is a diameter of

the propeller, K is a thrust coefficient,

m is a virtual mass of the ship. The wave

phase velocity c is calculated by the dis-
persion relation as follows:

;/k (1+k2^ 2)w

Substituting Eqs. ( 2 ) - ( 5 ) for Eq . (1 ) ,
one can obtain the equation of motion as
follows:

(7)

Since ^p is the relative velocity of

the ship to the wave, Sp equals to zero un-

der the surf-riding condition. Defining £;

as velocity of the ship running steady in
still water, an equation of the equilibrium
is given by

(3)

(6)

ît-'-p^VS1 ̂
v r-

V-c

P g ^ k I——„——^
f=———— F 2 + F 2

rn+ni \i c b

2, A 1-w-3R
b:-~——[^7-(1-S)P"Dp7-^^v E-m+m "V P P "J nDn V=cx P

Phase plane
Since an equation of the motion like Eq. (9)
is non-linear, we cannot easily find an
analy t ica l so lu t ion of the equa t ion .
Therefore , we numerically integrate Eq. (7)
and p r e s e n t t he r e s u l t s as p h a s e
t ra jec tor ies . The ordinate of the phase
plane is instantaneous ve loc i ty of the
ship, U / c , and the abscissa is relative
position of the ship to wave, £p/^. Drawing

s e p a r a t o r i c e s is e f f i c i e n t to show
properties of a dynamic system because the
n u m b e r of t rajectories is inf ini te . The
separatorices are t r a jec to r ies pass ing
t h r o u g h uns tab le e q u i l i b r i u m p o i n t s ,
namely, saddle points or cusps.

The dynamic system described by Eq. (7)
may have two points for equilibrium in one
cycle ; one is stable and the other is
unstable. Near the stable point t r a j e c -
tories are converged to the point. On the
contrary, t rajectories close to the un-
s t a b l e p o i n t a re d i s p e r s e d . S i n c e
separatorices pass through the unstable
point , it is di f f icul t to determine them.
To bypass this difficulty, we start to in-
tegra te the di f ferent ia l equation f rom
points, those are at short distance apart
from the unstable point in the eigen direc-
t i o n , in place of the u n s t a b l e po in t
itself. We must integrate it usually four
times per unstable point , because an un-
s t ab le p o i n t h a s u s u a l l y two e igen
directions. [14.]

A ship used fo r this s tudy i s a
Japanese offshore trawler whose lines are
shown in Fig.2 and principal particulars
are shown in Table 1.

The phase trajectories are presented
in Figs.3-6 for the regular waves whose
length equals to the ship length and steep-
ness is 0.1. The revolution number of the
propeller is constant during simulation in
each figure.

The phase trajectories for F -0.284.6

are shown in Fig.3. Here the Froude number
F represents the revolution number of the

propeller that causes' the ship to run in
still water with its Froude number. We can
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find a periodic attractor that means surg-
ing motion with an encounter frequency. All
trajectories are gathered in the attractor.
That is, the ship is successively overtaken
by waves and does not suf fer the surf-
riding.

When the propeller thrust increases,
the equilibrium of longitudinal force may
exist. In Figs.4—6 the trajectories passing
through only two unstable points are shown
fo r s implici ty sake . In Figs.-i.-5 all
trajectories within shaded zone converge to
the stable equilibrium points. All trajec-
tories outside the zone are gathered in the
periodic attractor. That is to say, while
the ship suffers the surf-riding under cer-
tain initial conditions, the ship may be
successively overtaken by waves under other
Initial conditions. We can conclude that
the ship, whose initial speed is lower than
the periodic a t t rac tor , wi th constant
revolution in regular seas does never suf-
fer the surf-riding.

In Fig. 6, when the propeller thrust
increases more, the trajectory from the un-
stable equilibrium point to the left is
captured in the stable equil ibrium point
and the periodic attractor does not exist.
Thus all trajectories in the phase plane
converge to the stable equilibrium points.
That is to say, the ship suffers the surf-
riding under any initial conditions.

Though we found three different pat-
terns for the longitudinal motion of a ship
in regular following seas, this fact had
already been pointed out by a Russian paper
and the presen t paper c o n f i r m e d its
results.

Results and discussion
The critical condition for "the surf-riding
under cer ta in initial c o n d i t i o n s " is
whether equilibrium of the longitudinal
force exists or not. Further, the critical
condition for "the surf-riding under any
initial conditions" is whether the trajec-
tory from the unstable point to the left is
captured in the stable equilibrium point.
The latter critical condition can be solved
as a two-point boundary value problem by
using an iterative method. Grim[7] proposed
that limits of the surf-riding are charac-
terized by the fact that after exceeding
the unstable position of equilibrium with
relative velocity zero and after travelling
through the entire following wave train,
the ship arrives once again in the new un-
stable position of equilibrium with the
velocity zero. We can see that his proposal
is identical to the present explanation for
the latter condition.

Figs.7-8 show critical velocity of the
ship for the surf-riding in regular waves.
Besides results calculated by the described
method, experimental results for the same
ship by Kan et al.[8] were plotted. Since
Kan's model with constant revolution of its
propeller was accelerated from almost U=0,
the experimental critical velocity cor-
responds to the critical velocity for "the
surf-riding under any initial conditions."
Thus we concluded that agreement between
the experiments and the theory is fairly
good for the critical condition of "the
surf-riding under any initial conditions."

Fig- 2 Lines of the trawler

Table 1 Principal Particulars of the trawler
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Fig.3 Phase trajectories
(H/A=0.-i, A/L-1.0, F =0.28^6)

Fig.4. Phase trajectories
(HA=0.1, X/L-1.0, F =0.2866)

Fig.5 Phase trajectories
(H/A=0.1, A/L=1.0, F -0.3397)
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Under the surf-riding condition the
propeller thrust decreases because the ship
is accelerated by a wave and the advance
coefficient increases. The reduction of the
thrust reduces rudder force . Because, the
rudder force F,, is proportional to a square

of the inflow velocity, u ; LL, is estimated

as follows: [9]

Up 8K
(—)2 - £. 0+K ——J (10)
Up R R ^2

Fig.6 Phase trajectories
(HA=0.1, X/L=1.0, F 0.3^16)

Here Up is inflow velocity at a propeller.

Experimental constants were determined by
s te erin; e x p e r i m e n t s ; £ -=0 .885 andK
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INITIAL COND
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Fig.7 Critical velocity for surf-riding
(HA-1/20)
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-- KT 002

NON SURF-RIDING
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K-0.617. Fig,9 shows ratio of the rudder

normal force under the surf-riding condi-
tion to that in still water for the same
Froude number. Calculated results indicate
that the rudder force drastically decreases
under surf-riding condition. This fact can
cause the broaching-to.

A ship self-propelled with a constant
revolution in regular waves suffers the
surf-riding when she exceeds the critical
velocity of "the surf-riding under any
initial conditions." Then, if a master of
the ship reduces the revolut ion of the
propeller to almost the critical condition
for "the surf-riding under certain initial
condit ions," the ship can escape from the
surf-riding. In Fig.8 where H/X-1/20, it is
easy to escape f rom the surf-riding by
reducing the propeller revolution because a
difference between the two critical condi-
tions is small. However , in Fig.9 where
H / A = 1 / 1 0 , it is impossible for the ship
once captured by a wave to escape f rom the
surf-riding by only reducing the propeller
revolution be canse even the propel le r
revolution zero is satisfied with the con-
dition for "the surf-riding under certain
initial conditions." Moreover , since the
reduction of propeller revolution reduces
the rudder fo rce , the ship attempting to
escape f rom the surf-riding may tend to
broach.

Fig.8 Critical velocity for surf-riding
(H/A-1/10)

SURF-RIDING IN IRREGULAR SEAS

1-0 r F^/F»O H/A=01

Fig.9 Normal force of rudder under surf-
riding condition
(.\./L=1.5; F means normal force of

rudder in still water for the same
Froude number)

Probabilistic theory
We can obtain the critical wave height for
the surf-riding in the regular waves by
using the described method. The critical
wave height for "the surf-riding under any

initial conditions" is H ; that for "the

surf-r iding under cer ta in initial
•H"

conditions" is IL . In this chapter the

probabilistic theory for the surf-riding in
irregular seas is formulated.

If sea surface elevation is assumed to
have a Gaussian distribution, it is repre-
sented as follows:

^ ( t ) = ,[,,a cos(2Tif t+e )n=1 n n n (11

- 339 -



W h e n the s p e c t r u m of the elevation is
narrow-banded, we can rewrite Eq . (11 ) as
follows:

i ; ( t )=R(t)cos[2iTf t+( l>( t ) ] (12)

where f denotes the carrier frequency:

Under the assumption v<<1 , the local wave
height H can be approximated by

H = 2R (22)

Thus we represent R and ^ by H and \.

/2rnR =- H L/2 = -ai+ (23)

f = UL- = —
STT m, (13) where

\ - A/L and H = H/L (24)
and m denotes the nth moment of then
spectral density S(f):

(14)

Then substituting Eq . (23 ) for E q . ( 1 9 ) and
integrating ^ out, we can obtain

/>(//*, ^ . K )

We shall adop t the n a r r o w - b a n d e d
hypothesis, that, is,

«1

where

_ 1 u2 .1/2
^ - 3 ( m- )

OJ 0
A 2U? = (2-n^ u?

