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-sta tistics to hull responses predicted for severe sea conditions. His tor ical
data from ocean areas serving LNG shipping routes provides the sea input 5~~~

Desig n accelerations are selected from the extreme values by applying
operator strateg ies in storms . This involves speed reduct ion , heading
change to lim i t vessel motions , most like l y headings , etc. The accelera-
tions selected in accordance wit h a Worst Heading , James Speed Loss strategy
are considered to be most appropriate for LNG Tank design.

Ver tica l acceleration is the single most i mportant accelerat ion component
whi ch de termines the desi gn pressures. La teral and long itud i na l accelerations
do not appreciably affect desi gn pressures.

The vertica l accelerat ions are strongl y dependent upon ship length with
the shorter ships having substantially hi gher desi gn accelerations than the
l c t ~~~er ships.

The predicted accelerations tend to be somewhat conservative. In order
to i mprove the accuracy of these predictions better speed loss models are
required for the shorter ships and better extreme - ave data is required

~c.r t he longer ships.
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NOTAT ION

A Bretschne Ider spectral amplitude parameter

a LongItudinal Inertia force In ~ direction a -C
x x 0

a Lateral Inertia force In y direct ion a -1.”y y A
a Vertica l Inertia force in z direction a = — I ”
_ z 7 V
a
x 

Extreme longitudinal ship acceleration magnitude

a Extreme latera l ship acceleration magnitude

Extreme vertical ship acceleration magnitude

B Bretschne i der spectra l phase parameter

CT Confidence factor

DV I Magnitude of Design Vector

CM Transverse metacentric height

KG Hei ght of center of gravity above baseline

Lateral acceleration

• LNG Liquid Natura l Gas

I Ship Lengthpp
L~ long itudinal acceleration

Vertica l acceleration

RMS Root mean square , square root of variance

S
C
(w) Extreme sea wave spectra

T Time variable

TOE Moda l response period , period corresponding to peak
of encountered response spectru~’ —

Moda l wave period , period corresponding to peak of wave
Spectrum

X Extreme response surface

a Exceedance probability

Bandwidth parameter of ship response

‘obs 
Wave height visually observed

~ w~ l/3 
Si gnificant wave hei ght — avefage of one—third highest
double amplitudes

Pitch angle

Wavelength

Shi p ’s heading in degrees , 180
0 is head seas ,

00 is following seas
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NOTATION

a soot mean square (RMS) sh ip response

Roll ang le

w Wave frequen~y

T , I Angle tau in YZ plane between desi gn vector and vertical
ax Is of tank

I Angle upsilon or upsion In XZ plane between design vector
and ver t ical ax i s of tank
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ABSTRACT

Progress and results are offered from a two year research project
devoted to INC tank design guidelines. The work was undertaken by the
Nava l Ship Research and Development Center and sponsored by the U. S.
Coast Guard for assistance in its regulatory program . Five LNG tank

3vessels were examined ranging in capacities from 29,000 to 200,000 m
including spherica l and membrane tank systems .

Extreme accelerations and motions are developed by applying short
term statistics to hull responses predicted for severe sea conditions.
Historical da ta from ocean areas serving LNG shipping routes provides
the sea input.

Desig n accelerations are selected f rom the extreme values by apply-
ing opera tor s t ra teg ies in storms . This invo l ves speed reduction , head-
ing change to l i m i t  vessel mo tions , mos t likely headings , etc. The
acceleratio ns selected in accordance with a Wors t Heading, James Speed
Loss strategy are considered to be most appropriate for LNG Tank des ign.

Ver tical acceleration is the sing le most important accelerat ion cor’-
ponent which determines the design pressures. Latera l and longitudinal
accelera tions do not appreciably affect desi gn pressures.

The vertica l accelerations are strong l y dependent upon ship length
wi th the shorter ships having substantially higher design accelera tions
than the longer shi ps.

The predicted accelerations tend to be somewhat conservat ive. In
order to improve the accuracy of these predictions better speed loss
models are required for the shorter ships and better extreme wave data
is required for the longer shi ps.

ADMINISTRATIVE INFORMATION

This work was conducted at the Nava l Ship Research and Development

Center (NSRDC) upon request of the U. S. Coast Guard (USCG) , M IRP Z-70099—

3—30922. It is identified as Work Unit Number 1— 1568— 001+ .
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INTRODUCTION

The objective of this report is to develop rea listic tank design

accelerations for LNG carry ing ships. The general approach was presented

in a recent paper 1 as applied to a sing le ship. This report applies the

approach to a series of five ships considered representative of current

and future INC ships enterin g or leaving United States (U.S.) harbors.

The procedure to predic t the desi on values is broken into basically

four distinct steps. The first three steps , described in detail in

Reference 1 consist of develop ing a data base of extreme responses which

con tains the design accelerations as a small sub-set. The relationship

between the three components of the extreme responses X is shown by

- 
X = a L ) 113 C~ (1)

a represents the root mean square (RMS) ship response in short crested

irre gular seas for a specific shi p load condition , speed , heading, and

location on ~he shi p. 
~ w~ l/3 is the si gnificant wave heioht for the

extreme seas considered appropriate for desian. CT i s  a factor which

• r~Uates the RMS response to a probability leve l not to be exceeded in a

specified ship exposure time to the extreme seas. Strictly speaking,

the three components of extrem e response are not ind cp endent as shown in

equation 1 . However , the factors which relate the three components have

such a small effect that ~he assumption of independence is considered

-; valid for eng ineering purposes.

The fourth step of the procedure consists of select inn the proper

design accelerations from the data base deter m ined by equation 1. In

this context , ‘‘ proper ’’ implies that such unavoidable factors as both speed

reductions and the worst possible ship headings in the extreme seas are

appropriatel y considered.

~‘~A list of references is given on page 67.

2 
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An important addition to the procedure of Referen ce 1 has been

develop ed and is also presented in this report. Tha t is , a me t hod for

s pe c i f ying a total acceleration design vector containing both the static

a nd dynamic components* of acceleration is developed. The nethod is app l i c c

to select regions of the data base to examine conditions where vertica l

acceleration is maximum .

This report is divided into severa l major top i c s , eac h of wh ich  w i l l
now be d i sc u ss ed:

1 . Series Descri ption

2. Ex treme Response Procedure

a. RMS Responses and Associated Periods

b. Extreme Seas ,

c. Confidence Factor , CT
3. Desi gn Accelerations

a. Selection Strateg ies

b. Speed Loss

c. Tank Location

1+ . Desi gn Acceleration Vector

5. Assumptions and Uncerta int ies

6. Recommendations and Conclusions

SERIES D E S C R I P T I O N

The United States Coast Guard (USCG) is responsible for regulating al l

• sh ips  ca r ry ing hazardous ca rgo which enter or leave U.S . ports. A series

of fiv e shi ps , representative of current and future U.S. LN ( traffic ,
A have been selected for this work. The shi ps range in length from about

- 
- 600 to 1000 feet and in INC capacity from about 29,000 to 200 ,000 m 3 . Ships

w i th s pher i ca l  as w e l l  as shi ps with membrane tanks are included . Fi gu re

1 and Table 1 give the par t i cu la rs  of the f i v e  sh ips .

~Static refers to the gravity component , dynamic refers to the component
due to motions of the ship.

1

_ _

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _
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The ship/load conditions are taken as full or near full INC cap ac ity .

In order to determine the effect of load variations on predicted shi p

responses (accelerations), KG (GM) variations are included for Ships B and

C. This simp le load variation is considered more appropriate than combined

draft , tri m , disp lacement , and GM variations because current c u ll - s c al e

b all asting procedures maintain LNG ships at essentiall y a constant draft

without regard to the INC cargo load status.

EXTRE M E RESPON SE PRO C ED URE

As stated in the Introduction , the extrer’e responses are determined

by the building block procedure of Reference 1 ,

x = 

~~w~ l/3 
CT 

(1)

Eac h -~.~--p onent of equation 1 is now discussed.

RMS UNIT WAVE HEIGHT RESPONSE SURFACES ,

Refere nce 2 prov ides the data base of RMS responses for calculation

of d esi gn accelerations in this report. Briefl y, the RMS data base consists
-

- 
of response surfaces for heave , ro l l , p i t ch , and longitud i na l , la te ra l , and

ver tica l accelerations at the center of the forward tank for each ship/load

case , for each speed 0, 5, . . . , 20 knots. The surfaces are compute d for

shor t cres ted seas usi ng Bre tschneider two-par ameter - 
~ve snectra w it h

modal (peak) periods of 7, 9, . . ., 21 seconds and s i g n i f i c a n t  wave hei ghts

of 1 foo t . Ship headings with respec t to the waves are taken as 0, 15, .

180 deyrees. By defi nition , 0 degr ees is fol lowin g seas and 180 deorees

is head seas. F~ gure 2 provides samp l e RMS surfaces for the five series
A shi ps.

I n summary, the RMS unit wave hei gh t s u r faces  cha rac te r i z e  ship
res pon ses in i r regu la r , short cres ted seas for a l l  po s s i b l e  sea co ndi t io n s

and shi p headi ngs at each shi p/load condition and speed. The usefulness of

the presentation of the responses in a surface forma t is further discussed

i n Reference 2.