^ - pf-f)S(f)df - ̂ - -

(15)

(16)

(17)

(18)

r /^// t ; i i
^L 8 { ^ / „

•^y-*/ / ' .
(25)

The probability for "the surf-riding under
any initial conditions" when the ship meets

the local wave whose length is A. , p.{\ ),

is given by

j , /A/ /" ^ ' . R ' l c l l i ' d K

\' {>{ / /*..* R^dH-^dR

Thus a random process described by E q . ( l 2 )
mainly depends on the random variables,
that is, R , R, ^> and ^. A combined prob-
ability density p is obtained by [9]

/ ; < • * ; -

f 1 1 (26)

where
exp[-, 2 A " L 2m,

4TT niQUg [

• 2 2 -2
r R -^ 6 iexp[- ——^-iî -]

Su^
(195 ^ /^

^ /,*/, • (27)

The probability for "the surf-riding
under any initial conditions" corresponds
to probability for a ship to meet a peak-
to-peak wave whose height H and length ,\
are satisfied wi th the condition for the
s u r f - r i d i n g in r e g u l a r w a v e s . S i n c e
Longuet-Higgins [ 1 1 ] presented the joint
distribution of wave height and periods and
conf i rmed that his theory can express the
general feature of the observed data, the
probabi l i ty for sur f - r id jng can be es-
timated by making use of his app roach .
Under the assumption (j) 1, the local wave
period T can be approximated by [11]

T '- 27^/(a)+il)

Applying the dispersion relation of water
waves, we find,

, £ T 2

A- 27T

(20)

(21

Next, to estimate the probability for
"the sur f - r id ing under certain initial
conditions", we must consider not only the
peak-to-peak wave that the ship instan-
taneously meets but also the p r e c e d i n g
mot ion of the ship. Since the preceding
surging motion of the ship for the surf-
r i d i n g is n o n - l i n e a r , we cannot use a
linear theory to predict the surge mot ion .
In the meanwhile, the non-linear surge mo-
t ion rapidly c o n v e r g e s to the f o r c e d
oscillation, shown in Fig.3. Thus we con-
sider the preceding peak-to-peak wave cycle
in place of the preceding motion itself.

R and ([> between the peak-to-peak wave
that ship meets and the preceding peak-to-
peak wave can be r e g a r d e d as c o n s t a n t
because R , $ <$ 1 . This means that the wave
length and the changing rate of wave height
are approximately constant between the two
peak-to-peak waves. Therefore we can say
that "the surf-riding under certain initial
conditions" occurs when the phase traj ec-
tory of the preceding motion intersects the
surf-riding zone on the phase plane.
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W h e n the surf-riding zone extends
below the self-propulsion velocity in still
water , U /c-1 , and the wave height of the

preceding wave is less than a ce r ta in
value, shown in Fig.10, the surf-riding
occurs. The critical height of the preced-

ing wave is denoted by H p . When the surf-

riding zone does not extend below U _ / c - 1 ,

the surf-riding does not occur regardless
of the wave height of the preceding wave.

For f o r m ' s sake, we denote that H p <0.

Though the lower end of the surf-riding
zone generally differs from the minimum of
the surging motion in phase, the difference

b e t w e e n the two becomes zero when HNP

Therefore, the probability for "the
s u r f - r i d i n g u n d e r c e r t a i n in i t ia l
conditions" when the ship meets the local

* *wave whose length is A , p^(A ) » is given

by

f ^ ^ ^^H-.^.RWdH-J H ^ J '<„,,„"' '

rr'{)(.H*.^,R')dRd^

L^-f^A*2! 1 i 1/'-/*''ex p

(31

tends to H . (See Figs. ̂ -5.
We can relate R with the preceding

In the meanwhile, we find the prob-
ability dens i ty to meet -the local wave

whose length is \ as follows: [11]
wave height,

that the ship meets, H

H and the height of the wave

as follows
r " r M/^.^.^w^w

J-~Jo

(28)
H* -Hi --94-

Lf

Thus , the condition for "the surf-riding
under certain initial conditions" is given
by

-^~(i--=_-r'^M^ . ,
^{^m^ ^ ' I r^- ' - ' (32)

Finally, the probability for the surf-
riding when the ship meets a certain local
wave, p ,is given by

R - R ^ n ( H * )
[H* - / / tp(/ /*))L/

" 2

(29)
P -j^'^^^f^^)-^^)}^ (33)

H^< 0 (30)

lVC-1

Fig.10 Explanatory sketch for the relation
be tween sur f - r id ing zone and surg ing

i;

trajectories (H p ^0)

Fig.11 Explanatory sketch for the relation
b e t w e e n sur f - r id ing zone and surging

»
trajectories (H "̂

Here \ and \ . can be determined inmax mm
the light of the broaching-to.

Results and discussion
The probability for the surf-riding of the
trawler is ca lcu la ted by the f o r m u l a e
a b o v e . The r e v o l u t i o n n u m b e r of the
propeller is maximum in service and can
propel the ship in still water with 12
knots (Fn^O.35). The irregular wave is re-
lated w i t h the B e a u f o r t scale and its
spectrum was defined by the ITTC (1978)
spectrum. [15]

Fig.12 shows the conditional probabil-
ity of the surf-riding when the ship meets

#
the local wave whose length is \ =X/L. We
can f ind that the conditional probability
for "the surf-riding under certain initial
condi t ions" , ?„, is comparable with the

conditional probability for "the surf-
ridin; under any initial conditions", p ,

though "the surf-riding under certain ini-
tial conditions" does not occur for a ship
self-propelled in regular seas. It is the
reason why we should consider the surf-
riding in irregular seas.

Fig.13 shows the probability of the
surf-riding for the Beaufort scale. The
range of wave length used for the calcula-
tion is 1.0-1.75 because of the previous
e x p e r i m e n t s for broaching-to. [12] The
present theory can consider the effect of
the band pa rame te r v besides the sig-
nificant wave height and the mean wave
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Fig.12 Condit ional probability of su r f .
riding

(Beaufort No.6; F =0.35)

.0001
2 4 6 8 10 12

Fig.13 Probability of surf-riding
(F =0.35)

.01

-0.6

.001

.0001

BEAUFORT N0-

.00001
2 4 6 8 10 12

Fig.14. Probability of surf-riding
(F =0.30)

period. Though theoretical value of u is
0.4.256 for Pierson-Moskowitz type spectrum,
measured values of y are distributed within
about 0.2-0.6. Thus numerical results for \)
=0 .2 and 0.6 are added. Mhen sea states
exceed beyond the Beaufort scale No.5, that
is, wind velocity about 10m/sec, the prob-
ab i l i ty f o r - s u r f - r i d i n g d r a s t i c a l l y
increases. Since the probability is greater
than 0.01, the ship can suffer surf - r id ing
once when she runs for some minutes.

The author also calculated the prob-
abi l i ty fo r the sh ip whose p rope l l e r
revolution can propel in the still water
with 10 knots (Fn=0.30) to indicate the ef-
fect of the reducing speed. Fig .1/+ shows
that the probability for Fn=0.30 is about
one-tenth of that for Fn=0.35. That is, the
ship can suf fe r surf-riding once when she
runs for some hours. Therefore we conclude
that the reducing speed is very effective
to p r e v e n t s u r f - r i d i n g . T h o u g h t h e
stability criterion proposed by GDR and
Poland [13] prohibits for ships running in
following seas with Fn^O.23, the theoreti-
cal basis is not presented. H o w e v e r , the
present method to predict the probability
of surf-riding can theoretically and quan-
titatively show the max imum velocity to
prevent broaching-to.

CONCLUSIONS

On the basis of this study the fol lowing
conclusions can be drawn:
(1 ) The author confirmed, in the light of
separatorices on the phase plane, that the
longitudinal mot ion of a ship is divided
a m o n g the per iod ic surging motion, the
surf-riding under certain initial condi-
t i o n s a n d t h a t u n d e r a n y i 'nitial
conditions.
( 2 ) A ship self-propelled with constant
revolution in regular seas does not suf fe r
"the surf - r id ing under certain initial
conditions."
( 3 ) The critical velocity of "the surf-
r id ing under any in i t ia l c o n d i t i o n s "
predicted by separatorices agreed with that
measured by free running model experiments.
(4.) The calculated results show that the
rudder force is remarkably reduced under
the surf-riding condition as the propeller
advance coefficient increases.
( 5 ) "The surf-riding under certain initial
conditions" does not occur in regular seas
but does in irregular seas.
(6 ) The slight r e d u c t i o n of p rope l l e r
revolution drastically reduces the prob-
abi l i ty of s u r f - r i d i n g in i r r e g u l a r
fo11 owing seas and is a good measure to
prevent the surf-riding.
( 7 ) H o w e v e r , once a ship captured by a
wave, reducing the propeller revolution is
not always be a good measure to escape from
the surf-riding.

The au thor would like to thank Dr. T.
K o h y a m a of Shiga U n i v e r s i t y f o r h i s
g u i d a n c e in the l igh t of t heore t i ca l
physics. The computations were carried out
by ACOS 930 at the Comput ing Center for
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ON THE STABILITY OF A SWATH FERRY
IN CALM WATER AND IN WAVES

A. PAPANIKOLAOU*). G. ZARAPHONITIS"),
C. KOSKINAS***). J. SAVVAS***)

ABSTRACT

Theoretical and experimental results on the stability of a high-speed SWATH passenger/car
ferry in calm water and in waves are presented. The hydrostatic analysis concerns the intact
and damaged stability of the projected vessel and the assessment of the obtained results in view
of existing or newly proposed stability criteria, as they pertain to conventional or advanced
marine vehicles. The hydrodynamic analysis includes theoretical calculations of the ship's
motion behaviour in waves and the validation of the theoretical results by model experiments.
The influence of properly selected stabilizing fins on the dynamic stability of the moving
vessel with high speed in waves is shown to be of great importance. On the basis of the obtained
results, it is concluded that the designed prototype vessel, namely the 'Aegean Queen', has
acceptable hydrostatic and hydrodynamic characteristics to operate safely in the Aegean Sea
on the route from Piraeus to Crete.

1. INTRODUCTION

In recent years the interest of naval architects in
high performance advanced marine vehicles
increased substantially. The introduction of new
concepts, like SWATH ships, went together with the
developments of new design approaches. As far as
the stability of SWATH vessels is concerned, it was
necessary to reconsider the applicability of
conventional ship stability criteria. Especially.
depending on the possible hazzards to which these
unconventional vessels may be subjected, it is
essential to consider on a case basis, what
compromises in the design have to be accepted. In
case of failing to meet anticipated or desired
stability and buoyancy standards.

The smallness of the waterplane area of SWATH
ships, together with the twin-hull configuration.
has significant influence on the overall hydrostatic
and hydrodynamic performance of this type of
vessels, in comparison to single-hull ships of equal
displacement. The natural periods of heave, pitch
and roll are much longer for the SWATH ships,
thus, considerably longer waves are required for

National Technical University of Athens
Dept. of Naval Architecture & Marme Engineering
*) Professor. •*) Res. Assistant.
***) Graduated Students.

exciting large motions. Also, due to the
submergence of the buoyancy providing, lower
hulls, wave-exciting forces and moments are
significantly reduced and the employment of
stabilizing fins there proves to be very efficient for
controlling the ship motions at resonant
frequencies.

On the other side, the small waterplane area may
have some undesirable effects on the SWATH
performance, like reduced restoring ability for trim
and sinkage and vertical plane instabilities at high
speeds. However, these effects can be overcome by
efficient ballast control systems, the employment
of horizontal, stabilizing fins and by proper hull
design, as to the extent of smallness, form and
moment characteristics of the waterplane area of a
projected SWATH ship.

It is nowadays accepted that the stability of a
SWATH ship is mainly governed by the following
two critical items:
- Damaged stability performance, when flooding

of adjacent compartments occurs and
simultaneously the ship is rolling, due to beam
seas and heeling due to an assumed storm side
wind.

- Dynamic vertical plane instabilities due to the
action of the so-called Munk's moment for
vessels moving at high-speed and design of
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proper stabilizing fins.

Comparably, little work has been done until now to
systematically evaluate the validity of proposed
stability criteria for SWATH ships. This Is mainly
due to the fact that only few ships of this type have
been constructed to date. However, because of the
Involvement of the U.S. Navy in the development of
SWATH Navy ships (see e.g. T-AGOS 19.
construction [1]). certain stability criteria have
been discussed by various authors, especially as to
the application to naval ships (see [2)) or research
vessels (see [3])-

Also, as to the vertical plane stability of SWATH
ships, when with high speed in waves, and the
design of stabilizing fins many efforts have been
done before, starting with the work by C.M. Lee and
R.M. Curphey [41 and many others in the following.
In any case, though a fairly detailed theoretical
analysis of the pitch instabilities problem exists.
the required systematic experimental work for
validation of the theoretical data and optimization
of the size and position of the fins remains to be
done in the future.

In the present paper, that summarizes partial
results of a recently completed NTUA research
project dealing with the design of a high-speed
passenger-car ferry for the Aegean Sea. the
hydrostatic and dynamic stability of the designed
vessel are discussed. This is done in view of
operational and stability criteria set by the owner's
requirements, or the proposed stability of the U.S.
Navy respectively, adjusted for the local conditions
in the Aegean Sea. The hydrostatic analysis
includes the intact and damaged stability of the
ship in calm water, that is considered as
two-compartment ship in the sense of the SOLAS
regulations. The dynamic analysis concerns the
quasi-static approach of the ship's stability in
beam and following seas, hydrodynamic
calculations of the ship motion behaviour in waves
through a strip theory approach, alternatively a 3D
diffraction theory and the design of stabilizing fins
on the basis of a vertical plane stability analysis.
The dynamic motion behaviour of the vessel in
head waves has been validated by model
experiments at the Towing Tank of NTUA-

2. OUTLINE OF VESSEL'S REQUIREMENTS

The objective of the designed prototype vessel, to be
discussed in the following, is to operate as a link in
a rapid marine transit system, connecting the
Greek mainland (port of Piraeus) with the island of
Crete (port of Heraklion).

Following a three-stage, technoeconomlcal
optimization (see |5I). according to a realistic
scenario of requirements for the specific route, a
vessel with the following characteristics has been
developed.

Box Langtft (m)

Box Breadth (m)

Strut Langth (m)

Strat Sreaoth (m) (locally)

Lower Hull Length (m)

Lower Hull Diamatar (m) (locally)

Draft (m|

Side Oeoifi to Main Dack (m)

Oisoiacament K)

OWT (t)

Numoar of Passangars (ona eia&s)

Nurnoer of Cars (ona decx]

Soeeo ;kn|

yam MacniriBry Power (MCH)

.yCfl SCOOPS eacn

1100 rewrran

Gross Tonnage ilniern.)

•^et Gross Tonnage (Intern.)

'̂

1<J 1*3

31.7

37.6

2.60

50.0
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5.00
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1060

225

752

30 i . -1)

300

yTU ;6V !163 ~3 53

25-4 QHT

7S3 NRT
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Table I : Main characteristics of prototype
high-speed ferry 'Aegean Queen'.

On the operational side the vessel is required to be
able to operate without loss of efficiency in all sea
conditions, typical to the Aegean Sea. up to and
Including Sea State 5-6 (sign. wave height Hg £. 2.5 m
for South West Aegean Sea). Efficiency means here
that the vessel will be able to maintain its course at
not significantly reduced service speed of at least 28
kn and the corresponding seakeeping behaviour
should characteristically consider the following
criteria of the U.S. Navy. as proposed for
hydrograph'ic vessels [7]
- significant amplitude of roll <_3 deg..
- significant amplitude of pitch <, 3 deg.,
- Vertical acceleration at any point of deck ̂  0.2 g.

On the damaged stability side, it Is required the
vessel to be adequate in terms of the SOLAS criteria
with any two adjacent compartments flooded.
Because the present design considers the main
machineries, that should be of Diesel type, to be
installed in the lower hulls, what resulted to large
machinery rooms, it was expected that the
simultaneous flooding of the two-compartment
machinery rooms on each side of the vessel would
lead to the worst damaged stability case. The
remaining quasistatic stability criteria, as to the
combined wind-roll motion loads, have been taken
according to L.L. Goldberg and R-C. Tucker [2J.

The dynamic stability of the vessel with speed in
waves, as to the vertical plane modes pitch and
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heave, together with the design procedure of the
employed stabilizing fins is based on the method
proposed by C.M. Lee and R-M. Curphey [4j and leads
here to speeds for the inception of pitch
instabilities of well over 40 kn.

3. STABILITY IN CALM WATER

3.1- Intact Stability

The Intact stability of the designed vessel was
investigated for various conditions, namely at
design displacement (departure) of 1060 tons, light
ship displacement of 915 tonnes (mcl 81 tonnes
ballast for zero trim) and overload displacement of
1300 tonnes. The weight characteristics of the ship
in the design condition are given in the following
table

t
Weight Group

SSruc;Lire

Macninery Eauioment

Ouiffling

DWT

Total
v

Weight (t)

517000

212000

105.000

226.0CO

•I 060.000

LCG (m|

2574Q

16.110

30.106

32321

25.650

\
KG (m)

7329

2330

10346

9.418

7-317
J

The Intact righting arms of the 'Aegean Queen' for
the aforementioned conditions are shown in Fig.
la. The calculations are performed by use of the
ARCHIMEDES software [8]. As it is expected for a
SWATH ship. the area under the intact stability
curves and the corresponding restoring energy is
very large. Characteristically, the maximum GZ is
nearly 11,0 m (at approx. 20 degrees). GM equals
12.206 m and the range of stability extends to
nearly 80 degrees. It is of interest to note here that
the stability characteristics of the discussed ship do
not change significantly for the three studied
conditions, though they can be considered as
extreme cases.

The applied intact stability criteria are according
to Goldberg and Tucker [2]. though not clearly
defined there as criteria, but at least as guidance.
The heeling arms, due to high beam winds of 80
knots speed, have been calculated herein exactly to
account for the actually shaded area of the Inclined
SWATH structure. Characteristically, the
maximum wind moment occurs at angles different
from zero. As shown in Fig. Ib. it is apparent that
the vessel is not in danger, even if this side wind is
combined with a rolling motion of amplitude 7
degrees (in the worst case at resonance period, see
4.2). Further to It. the effect of crowding of
passengers and personnel to one side will produce

here a heeling arm of approximately 1.75 m at zero
angle, thus, the ship can be considered safe in the
intact stability case.

3-2. Damaged Stability

The damaged stability of SWATH type vessels is
usually affecting significantly the overall design.
This is due to the fact, that subject to the most
probably unsymmetrical underwater flooding, the
extent of which can be taken according to the
expected hazzards, the SWATH ship may heel and
trim with ease, because of her small waterplane
area.