S
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• PE RIODS ASSOC I ATED WITH RESPONSES , TOE
Due to repeated USCG requests for the periods associated w i t h  the

ship responses , a procedure has been developed to provide such in form atior ’ .

Reference 2 provides the details of the procedure as well as valIdation

of the results using both simulated and measured full-scale ship responses.

I n brief , the per iod , TOE’ 
associa ted with the responses is taken as the

modal (peak) period of the encountered response spectra and is related to

the period of the cycle of maximum response in the time domain . The periods ,

TOES for the INC shi ps are g i ven in Reference 2 and Fi gure 3 shows a sample

of the RMS response versus period data presentat ion . The usefulness of

this fi gure in examining resonant conditions , envelopes of extrema , etc.

is discussed in some detail in Reference 2.

EXTREME SEAS , 
~~w~ 1/3

The prediction of desi gn accelera tions is considered to be the predic-

tion of ship accelerations in an extreme storm . Thus , it is appropriate

to use the highest measured or observed sea conditions for the predictions.

Fi g ure 1+ pr esents the design sea conditions used within this work.

These sea conditions , deno ted by the open c i r c l e s  on the f i gures , e.g .

o, represent the hi ghest observed va l ues reported by Hogben and Luni b
4 

for

the North Atlantic area as de fined in Reference 1. As the ship RMS responses

were computed for evenl y spaced modal wave periods of 7, 9 , and 2 1

Before the nain text of this report was w r i t t e - , the results of this work
were employed to examine the LNG Tank desi gn accelerations required by
the ex i stin ci 1971+ rules. The d~ si q n ru !.~s ~~er~~ ‘‘r-”-4ed to cover LNG ships
traversing all areas of the world rather than iu st the transatlantic Trade
Route 1 of Figure 1+ , s p e c i f i e d  by the USCG ‘or th is and earlier LNG work.
Thus a new literature search for repor ted extrem e sea conditions was con—
duc ted. Reference 3 applies these newer , wor ld-~.-i de extreme seas to the
INC ship response data base. The deter r’ ination of the world—wide extreme
wave hei ghts appropriate for INC Tank des i gn is discussed in Appendix A ,
though t hey are no t d i rec t ly used in this report. Fi gure 7 presents in
tabular form the Trade Route 1 desi gn seas , TR r l ; the world—wide extreme
des i gn seas , WW; as well as a third set of desi gn seas suggested by 115CC
staff and des i gnated as the constant 1+0—ft si gn i f i can t wave hei ght , CO NST. W H .

5
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seconds , the desi gn sea conditions were actuall y o~ t a i ned by linearl y

nt erpo lating the wave hei ghts between the reported modal wave periods.

As the determination of appropr iate design sea conditions was both

the most complicated and the most tine- con~ uni n q aspect of the p ojoct ,

Appendix A has been prepared to g ive the d e t a i l s  of the process. The

Appendix is broken into severa l niajor sections including:

1. Rep resentation of Extreme Seas

2. Philosophy of Selection of [lesion Wave Parameters

3. Selec tion of INC Trade Routes

1+ . Worldwide Extreme Sea Data Source ’

CONFIDENCE FACTOR , CT

As was noted in equation 1 , the extreme acce lcr~~tion s are related to

the RMS accelerations and the extreme wave hei gh ts by a so-called confidence

fac tor , C.~. Strictl y speakin g , C1 
is derive d ~ ror’  the distribu tion of the

wave hei gh ts and is related to the exposure t i r ’ e  of the ship to the extreme

seas , 1, to the probability of excee dino a specified va lue ~~, as we l l  as
the zeroth and second moments of the ship re~ ponse. P ra c t i c a l l y speaking ,

howeve r , CT is dependent onl y on T a n d  ~ . Figure 5 presents , for a 3 day

ex posure t ime , a t three leve ls  of pr (h~i h i l i t y ,  the ra nge of C
T 

for a l l  ships ,

al l  load con d itions , and a 11 sh i p re~ p’-’ r se s .  I~ was considered that the

small range in the CT values for these var i ables al~~~w the selection of a

si ng le C
T 

va l ue for the entire LNG ship ser ies. As per agreemen t with

the U.S. Coast Guard , a C1 val ue tha t corresponds to a probability c~ of

0.01 has been used in this work. The a r i t h r e t i c  average of the C
T 

va lues ,

— fo r a l l  shi ps , e.g. C
T 

= 5 .1+ 1 3 , is the value used .

EXTREME RESPONSE SURFACES , X

Figure 6 presents a typ ical extreme r r ~~pon se  surface. The surface is
F 
~- - 1 found by takin g the product of the RMS response surface , see Fi gure 2 ,

the design si gn i f i ca nt wave hei gh ts as a function of modal wave period ,

see Fi gure 1+ , and the approp riate confidence factor , C
T 

= 5 .1+13, see

Fi gure 5. Exactl y as for the case of the RMS unit  tta ve hei gh t responses ,

6
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one such surface exists for each ship/load condition , ship speed , and response
type . The collection of all the extreme response surfaces is referred to

as the ex treme response data base.

DESI GN A CCELERATIO N PRO C EDUR E

SELECTIO N STRATEGIE S

Desi gn accelerations are considered to be those va l ues selected when

a realis tic , ye t conservative , s t ra tegy is applied to the extreme response

data base . In this context , the word “s t ra tegy ” means shi p operator
procedure in extreme seas. Three basic strateg ies were considered in this

work:

1 . The Worst Heading Strategy assumes that the ship operator selects

the worst possible heading for each of the six ship responses.

• 2. The Mos t Like l y Headi ng Strategy assumes tha t the operator

co ns ide rs  the ex t reme seas as endange r ing the su rv i v a b i l i ty of
his ship and thus heads the ship directl y into wind and sea .

I n apply ing this strategy , al l  headings less than 150 degrees , e .g.

• 0 throug h 135 degrees , were elim i n a ted from the data base.~
3. The Average Pitch Strategy li m i t s speed by avo id ing  p i tch angles

in excess of 3 degrees. This strategy is repor tedly presentl y

employed by the operator of two INC tankers , and was interpre ted

here si mpl y to mean that the operators would attempt to l i m i t  sh ip

mo t ions by heading cha nges when average p i tch a ng les in the extreme

seaways exceed 3 degrees.

The Worst Heading Strategy is considered the prefer red s t rategy for
F selecting design va l ues due to the as yet unknown consequences of large

LNG sp ill s .  Clearl y, this strategy represents the li m i t i n g  case of ship

response levels as the worst va l ue for each response type is selected in-
— dependently of all  other response types. In reality, of course , these

selected extreme responses can never occur simultaneously, e.g. the wors t

heading for roll is no t the worst for pitch. Since ship operator behavior

is not entirely predictable , and i n the abse nce of o ther li m i ti ng condi t ions ,

*Da ta were available for discrete headings at intervals of 15 degrees.
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the worst heading strategy appears to be the onl y safe one to emp l oy n

selecting design values.

The other two strateg ies (Most Likely Heading M , and Average Pitch AP),

are so-called voluntary operator strategies and have beer included in this

work because they show the potential for reduced accelerat ion loads when

prudent opera tor procedures are emp l oyed. It is expected that operators

will  become increasing l y reliable in m i n im i z i n g  s h i p  responses in extreme

seas as accelerometer and hull strain gauge readouts on the brid ge w i l l

become available during the lif etime s of these ships.

The optimization of both speed and head ing changes made on ~~~~~~ basis

of minimizing shi p tri p time has not been considered in this work as such

a process is also rationa l , voluntary strategy and therefore not appropriate

for desi gn work .

SPEED LOSS

Invo l untary speed loss due to the increase in ship resistance with

wave hei ght is regarded as another l i m i t i n g  condition that , together with

• the Worst Heading Strategy , should be applied to the extreme response

data base. Unfortunately, the capability for predicting this i nvoluntary

speed loss from purely theoretical considerations is not , at this time ,

sufficien tl y developed to allow ts use during the course of the present LNG

- 
~
- - project. Since the impact of speed loss in extreme seas is regarded to be

of great impor tance in develop ing realis tic LNG design accelerations , it

was decided to use the emp i r i c a l l y collec ted speed loss data of Jame s ,

see Refere nce 5. This data is currentl y in use by the U.S. Navy Fleet

Numerical Wea ther Service for shi p rou ting and is regarded as being the

best available speed loss data that mi ght be app lied for ships such as the

LNG tanker series. Better statistical/empirical speed los s data may exist

within large commercial tanker fleets , but at this time such data are not

available. Of the James speed loss data available for 15 shi ps , only a

sing le ship appeared to adequately represent any of the ships in the INC

series- -this is a C4A -Al/Bl cargo shi p (Mariner—type ship) with a 17 knot

8
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design speed . The speed loss for this ship was applied uniforml y to a l l

INC shi ps. Figure 7 presents these reduced speeds as indicated by James.