Before discussing the damaged stability of the
herein presented ship, some of her characteristics
must be commented, because of the differences to
other typical SWATH vessels. Due to the set owner's
requirements (see 1), the projected vessel has the
Installed diesel machinery, providing 4x5000 HP
horse power, in the lower hulls. The selected 2x2
MTU engines have been placed in the compartments
B and C. as shown in Fig. 2. thus. the engine room is
subdivided by a watertight bulkhead. The lower hull
diameter and the strut's beam are locally enlarged
for the engines to fit through for service or
installation. This resulted to a comparably large
waterplane area for the present SWATH, the GM of
which is quite high, namely 12.206 m (departure
condition). Also, the longitudinal metacentric
height is herein comparably low, namely 7.144 m.
As will be shown later (see 4.2), by that the
eigenperiods for heave and pitch of the 'Aegean
Queen' are quite separated even without the
employement of fins, what Is desired from the
seakeeping point of view.

The damaged stability of the projected vessel has
been studied systematically on the basis of the
criteria set in [2] for 'two compartment' SWATH'S
and for various combinations of the defined
compartments A to H, shown in Fig. 3. In Table II
the most critical cases are outlined.

There it is shown (case 1) that simultaneous
flooding of compartment A (after peak) and B (after
machinery room) is the worst overall case. It can be
balanced by e.g. counterflooding compartment Hh
(lower hull) and Hb (58.3 t in box). Also. case No.2
(flooding of B and C) requires counterilooding of e.g.
compartment Hh. In Fig. 3a the righting arm curve
for case No- 3 (flooding of C and D) is shown, where
no counterilooding is necessary.

In this latter case a static heel angle of 8 degrees
results, that is considered acceptable. The damage
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CASE

1

2

3

4

5

6

7

8

9

10

FLOODED
COMPARTMENT

A95 B.75
Hh.95 Hb 58.31

B.75 C.75
Hh.95

C.75 D.95

D.95 E.95

E.95 F.95

F.95 G.95

G.95 H95

A-95 Hh.95

B.75 Hh.95

C.75 Hh.95

DRAFT
MEAN [ml

6.009

7.118

6.610

5.186

4.119

3.526

2.989

6.377

5.123

5.440

PORT SIDE
Tp [m]

6.496

4.999

4.159

4.449

4.663

4-675

4.705

5.486

5.614

5.407

TA t111'

5.048

6.491

5.215

2.814

1.110

0.131

-0.600

6.580

4.050

3.988

STARBOARD
Tp [ml

6.969

7.744

8.004

7.557

7-122

6.920

6.578

6.173

6.189

6.890

TA (ml

5.522

9-236

9.006

5.922

3.570

2.376

1.270

7.267

4.631

5.472

HEEL
Ideg]

-0.855

-4.949

-6.915

-5.600

-4.435

-4.050

-3.382

-1.242

-1.040

-2.679

TRIM
[%Lj

2.810

-2.898

-2.050

3.176

6.890

8.824

10.304

-2.123

3.026

2.755

N.B. : 1. The drafts TF and TA are measured at the leading and trailing edges
of a box with (LxB xT).

2. TheJIooded compartments A, B. .... H are designated ace. to their
assumed permeability, e.g. A. 95 means comp. Ajlooded to 95%.

3. Additional designation tojiooded compartments, e.g. Hb or Hb,
means hull (h) or box (b) location.

Table II : Drafts, Heel and Trim after Flooding of Compartments of SWATH-Aegean Queen'.

waterllnes are shown In Figs. 3b and 3c. The vessel
meets the criteria laid down in [2], including
consideration of a 60 kn beam wind (or more) and 7
degrees of roll motion due to beam waves. The latter
is determined by calculations with relevant
computer programs (see 4.2). Finally, it should be
noted that the reserve buoyancy of the projected
vessel, as given by the watertight box structure, is
sufficient to carry the total weight of the ship. in
case of total loss of buoyancy of the structure's legs.
However, it must be assumed that any openings in
the sponson-box interface (longitudinal WT
bulkhead) have to be closed in time to prevent
nooding into the undamaged box area.

4. DYNAMIC STABILITY

4.1. Quasi-Static Approach

The stability of the projected vessel in waves has
been studied at first by the common quasi-static
approach, namely by balancing the weight of the
ship with her displacement at various relative wave
positions.

As to the beam seas condition, after having
determined analytically the maximum expected
roll angle of approximately 7 degrees, the common

criteria for the quasi-dynamic stability of ships or
offshore structures have been applied, imposing
certain conditions as to the relative magnitude of
the areas below the righting and heeling arms. In
view of the characteristics of Fig. Ib. it is evident
that the area below the righting arm curve of the
'Aegean Queen', corresponding to the available
restoring energy, is more than sufficient to
counteract the heeling work imposed to the ship by
the wind or rolling action. The 40% margin to
account for gusts or calculation inaccuracies is also
fulfilled.

The present ship has been investigated in addition
for the case of following seas, by considering a
trochoidal, design wave of length 112,5 m and
height 5 m. For various relative positions of the
wave crest of the selected wave. assuming Its
passing from the bow to the stem of the ship (t=0:
node through to crest amidships), the restoring arm
of the projected SWATH has been calculated by use
of the ARCHIMEDES software 18). As shown in Fig.
4. remarkably the GZ curve of the 'Aegean Queen'
seems to be uneffected by the given wave excitation.
This is mainly due to the fact that typically SWATH
vessels have vertical struts of almost constant
waterplane area around the waterline. thus. unless
a 'huge' wave of extreme wave height Is applied,
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hitting the bottom of the box structure or letting the
lower hulls emerge, no significant effects can be
expected. In the present case. since a 5m wave is
considered sufficient for the design of a ship to
operate in the S-W. Aegean Sea (probability of
occurance of waves over 5.5 m Is approx. p=0.0002
19]). it is concluded that the projected vessel will
safely operate on Its route to Crete. Of course. It
must be remembered that the quasi-static approach
does not account for the motions of the ship in
waves, considered in the following.

4.2. Hvdrodvnamic Analysis

The hydrodynamic behaviour of the projected
vessel in waves has been studied systematically by
use of existing and newly developed computer
programs, relying on the strip theory approach.
alternatively a 3D diffraction theory method.

The employed strip theory is based on the method
proposed by C.M. Lee and R.M. Curphey [4]. Thereby
the quasi two-dimensional, strip theory approach.
formulated for the hydrodynamics of SWATH like,
slender hull forms, accounts for the effects of
viscous damping and of stabilizing fins on the
ship's motion behaviour. Based on this method, the
original NSRDC computer program for monohull
vessels, given in [10], has been modified to account
for twin-hull vessels and later on for SWATH-like
hull forms [11].

An alternative 3D pulsating source distribution
method has been developed at NTUA to account for
the forward speed effects of moving slender ships in
waves. The method is exact for the zero, forward
speed problem and includes effects of forward speed
in the manner of a slender body theory by assuming
that the frequency of encounter Is relatively high
and/or the speed of advance of the vessel small. The
derivatives in the longitudinal direction are
assumed also small in the sense of a slender body
assumption. Based on this. the dependence of the
required Green's function on the forward speed can
be shown to be small and the problem is solved
using the zero speed 3D Green's function. It should
be added, that the method has been successfully
tested for the loads and motions prediction of
various hull forms, like containerships [12], and
has been modified to account for the viscous
damping and fins of SWATH ships. The details of
the method are given in |12], whereas the related
computer program is described in more details in
|13]. Herein, the SWATH has been discretized by
2x256 surface elements and the obtained results are
considered very satisfactory, despite the high
service speed of the projected vessels that violates a

basic assumption for the development of the
formulas.

The motion responses in 6 DOF of the projected
vessel have been studied systematically for various
wave conditions, angles of Incidence and vessel's
speed. The influence of stabilizing fins has been
checked also systematically, both theoretically, as
well as experimentally, in the Towing Tank of
NTUA using a 1:17 (L=3,0 m) model.

In the following figures 5 to 8 some typical
examples of the obtained theoretical and
experimental data of the seakeeping behaviour of
the 'Aegean Queen' are shown Starting with the zero
speed, head seas. heave/pilch responses, it is
evident from Fig- 5a and b that the projected vessel
exhibits two pronounced resonance regions,
namely one corresponding to the heave eigenperiod
for wave periods near 8 sec and the second one
corresponding to the pitch eigenperiod for waves
near 12 sec. Both regions are outside of the range of
typical periods of the S.W. Aegean Sea. where the
vessel is assumed to operate, (mean period
considerably less 6 sec). The influence of stabilizing
fins at zero forward of the ship is consequently very
limited (not for active fins'), though it is evident
that the heave and pitch resonances are shifted to
higher wave periods. The theoretical prediction of
the heave response at zero speed, with the fins
included, fails as to the resonance peaks, probably
due to the fact that the employed formulas [4] for the
influence of the fins on the hydrodynamics of the
vessel are less meaningful at zero forward speed.

In the following figures 6 (U=15 kn) and 7 (U==30 kn).
ft Is clearly shown that the projected vessel.
designed with fins and operating at seas with period
typically less than 6 sec. will exhibit a superior
seakeeping behaviour, without any remarkable
motion for its passenger-deck structure. For 15 kn
the agreement between theoretical predictions and
experiments Is excellent. Because of the lack of
experimental data for the 30 kn case, the calculated
responses by the 2D strip theory have been
validated only by 3D theoretical predictions
according to |13], The superior seakeeping
behaviour of the 'Aegean Queen' model, when
moving with full scale 30 kn in regular or irregular
waves at the Towing Tank of NTUA. has been
captured at least at a video Him, to be shown at the
conference meeting.

Finally. In the last two figures (Fig. 8a and b) the
roll and sway response of the vessel at zero forward
speed and beam seas is shown. Because typical
seaways in the S.W. Aegean Sea are characterized by
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waves with length much less than 100 m (X=2L). it is
not expected that the projected vessel will run into
trouble even in case of involuntary stop on the route
to Crete.

In the following seas case, not shown here for the
sake of brevity, some further Interesting results are
obtained. There it is shown that the occurance of
the critical, zero frequency of encounter, case.
happens for the projected SWATH, when running
with 30 kn. at following seas of length 152 m.

Because the typical wave lengths of the Aegean Sea
are much less than this limit, the projected vessel is
going to overtake the any probable following wave
without being In danger of coming into resonance
('platforming' mode).

Concluding the seakeeping behaviour of the 'Aegean
Queen' seems to be fully satisfactory according to
the set owner's requirements (see 2). The worst case
proved to be the zero forward speed case. The
employment of stabilizing fins Improves the
seakeeping of the vessel at high speeds
significantly.

4.3. Design of Fins

When an elongated body, like a submarine, is
moving in an non-viscous fluid at an acute angle of
attack (a) between Its longitudinal axis and its
path. it would not experience any force, but an
unstable deviating moment, the so-called
Munk-moment [14]. This moment is proportional
to the difference of the added mass coefficients for
the transverse and axial flow components, the
velocity head and the sinus of the double angle of
attack sin (2a).

For a SWATH ship it is of interest to consider the
Munk-moment related to the pitch-heave motion,
because of the reduced restoring ability of the
SWATH in the pitch mode related to the inherrent
small waterplane area of this type of vessels. It can
be shown that, beyond a certain threshold forward
speed, a SWATH ship becomes unstable, due to the
reduction of the effective pitch restoring coefficient
C55 to become less than zero. Also. it is probably of
Interest to study in the future the horizontal plane
stability of SWATH ships due to the coupled

FIN SIZE

AFT -

0.00

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

1.20

1.40

1.60

1.70

1.80

1.90

FWD

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.80

0.60

0.40

0.30

0.20

0.10

MLLXL

HEAVE (H)
PITCH (P)

H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P
H
P

DAMPING RATIO

15 kn

0.01
0.28
0.19
0.35
0.25
0.34
0.31
0.33
0.38
0,30
0.46
0.26
0.53
0.22
0.59
0.17
0.65
0.14
0.35
1,00
0.41
0.81
0.49
0,^8
0.53
0.47
0.58
0.36
0.61
0.26

30 kn

0.00
1.00
0.36
0.88
0.54
0.52
0.69
0.27
0.77
0.13
0.82
0.04
0.85
UNS
0.88
TINfi
0.91
UNS
0.59
1,00
0.80
1.00
0.89
0,53
0.89
0.28
0.90
0.12
0.90
UNS

NATURAL PERIOD [sec]

15 hn

6.70
27.56

6.95
17.88
7.14

16.43
7.39

15.19
7.68

14.14
8.00

13.34
8.29

12.83
8.55

12.54
8.81

12.39
7.12
0.00
7.48

29.70
7.99

18.21
8.28

15.75
8.52

14.20
8.69

13.20

30 kn

6.45
0.00
737

43.81
8.18

17.58
8.58

14.40
8.64

13.72
8.76

13.50
9.00
UNS
9.41
UNS

10.06
UNS
7.79
0.00

11.23
0-00

10.81
22,6fi
10.14
18.12

9.86
, Ifi.Ofi

9.83
UNS

N.B.: 1. Basic jtn size (l.O): Chord 3.77m. Span. 4.52 m,
Location: inboard side at 0.15L (aft) and 0.765L (forward).

2. Natural periods: UNS means unstable.
0.0 means damping ratio equals 1.0.

Table III : Stability Characteristics of SWATH-'Aegean Queen'
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sway-yaw motion and in view of the absense of
restoring forces, but with the action of Munk's
moment in this plane as well.

Initial studies of the projected vessel have shown
that the threshold velocity of the 'Aegean Queen' is
about 20.5 kn. Thus, for a service speed of about 30
kn it was required to select proper stabilizing fins
with the aim to increase the threshold velocity, but
also improve the overall seakeeping of the vessel by
shifting its eigenperiods to higher values, outside
the range of interest for common seaways.

The selection procedure of the proper fins for a
specific SWATH vessel is based on the analysis of
the stability of the coupled heave-pitch motion
equations, according to the well known Routh's
criteria [4]. A summary of this analysis for various
fins combinations is given in table III.

The finally selected fin pair, having the
characteristics of 1.60 times the basic size aft and
0.40 forward, resulted acceptable natural periods In
heave and pitch of over 10 sec resp. 20 sec and a
threshold velocity of over 40 kn. The details of this
analysis cannot be shown here, since of the limited
space available.

Though the emnloyment of stabilizing fins
improves greatly the seakeeping behaviour of the
vessel, it should be remembered that the calm water
resistance of the ship will appreciably increase. In
this present case, this increase was approx. 8% at
service speed according to the Towing Tank
experiments. However, the stern flow to the
propeller of the ship has been significantly
stabilized by the employment of the fins, thus, it
can be expected that the overall propulsive
efficiency of the ship with fins is comparable, if not
better, than for the bare hull condition. An
optimization of the proper location and size of the
fins with respect to the least added resistance and
maximum propulsive and stability efficiency
remains to be addressed in the future.

5. CONCLUSIONS

The present paper dealt with the hydrostatic and
hydrodynamic analysis of a prototype high-speed
passenger-car SWATH ferry. The obtained
theoretical and experimental results relieved
certain pecularities of the stability of SWATH type
vessels:

1. The intact stability of SWATH ships is usually
more than Sufficient.

2. The damaged stability may cause certain
problems, when simultaneous flooding of large

adjacent compartments occurs. These problems
can be usually treated by counterilooding of
undamaged compartments, or by shifting the
bulkheads.

3. Wind loads or other heeling moments are usually
not seriously affecting the stability of SWATH
vessels.

4. The dynamic stability of SWATH ships in waves
does not present insurmountable problems,
because of the excellent SWATH seakeeping
behaviour.

5. The employment of fins (stationary or active) is
essential for high-speed SWATH ships to be
operated beyond their threshold speed.

6. The stability criteria, laid down in [2], or as they
are known from similar regulations for offshore
structures, are sufficient for SWATH ships.
However, they can be Improved by better
accounting for the actual wind moments on the
inclined SWATH and the damaged stability
criteria for the asymmetrical flooding of
compartments and the resulting damage
waterlines.
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Fig. la: Intact Stability Righting Aims Fig. Ib : Intact Stability Righting Arms
with 80kn Beam Wind

Fig. 2. : Compartmentatlon and Machinery
Arragements
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Fig. 3a : Damaged Righting Arm in Beam Seas
and Side Wind
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Fig. 3b : Waterllnes in Damaged Condition
Flooded Compartments 'C' and 'D' Fig. 3c : Waterlines In Damaged Condition

Flooded Compartments 'C' and "D"
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F!g. 4a : Intact Righting Arms in Following Seas.
Quasi-Static Approach

Fig. 4b ; Intact Righting Anns in Following Seas.
Quasi-Static Approach
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Fig. 5.a : Heave Motion Response In Head Seas, U=0kn Fig 5 b Pitch Motion Response in Head Seas, U=0kn

Fig. 6 a : Heave Motion Response in Head Seas, U=15kn
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Fig. 6.b : Pitch Motion Response in Head Seas, U=15kn
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Fig •? a : Heave Motion Response in Head Seas, U=30kn
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Fig. 7.b : Pitch Motion Response in Head Seas, U=30kn

0 1 2 3 1 5 6 7 B

Fig. 8.a : SwayMotion Response In Beam Seas. U=0kn Fig. 8.b : Roll Motion Response In Beam Seas. U=0kn
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AN ANALYTICAL APPROACH TO CAPSIZING OF A SHIP IN FOLLOWING SEAS

by Masami Hamamoto*, Toru Shirai**. Nonhiro Wakiyama***

ABSTRACT

An analytical approach has been developed for the numerical simulation of ship
motions leading to capsizing in order to investigate the influences of the loss of
transverse stability on the capsizing of a ship in severe following seas. The
equations of motion with respect to the horizontal body axes are presented for
analizing a large amplitude motion. The results simulated by this mathematical
model are compared with the results observed in experiments for the check of
accuracy. Finally critical metacentnc height leading to capsizing is discussed for
several kinds of ship.

1. INTRODUCTION

The transverse stability of a ship
running in severe followim? ŝ as is
considerably modified by the change in water
plane area due to the relative position of
ship to wave, alternatel? in the crest or
trough of a wave. As well known, a reduction
takes place while the crest of a wave is
amidship and an increase takes place when
the trough is amidship with ends buried in
the crest. The loss of transverse stability
may cause a large heel due to external
disturbances and the ship motions leading to
capsizing. Thus the loss of transverse
stability has been considered as an
important index for the safety against
capsizing.