DESIGN ACCELERATIONS

Table 2 presents the responses selected for each ship when all three

of the operator strateg ies , both with and without the James speed loss

criteria , are applied to the extreme response data base. The periods

associated with these selected extreme responses are also included . The
• Table 2 results thus provide li fetime extreme motion and acceleration data

for the INC ships operating on the transatlantic Trade Route 1 of Figure

4. Shi p A , for example , would be expected to undergo a + 47.6 foot heave

cycle with a 10.1 second period once during its lifetime if the ship were

operated under the Worst Heading, James Speed Loss Strategy on Trade Route 1 .

There is a one percent chance tha t a greater heave would occur.

Figures 8 and 9 were prepared to illustrate the sensitiv ity of such

lifetime extreme ship accelerations to various heading, speed loss , and

trade route (sea conditions) assumptions. These figures prese nt accelerations

and associated periods (from Table 2) of the shi ps arranged in order of

increasing shi p length for various combinations of assumptions. Accele ra-

tions are denoted by L~ for vertical , I~ for lateral , and L~ for long-

itudinal. Thoug h the Worst Heading Strategy , combined with the Jame s speed

loss criterion , W. J. , is considered mos t appropriate for design , the lowest

va l ues for the two voluntary strategies , AP , MJ , are also shown in the

table and these fi gures . The maximum accelerations shown for each ship in

Fi gure 8a and 9 are , of course , the worst accelerations for all headings ,

speeds , and sea conditions. Although these worst accelerations are not

ph ysically rea l izable~ they are useful because they represent the upper

bound of the accelerations.

~The hi ghest speed thus considered , and consequentl y the worst acceleration ,
is too high because involuntary speed losses due to the added drag in waves
and the loss in propulsive efficiency in waves were not considered .
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Figures 8a and 8b are , of course , based on the Trade Route 1 design

sea conditions of Figure 4. FI gures Sc and 8d were constructed with a

constant forty foot si gnificant wave hei ght across moda l wave period

suggested by the USCG staff . It is to be noted that this alternate set of

desi gn sea conditions is greater than the Trade Route 1 seas at all moda l

periods excep t for the 11 second pe riod case. The 40 foot desi gn sea is

unrealisticall y hig h at periods greater than 19 seconds and less than 8 seconds ,

• and unrealistica lly low compared to the world—wide extreme sea data of Fi gure

7. Nevertheless , the Trade Route 1 to 40 foot height sea comparison demonstrates

the sens~ t fv i ty of des ign accelerations to variations in design seas.

Fi gure 9 has been prepared to demonstrate the influence of speed loss

on des i gn acceleration. By means of arrows , the figure also denotes the

heading ang les at which the most extreme accelerations occur.

Upon examination of Fi gures 8 and 9, several observations can be made :

1 . Load variations which consist of nothing more than simple GM

(KG) chan ges do not affect design accelerations.

2. The range of periods associa ted with the accelerations is

ge nera l l y one second o r Tess for vertical acceleration which ,

because it is so much larger , can be considered the most i mportant

of the three acce lerations. The periods associated wit h lateral

and lor~~i t ~~- din - ~i accelerations vary substantiall y more — —  the

-
- largest variation in periods occurs for th2 least important

accel eration (longitudinal).

3. The lonqe r shi ps ar e more s i gnificantly affected by variations

in the des i gn seas than the shorter ships are. This tendency is

par ticularly n o t i c i b l e  when speed loss is not considered. These

results suggest that the des i gn accelerations of longer shi ps are

likel y to be incr eased as more and better wave data becomes availab le.

1+ . By fa r the greates t impact of speed toss on accelerations is for

the sho rter ships. For example , for the shortest ship, Ship A ,

the ve rtical acceleration is reduced by nearly 35 percent. Similar l y,

the reduction fo r  S h i p  B , is 25 percent , for Shi p C 13 percent, and
for Ships D and £ is less than 10 percent.

10

________________________________________ - - 
— — A -—— — •~~~~~ _ 

— .- .•_ ____ — —_a _•_



-— 
:_ -—-

~~~~~~~~~~
- -- 

~~~
------

~~~
-

5. Speed reduction does not appear e f f ec t i ve  in reducing, or in any

way affecting , either latera l or longitud inal accele rations.

Rather , it is more effective for the more important vert ical

acce lerat ions.
6. Extreme accelerations occur at different headings for the three

types of accelerations , though they tend to occur in bow seas

when speed reduction is considered; when no speed reduction is

applied , the extremes tend to occur in head seas for the shorter

ships .

In sumary , Fi gure 10 presents the accelerations and associate d

periods considered most appropriate for desi gn if the ships are restricted

in service to Trade Route 1. Reference 3 elaborated on desi gn accelerations

in seas represen tative of world—wide worst! The values are derived by

apply ing the Worst Heading Strategy and James speed loss criteria to the

extreme response data base generated by applying eauat ion 1. Lines are

drawn between va l ues for adjacent shi ps on the figure only to suggest

general trends , and should not be interpreted as acceleration curves across

ship length. The main reason for this is , of course , that the location of

the center of the forward tank is not in the same place relative to each

ship. Also the 1in c s do not account for changes in tank geometry due to

- - tank type , e.g. the vertical distance of the center of the tank above the

baseline.

Several conclusions can be drawn from Fi gure 10:

1 . The largest , and hence most i mportant desi gn acceleration , vertical

acceleration , is strongly dependent on ship length.

2. Design accelerations generall y occur at 10 knots , thoug h for more

severe seas than those of Fi gure 4, the speed wi l l  decrease.

3. Only small variations in the periods , e.g. less than 2 seconds ,

associated with a g iven desi gn acceleration type occur across

the series ships . Variations in period across all three design

acceleration types is less than 4 seconds.

11



_

TANK LOCAT ION

The extreme ship accelerat ions presented in th is  report are predicted
for the center of the forward tank of each sh ip ,  though t he designer may
find it useful to know the accelerat Ions for other tanks along the shi p.

Reference 2~ presents a brief examination of the influence of spatial varia-

tions along the ship in which point l ocation , as wel l  as GM , speed , and

heading were allowed to vary . The conclusions of this exam i nation are

briefly repeated here :

1. Vertical acceleration is constant along any vert ical line

throug h the shi p. Similar rules hold for latera l and long i-

tudinal accelerations.

2. Onl y the large spatial variations in the long itudinal direction

drasticall y alter ship responses , e.g. vertical and latera l

accelerations; longitudinal and lateral -ccelerations are so

much smaller in magnitude than vertical accelerations that any

changes that do occur in these two appear rather insign ificant.

3. load (GM) variations do not further affect response variations

for a g i ven heading.

1+ . Heading variations do affect responses with response variations

being higher in bow seas ( 1 35 degrees) and less in quartering
seas (115 degrees)

5. Speed variations do not further affect response variations for a

- • g iven heading.

DESIGN VECTOR

A INC tank must be desi gned to withstand the maximum force exerted

by the liquid natural gas on the sides and bottom of the tank at any g iven

~Reference 2 contains response trend-with-spatial variation plots which
can be used to translate the forward tank extreme accelerations to other
l ocations in the ship.

12 
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instant in time . A major component of this force~ is directly proportional

to the magnitude of the forces acting on the LNG along the direction of this

force or accele rat ion~-* vector. The maximum value of this force vector in

the lifetime of the ship is regarded as the design force or acceleration vector .

This vector consists of the inertia forces due to the accelerations of the ship and

the force or acceleration due to gravity. The calculated ship acce lerations

were derived in a coord i nate system that remains perpendicular to the earth’ s

gravity. As a result neither the ver tical accele rations nor the lateral

and long itudinal accelerations include gravity.

Since tank desi gn procedures require the magnitude and direct ion of the

desi gn force or acceleration vector i t is necessary to combi ne the acce le ra t ion

rela ted inertia forces and gravi ty. The mag n i tu de of the resul tan t design

vec tor , hencefo r th denoted as the design acceleration vector may be written

i n terms of the inertia forces~~:~ a , a , a wh ich  ar e equal to bu t of oppos i te
sign to the corresponding ship accelerations L~~, L~~, and L~) and the force

due to gravity.

DV I = ~/a2 + a
2 

+ (a - 1)
2 

(2)

were a is the longi tudinal  fo rce ,x
a is the lateral force ,y ~~~~~~~~~. ,~~~

a is the vertical force ,
z
1 is the acceleration due to g ravity.

~Vapor pressure in tank and sloshing loads represent the other ‘ajor componerts

of the ta nk desi gn loads as noted by R . L. Bass et. al . in their 1976

Ship Structures Report SSC—258 Table VI.

~ The terms forces and accelerations are used interchangeably since they are

equal when forces are calculated on a per un it wei ght basis and accelerations

are calcula ted on a per unit gravity basis as is the convention adopted for

th is  work .

‘~~~See Fi gure 11 . It should be noted that the distinction between inertia fo rce

~nd acceleratio n was not appropriate ly made in the earlier work of reference 3.
?JI

~
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The d i rect ion of the des ign vector is referenced to the tank by
two angles , T and T In the YZ and XZ plane of the tank , see Figure 11.

T is defined a3

T = arcs in ~~~~~ -
~~ 

(3)
\ I D v I /  ~

and T is defined as

-aI x \T = arcs~n —
~~~~~~~~~ 

— e (4 )
k I o v I / ~~~

Thus both T, and T reference the design vector to the vertical axis

of the tank , which in turn moves w ith the roll arid pitch of the ship.