The main objective of this work is to
investigate the influences of the loss of
transverse stability on the capsizing of
ship in severe following seas. From results
of the experiments using radio-controlled

* Department of Naval Architecture and
Ocean Engineering, Osaka University

** Mitsubishi Heavy Industries, Ltd.
*** Graduate School,Department of Naval'

Architecture and Ocean Engineering,
Osaka University

ship models, several modes of capsizi-ns: were
observed and characterized as purp loss of
stabiiit'., parametric excitation and
broaching-to.

In general, the ship motions leading to
capsizing are in a large amplitude with all
six degrees of freedom of notion so that
there are fundamental problems to be
considered for the analytical approach.

First, a coordinate system has to be
considered for describing the equations of
motion. For this purpose, there are three
candidates which are called Earth axes,
General bodv axes and Horizontal body axes.
The Earth axes and General body axes are
well known coordinate systems and accepted
commonly. However, the surface ship is cons-
iderably limited in the matter of displace-
ment and angular motions arising from heave,
pitch or roll and effects of hydrostatic
force are dominant with respect to the
seakeeping motion in following seas because
the encounter frequency of ship to waves is
very low. And also the maneuvering motion in
heeled condition Is almost limited in the
horizontal plane. Thus in this paper the
Horizontal body axes is discussed and used
for the description of ship motions leading
to capsizing.

Next, in regard to the hydrodynamic
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proD-i-em , it is still d i f f i cu l t to predict
the added masses and damping coefficients in
large amplitude motion both of ship and
waves. So that the hydrodynamic forces w i l l
he approximately obtained f rom the l ineariz-
ed theory. Here in engineer ing sense, t he
added masses and damping coefficients can be

1 Q\

estimated from Tasai's practical formula
4 )

for seakeeping motion, and Motora's chart
and Inoue's practical formula for maneu-
vering motion. On the other hand, the hydro-
static forces including the Froude-Krylov
force are obtained from the integration over
the instantaneous immersed surface to taking
into account a large mot ion of ship.

Finally, on the basis of the equations
of mot ion, the ship motions leading io
capsizing are simulated for several kinds of
ship and bhe critical metacentric height of
the ship in severe fol lowing seas is
predicted from the results of simulation.

2. EQUATIONS OF MOTION FOR SIMULATION

In this section, we discuss the basic
ground work for the analysis of ship
motions. A ship is assumed to behave as a
rigid body having six degrees of freedom.
For the ship with the origin of the body
axes at the ship's center of mass as shown
in Fig . l , Euler's equations of motion are
usually described as follows:
Translate motions and forces

m ( u + w q - v r )=-- m g sin(? + X
m t v + u r - w p ) = m g cos0 sin0 + Y ( 1 )
m t w - r v p - u q ) = m g cos Q cos ̂  + Z

Angular motions and moments

^z^zxP^y - ^x 'P^z^^

Where U ,v and w are the velocities along
the x ,y and z axes which are oriented in the
ship with X forward, y out the starboard
and z out the bottom and p ,q and r about
each axis, m and g are the mass of the
ship and gravitational acceleration, T ,
I , I and I are the principal momentsyy zz zx i c

Figure 1. Earth axes and General body axes

Figure 2. Horizontal body axes

of inertia and productive moment of inertia
about the body axes of the ship, i> ,0 and
Tfo are Euler's angles to describe the
situation of ship in the space fixed axes
and also connected with angular velocities
as follows:

p =^ — 0 sin0
q =(? cos^ + ̂  cos0 sin^i (3)
r =^ cosf? cos^ — ̂  eir\^

Here, we would like to make some
considerations about Equations (1) and (2)
for an analysis of a heavy rolling up to
capsizing of the ship in water surface.
First of all, we shall try to rewrite the
equations of motion with the linear
velocities U ,V and W in the horizontal
and vertical plane to the water surface
as shown in Fig.2 instead of v and
w along the body axes as connected by :
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V = v cos?i -w sin^ ( 4 )

W = -u sin0 +v cosff s in^ +w cost? cos^A

And also Lhe trim an^le is l imi ted to L l i < 1

small f inglcs of 2 or- 3 degrees ami i 1 may be.'

assumed that 0 = 0 , Equal ion ( 4 ) reduced Lo:

Li = U
V = v cos^ — w sin0

W = v sin^ + w cos0
5)

The hydrostatic force and moment may be
obtained by integrating the pressure p
over the entire wetted surface of the ship.
By applying Gauss's theorem, the force and
moment are gi ven by integrals ot" the
pressure gradient over the submerged volume
V of the ship. The components of the force
and moment in the body axes G-x,y,z are

Froiide-Krylov forces

and in the same way

p = ^
q =? 6 cos^ + i/! sill?i
I' = ip cos0 — 6 sin^

(ti)

r r r
J J J V
r r r

W^G.^.^^d'7 '•»

^(^.E^.e.^^-^dv

Substituting Equations ( 5 ) and ( 6 ) into

Equations (1 ) and [ 2 ) , we obtain
Translate motions and forces

m ( U - V ^ + W y ) =X
m ( V + IJ ^ ) = Y cos0 - X sin^ ( 7 )
m (W - U 6 )=Z cos?i + Y Ringi + m g

Angular motions and moments

and Froude-Krylov moments

Ttie hydrostatic pressure p including that
of a sinusoidal wave t,

+ 0 ^ cos 2 gi )=K
t, =a cosk (t -c t ) 11

( I cos ^ + I sin 94 )0yy z z

+ ( 1 yy- 1 ̂ lilg ̂ - ^ 6 )sin2 ?i

at any time t and position ^ in the space
fixed axes 0-^ , T} ,C is given by

+0 ^ cos 2 ?i ]+ J •fi ip

=M cos^ — N sin 91 ( H )

( I cos g^ + I sin '/> }'{/izz yy • ••

+(Iyy- I ̂ )[^^- ̂  ̂  )̂ "2 0

+ 6 ^ c o s 2 ^ ] - I . 6 0 = N c o s ? i + M s i n ^

p = p g ^ - p g a c o s k ( ^ - c t ) (12 )

where p is the density of water, k- is wave

number, a is the amplitude of the wave and

c is the phase velocity of the wave. In
Equation ( 1 2 ) , t h e so-called Smith's effect

due to the orbital, motion of water particles
is neglected. Since set of transformation

between the space and body axes is
where the productive moment of inertia I
is neglected

On the other hand, the force and
moment acting on a ship which moves in free
water surface are decomposed into the hydro-
static force including Froude-Kryiov force
and tiie hydrodynamic force consisting of the
added mnss and damping force.

zx
t -^ .-, = X cosy> cos0li

+y (cos^ sin(? singi -sin^ cos?i )

+ Z (cos^ sin(9 cos0 +sinV> sin^ )

•n -r} =x sin^ cosf?
IJ

+y (siny> sinO sin^ +cos^ cos?i ) ( 1 3 )

+ Z ts in0 sin0 cos^ -cos0 sin?i )

€ - € , - . ^"X sin0 +y cos0 sin^ +z cos0 cos^
b
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(I 'D

^ and C cs" approximately written in the
forms

S, -^ r. = X cos0 -( y cos</> -7. s i f i ^ )5in0
b

C -C ,". = -x 0 +y sin0 +7 cos^
Li

Accordingly, the expression of the pressure
p in the body axes is obtained as follows

p = p g ( C p-x^ +ysin^ +zcos0 )
u i

-'p g a cos( ^ ,,+x cos^ ( 1 5 )
Li

- (y cos0 -z sin^ )sin^ -c t j

where Y ,N ,Y and N denote the Hydro-v v r r
dynamic derivatives,k is the aspect ratio
of ship 2d/L and C (x) the added mass co-
efficient of Lewis form section.

The hydrodynamic coefficients for
seakeeping motion can be estimated from
Tasai's practical formula. In this case» it
is necessary to express the equations of
coupled notion of heaving and pitching in
terms of the orientation parameter t, .., andLi
Q , an expression must be found for W as

W = t g+U(9 19)
Substituting Equation ( 1 5 ) into Equations
( 9 ) and (10) ,Froude-Krylov forces and
moments are computed as a function of C ,, •(.1
Q , if> and t f t .

According to Tasai's practical formulas, the
hydrodynamic coefficients of heave and pitch
are given as

Hydrodynamic Forces
As mentioned previously, it is still

difficult to evaluate the hydrodynamic
coefficients for large amplitude motions. In
following seas, the encounter frequency is
very low and the dynamic effects associated
with added mass and damping are considerably
small and stationary. So, as a first
approximation, the results based on the
linearized theory may be available.

The hydrodynamic forces for maneuvering
motion can be estimated from Motora's chart
for the added masses and Inoue's practical
formulas for the hydrodynamic derivatives of
sway and yaw as follows:

Y ( V ,V ,^ )cosgi-Z (V ,V ,ifi »singi

16)

N ( V ,'̂ ' , rfa ) cos 91 +M ( V ,V> , r/> )sin^

W^G^G^^W^G^G^"0

' -"^'G^^G
M , , ( 6 1 ' .() )cos0 -N „ {'e ,^ )sin9i (20)

= -J 6 ^M ^ „yy G q G

m ^ 0 . 8 ( B / 2 d ) ( A / g ) C ^

J = 0 . 8 3 ( B / 2 d t C ^ O ^ L ^(A/g )
1/2 (21

1/2
Z ^ = 1 5 . 4 ( C ^ /Cp ) (B /2 d )

- 4.7] A / ( g L )

M = 0 .08(B/2d iAL^ tg L }\/^

where L denotes ship length, B breadth, d
draft, A the displacement, C water planew
area coefficient and C prismatic co-
efficient.

Hie hydrodynamic moment of roll motion
can be described in the approximate equation

Hy xx

m -;, pd C ( x ) d x
y " J L

J - o p d 2 x^Cx) dx
z J L

( 1 7 )

and the damping coefficient K , is given bv
y

Takahashi's formula taking into account the
effect of ship speed U as follows;

Y y = ^ p L d U (^ 7t k + 1 . 4 0 ^ ^ )

N v " k p L2d u k

Y ^ - J P L ^ U ik

N ^ . ^ ^ / ) L 3 d U ( 0 . 5 4 k - k 2 )

(18)

a -^N0e l ' m (23)

2.01kxx
1/2T=

G M

where a is the equivalent damping
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coefficient, Fn the Eroude number, N the
extinction coefficient equal to 0.02, ^ IB
the equivalent heel angle, T the natural
frequency of roll and k xx the radius of
gyration equal to 0.35B

The resistance in the surge motion is
based on the instantaneous forward velocity.
Assuming that the thrust is constant, the
relation between the resistance and thrust
can be expressed by

+(I -I ̂  ) f ( ^ 0 - ^ 0 )sin2^

+6 ^cos2^ ]-I 6 ^
XA

=-J ,^ '+N^+N^V

+ N ^ ( ^ Q , € Q > ^ .0 > ^ )cos^

+ M p . t ( ^ p . € r ,V> *9 ̂  »sin0rK " " (26)

3. COMPARISONS BETWEEN SIMULATION AND
EXPERIMENT

T (l-t)-R=4 PCtSuhl-iH )2] (24)Z U B

where T is the thrust, t the thrust
/reduction, R the resistance, C. the total
resistance coefficient, S the wetted
surface of hull, and Ue the initial forward
velocity of ship.

Substituting the results of the Froude-
Krylov forces and hydrodynamic forces into
Equations (7) and (8),the equation of motion
with respect to the horizontal body axes can
be described as follows:
Translate motions and forces

m ( U - V ^ + ^ + U ^ 2)

=-m 0+m V 0 - m ( ^ , , + u 6 ) ^x y z \r

+ x ^ ( t Q , C G , v > *(? ^ )+ Td-t )-R
m {^+U^ ) = - m ^ - m U 0 + Y V + Y . V >y x v r

^PK^G'^G'^ 10 ̂  )cos0

-Z^ (^Q,C Q^ ,0 ̂  »sin^

"^'G =-m^ 'G- zweG
+ Z ^ ( ^ Q , C Q,^ ,0 ,(& »cos^
-Yp.,(^p,C r,0 ,0 ,^ IsinflSFK G G ^5,

Angular motions and moments

^-"yy-1^'^ (^2-^2)""2^
+6 ^ cos2^ ]

-J^-K^^K^(iQ,e g , ^ , e , ^ )
-p V B G sin^

+ I ^sin2^ )0'(I cos'yy
1 '..•+(I -I ̂ ) [ (^^'-^ 6 )sin2?i

+^ ^cos2^ 3+1 ̂  ̂

= "Jyy '^-^^q^^FK^G^G'^ •6' '^ )cos^

^FK^G^G*^ t f 9 *^ )sin9s

2 2 • •(I .cos <fi + I sin ^ ) (ftzz yy

In the basis of the Mathematical model
introduced in the previous section, the
numerical time domain computations are
carried out for the 5000GT class of
container ship. Characteristics of the ship
and stability curves at the crest of a wave
amidship are shown in Fig.3. Two examples of
motion are compared with the observations of
free running model experiments. In this
computation, the equations of motion are
solved by numerical integration in the time
domain. The integration is performed by
using standard algorithms to integrate the
equation leading to a step-by-step approxi-
mation of the ship motion.

' (ml
B (mt
a (ml
V (m3]

snio

115.
19.
6.4

9859.

Moael

3.5
.113
.139
.101

X =30'

still watgr
v 0a>
u .̂
$0
a
^c^
rsJ 0
0

-<;0* -20' 0

\ / 50'
^^^y^ Ly

~ / / N/'1—^—
/ / /\ 30'

J ^ ' ~ ^ < / ' ^ C ~ n
/,————•^^ ^>^. \,r

//'————--./^-^<^^\\^^"^s-vX \\
20' ri W

Figure 3. Principal dimensions and
stability curves of the ship
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Figure 4. Time domain simulations of rol L
pitch and yaw (capsized)

Figure 5. Time domain simuiaitons of roil.
pitch and yaw (not capsized)

The first example shown in Fig.4 is for
the model capsized in following waves, of
which the wave length to ship length ratio
is equal to 1 and the wave height to wave
length ratio 3/25. The initial heel angle is
9.5 degrees to port. The pitch recorded may
be used to judge the number of wave
encounters. In this example, roLling
frequency is about the same as that of the
wave encounter frequency and rolling
amplitude builds up rapidly with the heading
deviation to starboard. The model capsizes
to port when the wave cre-st came am ids hip.

Ttie next example shown in Fig. 5 is for
the model not capsized in quartering waves,
where the wave to ship length ratio is
about the same as the first example but the
wave height to wave length ratio is 1/3U.
The initial heading angle is 17 degrees to
starboard and the model is travelling in the
same direction. Rolling again occurs at the
wave encounter frequency. The amplitude is
gradually decreased and appears to be
stabilized there after. Numerical
simulations seem to be in good agreement
with the observations of free running model
experiments. This may give - us a cue for
analyzj ng the capsize of shi p in severe
following seas, even if examples are a few
in this stage.

4. NUMERICAL SIMULATIONS FOR SEVERAL HULL
FORMS

Four different hull forms have been
chosen for the comparative study. Ship A
shown in Fig.6 has a container hull form
with bulbous bow and long parallel body,
Ships B,C and D shown in Fig.6 represent
conventional hull forms of fishing boat.
Ship B has the smallest freeboard in three
fishing boats, Ship C the middle one and
Ship D the largest one. Fig.7 shows the
form stability curves BR and the
trajectories of center of buoyancy for each
ship respectively. And also, while the crest
of a wave is amidship, reduction of the form
stability is relatively large for Ship B,
small for ship D and not so much small for
Ship A and C. Reductions of the form
stability BR are computed for those ships in
cases that wave height to length ratio is
equal to 1/20 and wave length to ship length
ratio 1.

Numerical simulations of ship motion
are carried out to find the critical
metacentric height GM leading to capsizing
in several ship speeds. Time histories
similar to ones shown in Fig.4 and 5 are
obtained from this numerical simulation
instead of experiment ,, to judge whether a
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L= 113. (ni)

B = 19. (m)
D= 84 (m)

d = 6.4 (m)
V = 9859- (n,3)

L=46J (m)
B = 8.7 (m)
D = 3.7 (m)
d= 3.34 (m)

(» V=883 (m3)

L=40.0 (m)
B = 7 2 (m)
D = 3 6 (m)
( 1 = 3 2 (m)
V = 6 1 1 (m3)

L=31J (m)

B = 7-4 fm)
D = 4 63 (m)

d = 3.33 (m)
V = 534 (m3)

i-'igure 6. Studied l iul i forms

y.(°>)
BRfin)

Figure 7. Trajectorieii of center of buoyancy

and form stabil ity curves
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i- igure B. Crit ical metacentric height of

four different ships

b t u p capsizes or not. For the cases of

d i f f e r en t Bietacentnc height and forward

v e l o c i t y of a ship. Accordingly, the results

capsized or not are obtained for different

hul l fornib as sahown in F i g . 8 . In this

f i g u i e , ci rcle marks indicate tlie case not

capsized, cross marks the case capsized and

solid lines the weather criterion satisfying

IMO Resolut ion A562. From the comparison of

di f f erent hull forms fo l l owing tilings are

f o t i n d . Despite Ship A , B and C satisfy the

weather cri terion A562 in beam sea condi-

tiuii , they capsize in severe fol lowing sea

condition that the wave height to length

ratio equal to 1/20 and wave to ship length

ratio I. But ship D is safe in both condi-
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tions.
In regular haves w i t h length equal to

the ship Length, the reduct ion of BR at wave

crest amidship for Shipy A , H and I ' af t - much
larger than Ship D w i t h a larse ireeboard.

The magn i tude of the reduction s ign i f i can t ly
depends on the freeboard and hull form. rhe

ships mot ions leading to capsizing' seem to

be s ign i f l can t - iy af fec ted by the reduct ion,

metacentric height and ship speed.

5. CONCLt 'D iNU REMARKS

The equations of motion w i t h respect to

the ho r i zon ta l body axes are presented to

describe the ship [notions leading to

capsizing in severe fo l lowing scci.b. '! tie

s imula t ions of ship mot ion are performed

ti i t t i a quasi s tat ic t ime step pr<'endure that

takes in to accuunt non-i nie.-u- instantaneous

buo , \anc> , linear damping and added mass

forces, "ilid .-iUo -simulated t ime hi&loncs > ' l

ship mot ion are in fa i r ly good agreement

w i t h tht- experimental results.