The tank axis is thus referenced to the local earth vertical using roll

and p itch.

It becomes immediatel y apparent upon inspection of equation 2 that

there are two fundamentally different methods by which the design accelera-

tion vector , DV , may be determined , i.e., DV may be considered as a time

dependent vector , DV(T) given in equation 2, or a time independent scalar DV (Tl).

If DV is time independent , the three inert ia force components , ax ,

a , a are determined independentl y. That is , DV is composed of gravity

nondimens tona !i7ed by g and by the absolute va l ue of the extreme accelerations

L , L~~, and I” which represen t the maximum possib lc a , a , and a . This
0 A V x y z

t i me  independe n t des ign vec tor has a ma gnitude

IDV (T I H ~/ 2  + ;y
2 + + 1)~ (~~~~)

where a is the absolute va l ue of extreme long itudinal ship acceleration ,

ay is the absolute va l ue of extreme vertical ship acceleration without

gravi ty,

(a + 1) is the absolute of extreme vertical ship acceleration including

gravity.
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To examine the difference between DV(T) and DV (TI), shi p responses ,

wave hei ght and DV(T) , in accord with equation 2, were calculated in time

history form for a series of representative conditions. The resultant

maximum values of the accelerations as well as the time dependent and the

independent des i gn acceleration vector are presented in Tables 3-6. These

calculation conditions Included situations where p it ch and vertical accelera-

tion predom i nated as well as other situations where roll and latera l accelera-

tions predominated. The time history expansions were performed using ,

essentially, the procedures detailed by Zarnick 32 and Withringto n 33 . All

of the time history expansions were made for realistic short crested seas

using a cos 2 spreading func tion. Figure 12a presents an example of the

time histories of DV(T) and the associated shi p responses for Ship A in a

condition where vertical ship responses predominate. Although these response

syntheses were made for Ship A operati ng for 30 minutes in 40 foot si gnificant

wave height seas , Figure 12a shows onl y the 30 second time inte rva l which

included the extreme vertical ship responses . Fi gure 12b shows similar results

for conditions where relatively large latera l accelerations occur.

In summa ry , the magnitude of the vertica l acceleration wh ich includes

the earth gravity determines the magnitude of both DV(T) and DV(TI) irre-

spective of a and a . Thus , the vertica l accelera tion term a is thex y z
dom inant term which specifies the magnitude of the design accele ration vector.

In other words , for design purposes

ID v T ) I ~D V ( T I ) I  (6)

Table 3b summarizes the results of this brief set of calculations. it may

be seen from this table for example , that the DV (TI) varies , by 6 percent

or less from DV(T) at headings where desi gn accelerations are attained.

The ax and a terms , along with pitch and roil , serve to define the ang les

T , 1, which the desi gn vector DV(T) makes relative to the vertical axis of

the shi p or tank. These angles in turn are generall y 8 degrees or less

when DV(T) is a maximum , It is noted however , that when DV(T) is less than

a m aximu m the ang les reach va l ues up to 17 degrees.
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ASSU MPTI ONS AND UN CERTAI NT I ES

The major assumptions in the prediction of the design acce lerations

are as follows :

1 . Ship responses are assumed to be linear for the extreme seas

emp l oyed , though roll motion is treated as a special case as

described be l ow .

2. Extreme seas are assumed to be appropriatel y represented by

two-parameter wave s pec t ra defined by obse rved ex t reme wave

hei ghts and wave period pairs.

3. The wave heig ht distribution function is regarded as a Rayleig h

distribution .

1+ . The worst extreme acceleration , modified by speed loss , and

not to be exceeded 99 percen t of t he t ime in a three day shi p
exposure to the extreme seas is the appropriate desi gn va l ue.

With these assumptions in mind , a ce rtain so—called uncertainty

can be associated with the desi gn accelerations of Figure 9. For examp le ,

each component of

x 
. ( q )  CT ( T )

as well as the selection of desi gn va l ues from the extreme response data

base has its own individua l uncertainty associated with it. Each of these

four stages of the building block procedure are now examined.

UNCERTA I NTIES

The uncertainties associated with the RMS unit wave hei ght responses ,

, are associated with the use of the linear superposition principle for

large va l ues of ship responses. It has been known for some time that

as ship motions tend to reach li m i t i n g  values in extreme seas , the lim i t i n g

va l ues are not necessaril y accurately predicted by use of linear super-

position . As reported in Reference 2 , a techni que was developed

~o treat roll r-~et i on , the most nonlinear chip response. Briefl y, a roll 

~~~~~~~~ _
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reduction factor which implies increased roll darnpinq in extrem e seas ~as
been dev e loped and app l i ed  to the LNG se ries ships.

Experimental verification of the accuracy of the predicted three

components of acceleration are g iven in Reference 1 . It was shown in

that reference that the RP’IS shi p responses are overpredicted w i t h i n  an

accuracy  of 10 percent. This the predictions are on the c o n s e r v a t i v e  s i d e

of re a l i ty .

(~~~ 
) UNCERTA I NT I ES

w 1/3

Two basic uncertainties are inherent in the determination of extrem e

sea conditions. The first is in the shape or frequency content of the

extreme sea energy spectrum . The second is the actual heig ht of the A.

extreme sea. Refer ence 1 demonstrated t hd t the s~~ipe o~ N o r t h  t - tlant c

Extreme Sea Spectra can be approximated b’- s i c a l e  peaked Bre ts ch re i der

spectra. The use of these spectra resulted in ~rc e r t a i n t i e s  (nver pr edict i o ~ s~
in the predicted extreme responses of up to 10 to 12 percent. Figur e 13 is

adopted from the Reference 1 work. The top row of cirap hs sho~-,s the measured

A tlantic spectra at Station India (59°N , l9°W) and the corresponding pre-

dic ted Bretschne ider spectra. The betto r ’ row of plots shows the resu lting

res ponse spectra for Ship A at 135 degrees and 10 knots. Percent var iations

i n RMS response values vary from 4.7 percent (first graph) to 12.0 aercent

(las t graph).

Subsequent to this earlier work , the f i t  of Bre tsch n eid er spectra

to North Pacific extrem e seas has been investi ga ted by use of measured

spec t ra a t S t a t ion Pa pa (5f l 0~~ , l 1 45°W) . The results of this comparison

ar e shown in Fi gu re 14. The use of the Fretschneider spectra for the

extreme sea cases (first four column s ) results in response over o redictio ns

up to about 5 percent. The fifth column of graphs is included onl y to

i l l u s t r a t e  that hig he r moda t pe r i od  seas do ex i s t in the P a c i f i c , al tho ugh

the available spectra are for moderate seas . In this case , the response

is overpredicted by about P~ percent.

17

~~~~ I



In summary , the shape of extrem e sea s p e c t r a  i r e  he represented by

the Bret schne ider spectral form . The u n c e r t l i r t - 1 in predicted extreme

shi p response due to this choice of spec ’ral shape is about a 12 percent

overpr ediction . The second uncertaint y as soci ated wi t h the extreme seas ,

e .g. the hei ght of the sea , i s  not so easy to prat t i 1y.

The di f f i c u l t y  in estab l ishin a r e a l i s t i c  e~~’ i ’ - ’  ( wave heights is

-~ue to a scarc i t y cit extrem e sea c la t r . A f u r t h e r  A l l - r e n t  of uncer t ain !-1

is t hat associ a ’ el w i t h the calibration of vkua l - - ave height data. As
shown in Refer ence 1 , the uncert a int s n p r - ~~- a! b r a tion results in

up to a 22 percent variation in i x !  ri-ne i- -ave hH pht - It is regarded that

this 22 percent uncertainty is equ a l l y a pri l i c a b l e  to the uncerta i n ty ir the

expected occurrence of the i-ai v i- . i c . th e aua’- ! o~ a vail a b l e  extrem e

sea data is scarce and the resulting rd rlh~ 1~ ~y o~ t e r i r  p r o b a b i l i t y of

occurrence is poor.

CT 
UNCERTA I NTIES

Uncertainties in desia’ acce lera t ions res u l t i n g  from the selected

confidence facto r C
T 

a rc ass ociated w i t h  th e len g th of the exposure t ime

to the extreme seas and the wave heHht ~is r i b r i t i o n  fu~’ct ion . For the

ii~~e of con serv at i sr - - , the ship -xposu ~ e to th e extrem e seas u sed throug h—
A out thk wort has been taken as thr ee days . W~-~ -n expos ure time is computed

f a r  a 20 veer sh~ p l i f e  d i r e c tl y , en ~ ‘e h~~~is  — ‘ occurrence ri of the

extreme seas , shi p exposure tines or the ord er o~ ‘ - r r - t -  hours to twe l ve

hours resu l t. Thus , the use of a three day e .  c rc  i~~e s up to three

time s as long as the exposure ti n e in ~~i c a 1 r d  b-~ the e x - ~ting wave data.