The comparative study carried ^ut here

1'or four d i f f e r en t h u l l forms shows that the

critical metacentric he ight leading to

capsizing has s i g n i f i c a n t eHi-cL 01; the loss

of s t a b i l i t y , hull 1'orm and speed of the

ship t r ave l l i ng w i t h a high Froude number,

close to u . 4 as tor phase ve loc i ty 01 wa\e.
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ON THE PURE LOSS OF STABILITY OF SHIP I N A FOLLOWING SEA

by Hisayoshi Tafcano*, Jin Aim Kirn**, Yoon Soo Kirn***

ABSTRACT

As well known, when n ship comes into the crest of a wave, the center of
buoyancy moves to upward from the position of that in still water and then form
stability are considerbly reduced. The form stability depends on location of center
of buoyancy and the location is affected liy principal dimensions and hull forms of
ship. From such a point of view, several kinds of ships are chosen for this
study.These trajectories are quite similn.r to ellipses and the long and short axes
of the ellipses were represented as linear functions of a newly defined liull form
parameter, Fp /d. Through the trajectories, tlie amount of pure loss of
stability were also obtained for each ship.
parameter, Fp /d. Til rough thec.

1. INTRODUCTION

There are some approaches for the pure
loss of stability of ships at wave crest
amidship. In early 1961, Pauling already
showed us remarkable reductions of righting
arm of Series 60. Lately, Hamamoto and
Akiyoshi have discussed on the pure loss " of
stability of ships in quartering seas and
showed a way to obtain righting arms of ship

21in a following wave. "The results says that
the severe loss of stability occures at the
crest of a wave of which length equals to
the ship length. Huss studied on tlie
variation of initial stability of large

3)modern ships in waves. The study shows
that both, the sectional forms of the hull
and the breadth and draft ratio has a
significant influence on tlie stability
iri a wave. As well known, when a ship comes
into the crest of a wave, the center of
buoyancy moves to upward from the position
of that in sill water and then form
stability are considerbly reduced- Tlie

* Dept. of Naval Architecture and Ocean
Engineering, Osaka University, Japan

** Department of Naval Architecture, Pusan
National University, Korea

*** Graduate School, Department of Naval
Architecture and Ocean Engineering,
Osaka University, Japan

purpose of this paper is to obtain
trajectories of center of buoyancy of ships
at wave crest amidship of which length
equals to the ship length and height is
fixed as 1/20 of wave length and
trajectories were represented as a function
of hull form parameters.

2. COMPUTATION FOR LOSS OF STABILITY

In order to compute loss of stability,
space fixed axes and body axes are used. As
shown in Fig. 1, a co-ordinate system, 0-
^ ,TI ,C is fixed in space with the origin 0
located at an arbitrary point in the calm
water surface. In the system, a sinusoidal
wave f , „ is expressed as:n

=a cosk ( $ -c t ) (1)

Figure 1. Two co-ordinate systems

where, C ,, = instantanious wave height at a"
certain time, t
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a = amplitude o-f the wave

k = wave number
C = phase velocity of the wave

The origin of the body co-ordinate
system, G ~ x » y , z is fixed at the
center of gravity. Transformation set

between the space and the body axes are as
follows:

€ ~t p ^X COBtft COE0

+y (cosi/i sin0 sin0 -sin^ cos0 )
+ Z (cos^ sin0 cos0 +sin^ sin^ )

•7 --7 „ =x siny cos0
+y (sin^ sin0 sin0 +cos^ cos0 ) ( 2 )
+Z (sin^ sin0 cos0 -cos^ sin0 )

C -C r. '"X sin0 + y cos0 sin0 +z cost? cosgi

where, ip ,0 ,0 : Euiler's angles between the
two co-ordinate systems.

For a displacement type ship, the
pitching angle Q is very small. Thus,
Formula (2 ) can be represented in the
approximate forms:

^ -£ p == X cosifa - (y cos0 -Z sin0 )sin^
C -C p = -x 0 +y sin0 +z cos0

Substituting Formula (3) into (1) , the wave
height is represented by the body axes as
follows:

(3)

C ^ ( y p , z p ) = C Q-X Q +ypSin0 +z pcos0
C ^ ( y g , Z g ) = C o - - x 6 + y gSin0 +z gcos0 ( 5 )

Gradients of water pressure acting on
the hull surface of an immersed body differ
slightly from the case of still water. This
difference is caused by the orbital motions
but this might be thought as negligibly
small. Accordingly, the following Formulas
are obtained:

A ( x ) d x - v ; = 0
J L

16)

( x A ( x ) d x - V B ' G s i n 0 = 0
-' L

where, A ( x ) = sectional area as a
function of X

V = displacement volums
Q = trim angle

The first Formula o f (6 ) shows a balance in
the displacement of ship while the other one
shows moment respectively.

When a ship is inclined in the wave,
( y n . Z r , ) is the position of the center of
buoyancy of the ship. Thus the GZi as

G Z . , ( 0 ) = y nCOS0 -Z nSi»0 (7)

„ = a cos[ ^ g+x cos^
-(y cos0 -2 sin^ )sin^ -c t ] ( 4 }

Then, BR., becomes

B R ^ ( 0 ) = ygcos0 -z gsin0+BGsin0 (8)

Figure 2. Cross section in wave

In this case, as shown in Fig.2, P ( y p » Z p )
and S ( y q , Z q ) "-re exact intersections with
wave surface at starboard and portside.
Substituting Formula ( 4 ) into the second
Formula o f (3 ) with the P ( y p , Z p ) and S(y q
, Z q ) , the following Formula is obtained

As shown in Fig. 3, GZ and GZ., are obtained
as follows

GZ = BE -BGsin^
GZ,.= BR.,BGsin0 (9»

Figure. 3 Relations among BG,GM,GZ,GZ..
BE and BR

W
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The BR and RR,, depend on the ship's hulln
form and dimensions. BGsin^ depends by the
height of I he center of gravity of the shi p.

3. CENTER OF BUOYANCY IN STILL WATER AND AT
WAVE CREST AMIDSHIP

Compu.tations mentioned in the prev ions
section were performpd for 10 ships, 3
containers, 1 passenger and G smal I si zed
ships. Fig. 4 shows body pi ans with
principal dimensions of tlie shi ps. In this
figure, Pp/d for oil ships are also shown.

Locations of the center of buoyancy were
obtained as shown in F i g . 5. Al l of the
1. ra.jec lories of center of buoyancy look l ike
el l ipses. In cases of wave crest nmids h i p ,
tr a,jector is are s l igh t ly smaller than the
one's For still water but shapes are qui te
s i m i l a r w i t h the' ones for sti l l water . In
F i g . f i , e l l ipses are shown w i t h doited lines
for S h i p E and there are very small
di fl'erences between tlie tr a,) ec lories of
center of buoyancy and ellipses. This fact
shows that shapes of computed trajectories
are in good agreement wi th real ellipses.

A

G

H

SHIPS

Fg /d

A

.1 82

B

.1 1 2

C

.208

0

) T.

E

.3 ' 5

F

. 3 3 2

G

.32B

H

-t .7 A

1

. 3 8 1

J

. 3 6 6

Fie. 4 Body plan, principal dimensions and F /d for all shipsE
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typical ships.

Fig. 10 BR and BR,. curve for Ships A - H

Fie 11. BR and BR,, curve for Ships I and Jn

Table 1 shows hull form parameters for
Ship B and H. Even though most of parameters
show similar values each other, Ship B shows
small BR and BRy , and Ship H shows large.
For this reason, the difference of Fp/d is
thought.

Table 1. L and some hull from parameters
for Ships B and H

SHIPS

B

H

L m

2^.0

31.5

L/B

3.93

',.26

B/d

2.51

2.22

BM/B

.2 ti

. 2 3

CB

.708

.691

Cw

.902

.91 1

F(/d

.1 1 2

.1,71,

Table 2 is for Ships I and 3 which have si-
milar dimensions each other but different
frame line shapes. In these cases, Ship I
has larger breadth and Cy than them of Ship
J. Therefore, BR and BR,, for Ship I showsn
larger values than Ship J.

Table 2. L,B and some hull form parameters
for Ships I and J

SHIPS

I

J

L m

1 3 6

1 3 6

B m

23.0

22.2

L /B

5.87

608

B/d

2.75

2.65

^

.598

.617

Cw

.856

.73 6

F^/d

. 3 8 1

.366

1) -- BREADTH A7 WATER LINE

At wave crest amidship with small inclined
angles. Ship J which has unconvensional
frame lines inclined to oufcsides, the
breadth of water line at around anidship
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increases slightly while decreasing at the ogy, Devision of naval architecture,
bow and stern. Accordingly, the moment of STOCKHOLM, Sweden
inertia of water plane will increase at
around amidship while decrease at the bow
and stern. As the results, there are no
change on the amounts of monent of inertia
of water plane and then BR and BRy are
almost the same.

5. CONCLUSION

Computations were performed for 10
ships in the most severe condition, at wave
crest amidship, where the wave length
equals to the ship length and the wave
height ratio, 1/20 is used. By comparing
with the other results obtained in still
water, the following conclusions can be
made.
1) Trajectories of the center of buoyancy
are obtained for still water and at wave
crest amidship. Shapes of these
trajectories are quite similar to ellipses
and non-dimensional long and short axes can
be represented as a linear function of Fp/d.
Fp/d is a newly defined hull form parameterE.
which means a ratio of effective freeboard
to draft.
2) Horizontal levers, BR and BRy were
obtained through the trajectories of the
center of buoyancy. The difference between
the two is the pure loss of transverse
stability for the most severe condition of
wave crest amidship.
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