6 C
T 

is cons i-ie red 6er a some r-rha t less censor i - i t  ~ r-  exp osure time than

three days , fo r instarc e ~“) or ever 2~ hours , a recuc~ ion in the predicted

-
- extremes rang inn from about ~ t i  8 rcrc enr resul ts . This rather low reduc-

tion in the predicted extrem ,e w i  ~h suhs ta n t i - i I e .- posure  t He reduc t i ons

suggests great accuracy in the p 5 r  Hat ion ~~f t h o  ~ xaosure tim e  of the sh ip

to t he e x t r e n A -  s to rms  is  no ’ rer :r1 r’- r ! -

Another fictor of cn n sc rv rt is n rrberen ’ t n t 1
~r ’ use of C T v a l u e s  is

the v a l i d i t y  of th e wave h e i g h t  d i s t r i ! - r , T  inn la C ro r -..- h i c h i- -c have assu med

ri u nr el i a b le due to sc .lrcii v i- f dir -i .

18

[ a

- ~~~~~ ~~~~~~~~~~~~~~~ , .  - - V ~~ “ ‘~~ - ~‘ ‘ .. -— - 

—~~ -~~~~~~~~~~~~~~~ - - _-- ‘
- a-- --- - ~~~~~~~~- - ~- - - A —



--

for a larqe number of waves , i.e ., the use of the Raylei gh d i s t r i b u t i o n .

The results of Re ference 6 suggest that C
T 

may overpr edict the extreme

ship responses by q percent when 20 ,000 cycles of waves are encountered.

Reference 6 presen ts results of an experimental model stud y o~ extre m e

shi p ‘notions and bending moments for very long time periods in irregul ar

seas . Based on the res u l t s of t hi s work , it is clear that the use of our

C T va lues and the a s s o c i a t e d  assumpt i on  of the Ray l e i gh wave he ight d is-

- - tribution w i l l  tend to produce conservative estimates of the extreme desi gn

accele rations. Specifically, the results of Reference 6 indicate that CT
overestimates the true value of the extreme by ‘a t least ’’ a facto r of

( 1  - 
2
,2)~ where o corresponds to the bandwidth parameter of the ship

response. If this assessment of the error associated ~- ii th CT due to spectral

bandwidth is as sure d to he v a l i d , the consequences of the assumption of the

Ray leigh wave hei ght d i s t r i b u t i o n  ray he quantified. The eval uation o~ a

for a typ ic a l rarc ’e of ship responses ind i cates that varies from about 0.3

to 0.7. This , in turn , corresponds to overpredictio n s of the true extremes

Ii’, up to ° n, rc e r t . Fi gure 15 ~hnw~ t h at esti m ated overpredictions of the

worst headin g ext rem e accelerations is from about 2 to 9 pe rcent. Thoug h

this measure of the degree of conservatism in the predicted extreme response

may not he en t i r e l y  v a l i d , it s t i l l  suggests that a substant i al decree of

conservatism is inheren t in the use of the t -erie s C
T 

val ues of Fi gure 5 .

In summa ry , it appears quite certain that the C
T 

val ues are associated

w ith 10 to 20 percent overpredi ction o~ extreme responses.

DESIGN SELECTION UNCERTAINTIES

-. 
- - The last major uncertainty associated w i t h  the design accelerations

is due to the procedure eriployed to select design values from the extrem e

response data base. For example , if speed loss is not considered in the

selection process , the ver tica l accelerations ray be overestimated by up

ti- 35 percent for the shorter ships , see F i ori re 16 adopted frn Fig ure 9.

For shi ps w i t h  lengths in excess o~ 
pgg feet , th~ unc e rta inty of desi ar

vertical acceleration associated w ith speed loss decreases to neg li g i b le

~

ir ~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~



va l ues of 8 percent or less. In general , speed loss has litt l e  effect

A 
on the less important desi gn accelerations in the latera l and long itudinal

directions.

SUMMARY

The uncertainties associated with each of the four steps of the

building block procedure have been dis cussed and are summarized on Fi gure

17 . In all cases , the uncertainties are on the conservative side which ,

in this context , indicates a percentage overpred iction . By far , the most

influential of the four steps of the bui l d i n q  block procedure on the shorter

sh i ps is  t he des i gn selection (speed loss) procedure. For the longer ships ,

the height of the extreme seaway is more cr i t i c a l  to the design , e.g. vertica l ,

acceleration than the loss of speed due to the ‘x treme seas. The effects

of ship response predi ction accuracy, wave spectra l shape , shi p exposure

ti m e to the extreme seas , and assumed Rayleig h d istribution of the extreme

wave hei ght s var y from 8 to 12 percent design acceleration overpredict ions

and hence are not so important as speed loss and wave hei gh t .

RECOMMENDATIONS AND CONCLUSIONS

In v iew of the unknown consequences of LNG s p i l l s , i t  is  cons idered

that conservative tank desi gn acce le ra t io n r u les tr ust be re tained a t the
present  t ime . Thus , des i gn a c c e l e r a t i o ns  have been presented based on

the wors t  head ing  assumpt ion  both w i t h  and w i t b o~r~ “o lun ta ry  speed loss

cr i t e r i a .  Due to the great  e f f e c t  of speed l oc s  on des i gn acce l e ra t i on

lev e l s , e .g. for the smaller shi ps , it is strong ly recommended that an

invol un tary speed loss cr it e r ia , e.g. due to addei1 drag in ex t reme waves ,

be developed and adopted to the b u i l d i n g  b lock procedure .

For the sma l le r  shi ps , the volunta ry speed loss criteria used is the

s i ng le most important factor in determining the des ign  a c c e l e r a t i o n s .  How-

ever , for the la rger shi p s , the height of the extreme seaway is by far
th e most i mportant factor.

‘A’.-

— 7
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Design vertical acceleration Is considered the most important accelera-

tion for des i gn because it is so much larger than either lateral (by at

least a factor of 2) or long itudinal (by at least a factor of 10) de sign

accelerat ions, The dominance of vertical acceleration in determining the

magnitude of the design vector and hence the tank desi gn pressure is accentuated

when gravity is properly considered. Des i gn vertical acceleration is strong ly

dependent on ship leng th though periods associated with it are not. For each

ship in the se r i es , des ign ver tical acceleration occurred in bow seas.

It is expected that as more extreme sea data becomes available , the

des i gn sea conditions will  change (increase). As more data becomes available ,

e.g. for the North Pacific , it is expected that the wave hei ghts wi l l  in-

crease for the hi gher modal period groups. Thus , the larger shi ps w i l l  ha ve

lar ger responses at these hi gher per iods tha n in the presen t work .

Fin a l l y ,  i t is recommended that the LNG shi p series response da ta base

be up da ted regular l y to reflect increases in extreme seas , newe r speed

loss cr i teria , and potential to reduce extreme ship responses by reliable

opera tor s t ra teg ies . The da ta base is stored on magnetic bcd tape so such

access wi l l  be relatively easy to accomplish on any computer systems of

t he fu ture .
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~~~~~~ 
= 561 FT

- 
. 

/IW ORST HEADING IS ASSUMED ONLY APPROPRIATE STRATEGY FOR D E S I G N .

Figure 17 — Summary of Uncertainties for Extreme Accelerations
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A P P E N D I X  A

D E S I G N  SEA COND ITIONS

T h i s  A p p e n d i x  w i l l  descr ibe the pro cedure used to se lect de’ C I c ,n S ’ -i

cond i t i o n s  for a g i v e n  t r ade  route , compare these selected des i gn

seas w i t h  wor ldw i de  ex t reme  seas , and describe in qen eral the p b i l I-~~ - p h/

of determining des iqn sea c o n d i t i o n s ,  The selection of design sea con-

d i t i o n s  is  cons ide red  to be the most i mportant element in the four -tep

bu i l d i ng b loc k a pp roach to des i gn accelera tions. The reason fer t~ i s

is tha t the sea selection has associated with it the greatest (
~psree 

A c

v a r i a b i l i t y  or uncer t ~1Inl y of the four s t e p s , 1’C The develorI ”Ien ? ~~
1 if~~C

seas consists of four d i s t i n c t  steps:

1, R e p r e s e n t a t ion of [x t r e m e  Seas

2, Ph i losophy of Selection of Design Wave ParC1 r’~ t e r s

3. Selection of LNG Trade Routes

i~ Worldwide Ex tr e~’e Sea Data Sources

Eac h of these is now discus sed , The nethod f~ r representing ex ’A ”e e

seas w i l l  be disc ussed first because both the selection OF ~~‘ k

(TrClde Route or Routes) and the extreme sea data sources depe~ on ~he

basic extrene sea repre sen ta t i on .

REP P E SE N T ~ T I(Th OF EX TREME SEAS

Sp~ c ’ r a~ P e~~r es e nt a t ion of Ex t r c - ’- e Seas

Ch ’erv ed and measured seas of al l  hei ghts or ~Iv e r iHe s rep re sen t

‘A tu r l : s of locall y w i nd generated waves and s w e l l  f ro r ’  d i s t o r t  s t i r - s .

~-e pre~ r’nce of swell i n  w ind  genera ted  seas is  qen er al lv js~~ci~~iate q 
~, i

a n u t i c a b l e  peak or spike at the l owe r wove frequencies in tF’ e ~.ave s::-ectrur’ ,

.~
1 en la n e , consistent data bases of nipasured waves are spectrur ’ a n a ly ? I.-- d

~-‘d f - ~Cn ex-v- ined the presence of re l at k °l y few si nq l ’.’ peaked wave spectra

~~
‘ ‘ -  v o l - i n t a r - ~ speed loss  used in the p resen t  work is  nero i n f l u e r t i a l

~~~~ the C1I — s i q n  seas on the s m a l l e r  sh i ps .  However , i t  is  Ox1’ l ’( t I ’ I~ t ° at

~~i” ~he i nv o l u nt a ry  speed loss is  used t h i s  i-u 1 1  not he true ,

p.
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is gui te apparent. Thus it is clear that generall y realistic seas represent

I” i x t u r e s  of sea and swell. Howeve r , when the spectra l shape of the extreme

seas of in te res t  in desi qn are considered , it is noted that the importance

~ the mixture of sea and swell is much less pronounced. Measured , extreme

sea spectra generally consists of spec t ra  wh ich  con ta in  onl y a single , well

pronounced peak. It is noted howeve r , that this peak or moda l period of

the wave spec trum occurs at different frequencies for waves with a constant

si c ~n i f i c a nt wave hei gh t. Based on the above observations of the charac-

• o r i s t i c s  of measured extreme sea wave spectra , it was decided to represent

o\treme seas with an id e a l i z e d  two parameter (wave height  and moda l period)

s ; ie c t ra l  shape due to Br et s c h n e i de r .  This spectrum is i-u ritten as

= A n exp [-B/w 4], Ft 2 ‘ Sec

- -ore A = 4 8 3 .5  (~~ )~~,3/T4 Ft 2 Sec
4

B = 1911 4 .5 / T
4 

, Sec
4 (A l )

The two pa ramete rs  of the spectrum are si g nificant wave hei g ht ,

m d  nodal wave p e r i o d  Tr. These par ameters in turn nay be r e l a ted to the

v i s u a l l y obse rved  wave r m e i g h t  and p e r i o d  pa i rs reported by various authors

in accordance wit h relationships due to C a rtwriqht ,

- ~
‘ (‘~~)~~/3 

= ( .66 cobs 
+ 2.55) meters (A2)

T = (6,58 + 0,448 T ) seconds (A 3)
o obs

I t is to be noted that ship responses were computed for a series of ei ght

.- ,i ve spectra , each with a one foot si gnif icant wave hei g h t but with a

di ’ferent r”odal wave period , These unit si gni fica nt wave hei ght

shi p responses were then mul t i p l i e d  by the s i g ni f i c a nt wav e hei gh t a ppropr ia te

¼
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for ,i specified modal wave period as determined from the long te r - -jove

data  bases to y i e l d  the ex t reme Sh ip  responses for des i gn . Before di s cu ss i nr~

the s o u r c e s  of the long tern wave data however , the v a l i d i t y  of the s r e c l r a!

representation , as well as the basis for establishing the si gnificant wa -,e

hei ghts appropriate for design are discussed,

V a l i d i t y  of Two-Par am eter  Spectral Representation

In Reference 1 , the use of the two parameter  wave spectra in lieu of

measured extreme wave spectra was investi gated briefl y. The adequacy of

t~~~
- spectral fit was judged on the basis of the differences in shi p r es pc C ? S I  - -

computed using either the measured or idealized two parameter wave spectra .

If dif f erences between responses computed in the m easured wave spectra and

the Bretschneider fit to these spectra were small , i ,e. less than 10

percent of the responses in the ocosured spectra , the spectral f i t  was

adjudned to be rood , The f i t  w as judned to be good for the se t  es ‘

ex a”~ine d in Re fe rence  1 . A more e x t e n s i v e  s e r i e s  of c a s e s  5as no.-, been

exan ined for both severe , measure d A t l a n t i c  C- C i f l S  Pa c i f ~ c w ave  s p e c t r a ,  The

r e s u l t s  ar e presented in Figures  13 and 14 . I t s hou ld  be noted tha t  t h e s e

brief comparisons of vertical accelerations in op osured severe ~~~~~~~~ s pec ’ ra

and the corresponding idealized two—parameter Br etschneider sp ectra I- A- rI-

made at  s h i p  c o n d i t i o n s  w h i c h  c o r r e s p o n d e d  to  t h ~~ d e s i g n  a c c e l e r a l  ion co’-

~ i t i o n s  for S h i p A ,  In a d d i t i o n , i t  shou ld  bE no ted  t ha t  the I ’OC~ - -~u r c

f~C r  -C - m t — h  inn the i d A - a l  i zed t w o - p a r a ” - A ’ t I  r B r e t s c h r ’ I ’  -de r  s p e c t  ra ~m uI C  C e

~ easur€- d spectra are the same on -s ou t  I l C’ I- .~ in Re 1erence 1 , I t i s  c l e a r

f rom ‘A b C S ’ l i m i t e d  r e sults that t k IC 
~~‘~ i i  i ic-u t . - Jo— p a ra -  r or s e € ’ c t r a l  y i e l d

I’ -,.hot cr,ns~~ r va t  10 a cre C r’ rar ions in  co~~par son t o  t H - -- 1-asured s e v e r e

‘A sea s p r - c t r a  in bo th  0 C C - InS ,

In or er  t C -
~ flo r A ’ f u l l y C C V A C C A ga ’V- ’ fl (1UO1 

- 
t \  0 ’ t h e  t j - , n - 7 ; - a r a - -- e t e r

wave sp e ctr a l f i t  for I - ~~~t r E ’ r ’  SO C I S , -,- A - r t - c a ~ acc I C l I r ,t i n n s  - - - ( - r e  c a l c u l a t e d
‘-j,~~k Hr sor e 200 , ava i l a b l e  wave ~~ ‘ru a A h e  C C ’ l int  i c ~~- the~~- - h i p

S t a t i o n  Ind ia , and the range of t I C  — O - ~ 
r i- I ‘ ‘ t  B ‘-

‘ t 5 - . hA l ’  de r A-j,IV (’ sp ectra

at correspond~ n~ wave hei~~b ts . ~ P - e ~~( ’ r A  ‘ - j i l t s  a r l ’  ~ hc>j-;n Hun Sb p D

¼

1~ 

Ri

_________ - t~~~~~~~~~~~ ~~~~~~~ ‘ 0 ~~~~ ~~- 

- 
-



- -  
-- ‘A’-’A-- -

~~
-
~ ~~~~~

---C-C ----.

t raveling at 10 and 20 knots in seas rang ing from si gnificant wave he qhts

up to about 1 L 4 feet in Fi gure Al. The results are not intended to imply

t ha t  Shi p 0 would sustain these accelerations at 20 knots in these seas,
i
t is considered tha t the invo luntary  and vo lun ta r y  speed loss would

m i t  these accelerations. However , the results are intended to establish

tha t the two-parameter wave spectra , when used for a realistic range of

moda l ie riod s (7 to 21 seconds) , see Figure A2 , w i l l  yi eld shi p response pre—

dictio ns which are equ iva lent to those based on measured wave spectra.

Fig ure A3 presents , for all five LNG shi ps at the des i gn conditions ,

th e C,C e r t i c a l  acc eleration predictions based or’ mea sured severe wave spectra

.-.~~~~rh siqni ’ica n t hei ghts  rang ing from 25 to 45 feet , and the two-parameter

sce~~’ ’ i l  series responses for the same wave he i qhts , The results strong l y

sucrest that t h e  two-parameter spectra l series predictions represent

the hounds of the vertica l acceleration responses o t t a in e d from the extreme

or -~ ‘v er e  measured wave spectra .

aF ’ . I L OS O P HV OF SELECTION OF DESIGN WAVE PARAMETERS

In order to apply the prediction procedure for desi gn accelerations

- , employed in the current approach , the extreme seas are r .—guired in either

--- eas ured wave spectrum forma t or in the form: of e x t r l ’ ’ I’ s i g n i f i c a n t  wave

bHr’bt and assoc ated moda l period pairs , Our approach in de te rmininc

l o n e— t e r m  e \tr SC15 d i f t e r ’C from A hC 1 ! of  se - o ra l o ’A h~~r i i it 1’ - r s  in

that statistica l C Iode ls  to project the ext r’ r-l e sI C C o I C not er’-p l oyed,

Ins t o ad , i t  is considered appropriate to base desi gn acc eli- r aHo n s on the

— 
h i g h e s t  o h s e r v ~~-~ and/or  measured sea c o n d i t i o n s  ro t h , ’  r than e x t r e m e

sea C )nd i t i ()n S 5 ased on s t a t i s t i c a l  e x t r C m a ’ l ,’ t p o n s  ~~ sea  data. Extreme

sea cor I i i t i o ns  wh i ch have occur red once ma s occur  a g a i n .  P’Htber”a t i ca l l y

p r oj e c t e d  e~~t ro-- ’ ( ’  seas whose magn i t u d e s  f-~ ,I-ed or arc  less “man t h o s e

pn~u v i  ‘- us l y mea’- -ned or observed are di st ru s ’ ed .

T e d i s t r u s t  of m a the ma ticall y pr ojected ol t ’ nI- seas is based on

‘A -.-,o s p e c i F i c  p o i n t s , both of which w i l l  be d is cussed at some length. The

f i r s t  point is rela ted to the rela tivel y poor qua l i t y  of the fit between

‘I’
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ex i s t ng wave da ta  bases  and v a r i o u s  statistical models such as the W e i h u l  I

distribution. The second point is r e l a t e d  to fact that long-term wave

cond i t i o n  v a r i a b i l i t y  is  not adequate l y r e f l e c t e d  in the leng t h (time span)

of the exis ting wave data bases.

With respec t to the first point , Fig ure A4 was prepared to il l u s t r a t e

the qu a l i t y  of the W e i b u l l  d i s t r i b u t i o n  fit to the observed wave data for

Trade Route 1 C ~ of Hoqben and Lumb , see Fi gure A5. The observed resul ts for ei ght

specific reported wave period codes are shown as freguency of occurrence versus wave

hei ght h i s t e ~ r a - s . The corresponding We i b u l l  d i s t r i b u t i o n s  are overlaid

on these histograms. The reported extreme wave hei ghts are denoted in

these figur e s by the symbo l 0 , and the extre ni e wave heiqht s calculated by

m eam s of order st a t i s t i c s  (probability level , -~~ 
= 0 .01 , see Reference 27)

and the We bu l l  wave data distr i b u t i o n s  are denoted by the symbo l W . I t is

notI ’d that bot h the observed and the s t a t i s t i c a l l y  derived extreme h e i g hts

C r j u r  far out in the t a i l  of the wave hei gh t d i s t r i b u t i o n  where the greatest

discrepancies between the actua l data and the theoretical d i s t r i b u t i o n  occur.

Th us , it is concluded that the basic observed wave data base  is  of i n s u f f i c i e n t

- ;, .a l  t to - a rr a nt the use of the added layer of sophistication in the treat-

“ I~~ of e x t r e m e  sea data inherent  in the use of order statistics or the

~I - i b u l l  ~ it to this data. Robinson 27 concluded that the distr ibutio n for

-C ’ I a r C ( t e  .•,,ije deriod groups such as the ones shown in Fi gure A4 is not well

1 i t t e d  b y a Weibull d i s t r i b u t i o n  unless areas are combined to increase samp le

5 ’  7, - -

Wi ft r”saI ’Ct to the second p o i n t  about the adequa cy of t ime  l e n c t b  of

the da t a  hoses  for l o n g- t e r m  extreme predictio ns , the :‘hilosop h y expressed b y

Ba t t j c
1
~ t h a t , C C T h C lonq-ter m p r o b a b i l i t -~- structure is a re f lection of loca l

C 

a~ distant c l im ato lo g i c a l features and canno t he dc-alt w i t h  by de d uctive

- e t 1- ds is con sidered appropri ate. In p a r t ic u lar , sta t i s t i c a l Ion s-te rn --
- 

~~, d i s t r i b u t i o n s  are regarded as such ‘ deduc t ive me t hods ’ . The long-te rm

d i s ’ n ihutions are regarded as pr oce du res~’~’ w h i c h  f i t  curves to I , 2 , or

Trade Route 1 of Reference 1 was d C ’ s i t i n a t e l l  by US Coas t  Guard as the ‘ost
prob ab le and re a l i s t i c  North A t l a n t i c  Trade Route. Thi s route and often

¼ ecoe raphic areas w i l l  be discussed in a later section of this ap n endi x .
‘1 ’ Procedures suc h as the ones used in Reference 12 to estahl ish 1flfl year

(-~~ ‘ r p n e  des i gn sea condit ions fror: data based on a single sear .
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10 year s worth ot sea data and t I l -  ,- C t I a 1 C I , I , I t I  to o t t a i r  t A ,’ ‘lost r - ’ C a b l e

extr t- C -, ea  in ‘O or more years. We r * - ‘;ard ~uch ~-x ’ r g C ( C l a t  l O I S  w ‘ a~~jre—

hension -
~ ‘ r l u s e  v ’ rv  1 i t t  le is  ro. - , ’ abc It t 0 ot~pa-  ~ ‘ ‘ t  l~ to ~ t, y e - j r  : 0  r iods

a s s -  c i - a t e t  , i h  ~i- a r ) Y  ,‘~~tr rrn( -  s - a d,~’a 
f rom ‘ ‘~~~~ t A t l  a t i c  ~,.

.
A~~herC C r i p s .

9

S ~f ll lan C fJC flC — I C O C  iod ic t rt-r’d ~ ‘. I - 
pC I  ous r C I n q  I nq f f i l l ’  12 to  ‘ - .~ -a  rs

are a t so noted i l l  o t ’ o - r  l ong— t o r - - -  d a t a  co I ec i ( m i s  - 
- 

~ C f ’  da t  A I n  t :J ~~~ r

are a l l  c o r r e l a t e d  w i t h  the fr e q u e tum o~ occuron . of ~e . er ~’ sea - - r C ’ I t j ~~r 5 .

The- da:,i c o n s i s t  of t he  frequency (It  winds qreC tI ’r ( t o n  33 L ots in t h e

A t l a r t  c~
0 , t o  1 requenc’.- of ga I t -  w i n d s  ( Bo .o~~ort 8) nr~d s t (r r r 21 

i l l  ~ 0

GuI ~ o A ias ka 
2 1 as we- I 1 as fN- qu ercc y of shi r c i is ions ,30 e t c .  t r I -

quas l ’e r. odi c nature i t  such d a t a  I I e I C C I C C  e55 - f l t i I i t y .r o h i h l t s  in our opinio n ,

thc ris t of s t a t  s t  ica l cx r~ pola ’ ion p r - C l ~d e r - s  f - r  use in p r o j e c t  inn l on g—

ter’ em. : nl I ne Se,I dat a ,

T 0 -eccentage s of wind forc e ~ d a t a  f ro m ’  Re H-eence 21 , an 4 the 100

y e a ’  -‘ ~ he ~F i t  c urecas t  from ~
,, C d i f’’€- n i ng year- ~f’ ‘- C~~ e r f ~p C p  ~ are

Cl tI O~~ A~Iflp t I s - -~h c c h  serve as warnin g s as tO th e use cf lon g_ A er ’ pro-

jec t ens fro r sno rt or small data base’s. TIC qu a r t it s’ and q u a l i t y  of extreme

sea data p r e c - - r t t v avail -ib l e ~or use o n a  u e e .h,-~~de b - isis is rec a r led as

be i r too - ia e ~ I ’ - - eroper  ant’ i cat nit of loop— ten stat i St cs

We cons d .-r : e = C . I n r i a l  - update des i q r . COO . 1 - t a  on a regul a r , perhaps

yea r i CI ’  -- I-i t ’ - 1O~~~~~ 
h CIC i~ ‘A I A s i: mr’~ le~ 

51 t - °  - - ‘ r u ’  \- ,OVt- lot-i , c-s pec i a ll y for  l ever  c .  a r e a s  suc h as  C -,-

No r t h  - - -
, th e Capes o~ Gr’c d Hope a ri d Horn a d  s a ~ Hr areas he c o l l e c t e d

on a ~~ l C~~5 I 5 ,  -;
‘ oriciu d e d , as we have -i l so , ‘Tb - it the choice of a stat i s t i c a l

r ~ ~ ir loo r t m t  for em - Cr - ‘~~ ~~~~~ s n l  s t  cs , -cc th e need for an

ado L C i t u  ‘C ho se ’ , In our case f - :o-i~-se be s t a t  j m t  c a l  d a l  i s  the

actuo ’ ‘V C  .. ‘ i C -,e I r o n  Wh A Ch the °‘ghc’st n i qn t f ic , a n t  ‘- - -ive h e . c b t / m - d a l

CI 
- -Ire select ed as the -apo roo ria t e d~~p 

- 
~~~ con-fl I i ons. It

S b -  b r-F ’n CrC-4 ‘hat ‘~~) l r - - cn—n- ~ r c - - - n’ - ‘ed , ‘ J , n t h  Sea - ‘ r I m e  sea

con ‘ ‘ i i ’ , i: - I -) C l C d  ~~rr five comr’on I y o p eyed s t a t  s t  i ca 1 mode Is wi  t

_ _ _ _ _ _  ‘
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visua l observations made b y a Norwe gian wE”a ther shi p f ron- 1959 t o  ~~~~

COMPARISON OF DESIGN WA~’E HEIGHTS

The recent wor t of several authors on d i r i v i n q  ~~t r e  o i l -  condi  m r  ‘,

for d e s i g n  based on the concept  of f i t t i n g  d i s t n i f C u t i r - .n ~-a v he r e f I- rer ce C I

as a documented alternative approach for s e l e c t i ng  d e s i gn e x t r e r e  .-- , 3 . A -  ( i l t O .

The work of Draper , Rence , and Shellard 31 employs in str um c’ n t ed wave n-,-~Isure-

ments and forecast from wind  data to develop 50-year design wave hei ghts

in the areas surrounding the b r i t i s h  lsles . Extrem e design wave heights , w i t h

a 50— year return period , on the order  of 28 to 31~ meters (92 to 110 f e-ct )

res u l t. Si m i l a r l y t he work of Thom
22 based on v i s ua l l y observed (annua l

extreme) s i qnif i car .t .ave hei ghts results in pr ed icted o~~t r - n t -  ru- si qr’ -~, =mj,-

hei ghts ~-ii th a 25—year return period of ~~~ and 35 .7 eters (120 are 1 t 7

feet , respec t iv e ly) for ocean weather stations I I I C I  and J~~. TH’~ e e>: re e

wave hei gh ts , bas ed on visual observations , agree w e ll w i t h  extre’ - e - - -ave

hei gh t s deve lo pe d by Battjes
lG 

f rom measured wa -ies at ace-a n w eath er s:a ’~~~ rs

1 1 1 1  and ‘ ‘ J ’ ’ . B a t t j e s  r e s u l t s  su gg e s t  extrem e wave h e i g ht s o~ 3b a r - .

- “eters (115 and 105 feet) resrectively.

I t should be noted that the corresponding extreme -,- ,avr’ hei g ht s used

w i t h i n  t h i S  worL for Trade Route I ranqe from ab out ~! 1eet for s i g r~~~ic a r t

- - ave hei g h ts of 28 feet to 119 feet for  S i n n i 1i c C a f l t  I- -ave h e i n h l s  0r

feet c on ~he r~anqe of modal wave peri ods l - r ’~ , 1 , - r I d .  Th~ co r n - - pond i

extreme C - a - _ c heights selecte d from the a t te ,rnati ,I~ extr eme 5r- n curve , ( p

be d i s c u s s e d  in the next  s e c t i o n )  see r i n u r o  ~~ 5 , w~ 
I ph hounds •~~e repo r ’ C - C

-‘ea~~ured or observed  ex t reme data  ranges f r om ~~~‘ f C O t  j - t j ~ 9 
~e€- t ‘or 5 1 1

ran ge ~~ moda l wave periods considered. I f  a l e s s  LC n s’rv.a t ve cnnfHence

‘A- - 
1a c m r . CT, corres p ondin g to the mo’t p ro b ab le extre ’~’e is er-ployed , t He -

T rade Pro c 1 ext rer’- I’ w aves  wi 1 1 co r respond  to  ~-ca v ,- ic j g l i ~ s ra n g  i og f r om

_ _
C f-I to 2P feet fi r tb~ range of modal wave p eri ods; wHere,a~c the e’tremes

fg r  th e e~~~~rern f C h o u n - -1 curve of Figure A7 w i l t  canoe 1rc ’  ~ 1 to 122 feet.

In concl udi ng ti .~i s  s e c t i o n  on the s e lection of desi gn sea  conditions it

sh ou l d  he noted that v e r y  l a r g r -  d i f f e r e nc e s  in d e s i g n  sea c o n d t i o n c  can

Occur - I -n d i 1~ erent dat-a sources or d i f f c r ent s t a t i s t i c a l  —o dc t s a r e

n

1,~C .,

~ 
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applied. All approaches, however , share a common s hor tcom i ng of ver y sca rce

extreme sea d a t a .  The importance of d i f f e r e n c e s  in des i gn sea con d i t i o n s

- i s  broug ht out in somewhat more detail in later secti ons and in References

2 and 3.

SELECTION OF LNG SHIP TRADE ROUTES

Bo t h present and projected future LNG t r o d ’ -  routes must be considered

w h e n  sel ec t ing t he geog rap hy for which design sea conditions are to be

es tablished. In addition , the quantity and quality of the wave data available

f i r these trade routes must be considered . Thus , the selection of the geo-

graph y from which design sea condition s are t I C  be extracted is tempered by

the quality of the data available for the appropriate areas.

C 
Si nce LNG sh i ps once b u i l t  may be expected to operate on a worldwide

bas i s , the se lec t io n of desi gn sea conditions must reflect the extre m es

of sea conditions found world wide. An extensive literature search on

extreme sea conditions revealed no published data (in the significant

wav e he ight/mo — lal period form required) which exceeded the extreme sea data

for the North Atlantic. As a result , the North A t l a n t i c  was considered

to be data source for estimating worldwide extreme sea data.

WORLDWIDE EXTREME SEA DATA SOURCES

A total of 17 onen literature r e f e r e n c e s  p re - ,ent ex t reme sea data  in

a suitable forma t for purposes of the present re n t .  Eleven of these sources

referred to the Atla n t i c  and the remaining six presented data for the Pacific.

References 4, 8 , 9, and 12 present observed Atla n t i c  data , refere nce 10 pre-

sents some measured and observed Atlantic data , and refi’ -’ences 13 , 14 , 15,

16 , 17, a n d l~ present measured Atla n t i c  data. S i m i l a  ‘ - - , references 19, 20 ,

21 , 22 , and 23 present  observed P a c i f i c  da ta  and reference 24 prese nt s

measured Pacific data. Other ocean areas - noon for t he i r  severe seas~
5 such

-:
~~

‘ as Cape of Good Hope , Cap e Horn , and the North to -a did not contribute extreme

sea data to t he  worldwide extreme sea data base enresented by the previous

ref erences. Only relative l y few , pr i m a r i l y  v isual wave hei ght observa t ions

were contained in 4 , 25, 26. It is recomm ended that a wave hei ght measurement

Wh ich  future LNG tankers are l i k e l y  to Ira n ~~C ’rse .

p.
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program or at least a concerted effort to locate such data for these area ’.

to be i n i t i a t e d  b y US CG.

As previousl y mentioned , very l i t t l e  measured or sui tabl y ob s- rv e d

ext reme wave da t a we re fo un d in o ther oceans , or ocean are -as out s i t ’ - ~~~~ ~O-

i- cost probable and re a l i s t i c  North A t l a n t i c  trade route t~ - r t  i f i d 1., mi- - USC G
as Trade Route 1 , see Fig ure A5. The Trade Route I ex tre me sea data was

selected from the largest , available wave data bas e sui table ~or th e four-

step building block prediction procedure employed in the pres ent report.

The wave data base consists of the systematic wave heig ht and g-er~~od

observa tion tabulations of voluntary shi p reports by Hoqben and Lu~~h
4 c .r

the years 1953 through 1961 , see Fi gur e 4 . The open circles r t r e r ,en ’ ~ b (

observed hei ght/pe riod pairs converted into si g n i t i c a r t  - -.-ave b ei q h t / -~io do1

per iod pa i r s  in accordance w i t h  r e l a t i o n s h i ps
2 ’3  due to Cart o r i g h t .

a r ’ e n e d c i r c l e s  in Fi gures 4 and A7a correspond to th€- sea conditions ~cn

w hi ch desi gn sh i p responses were computed. Since these ship respon C cC l -.-,e re

co m pu ted for eve n ly spaced modal wave periods of 7, 9 and 21 seconds

des i gn sea conditions were obtained for these specific periods by li n e a r l y

interpolating betl-leen reported modal periods.

The obse rved data base of Fi gure 4, i .e., Trade Route 1 , was not ex-

tended by t h e  mid ocean ve~ather sh i p D , K and E data of R ol l for th e years 1951

and 1952 because the extreme , rare wave hei g h t / p e r i o d  conbina t ions - - crc not

e x p l i c i t l y  indicated for the individua l wea ’ - e r s hi ps . c 1- v t - n t b i~less , R o l l ’ s

extreme wave hei g h t data arc’ almost as hi g h as th~ ext rem es selected from

Horthen and Lumb . Thus , it appears tha ’ the more accurat e visual w a v e  ob s e r v a-

‘ions from weathers Hps support , in general , th e m a g n i t u d e  of the’  observed

C .  t n rc  sea data selected from the Hogh’- n and Lumb .

The visual observations f rom the sire three le oth e rshi ps were also reported

for t he period 1950 to 1960 by Wa ld en .9 Comparisons of these ex t reme sea

con d i t i o nS with the ones selected f m - ” the ~ar larger (more observatiors ),

r h oug h p o s s i b ly less  r e l i a b l e , wave da ta  base ot H iqben and Lumb suggest

that th e two are quite s i m i l a r . Thus again t ma’, he concluded that the
‘I’.
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T’-ade Route I extreme wave data from Hoqbeo and L umb is representat ~~ie of

t h e extreme seas that  may be expected for t h i s  ocean i c  a rea .

W hen the search area for extreme sea data  in the Nor th A t l a n t i c  or equi-

v a l - n t l y the wor ld is extended outside of the U S .  Coast Guard specified

Tr ‘e Route 1 , the repo r ted ex t reme seas beco me C C ( C Ce I . h a t  la rger a t var io us
modal sea periods than for Trade Route 1. Fiqure A7h 1-13 5 prepared from the

nre ’v o jsl y ment ioned sources to i l l u s t r a t e  t h i s  f - ac t  and to summari ze the

h - e- ,t i v ,i i l ab le worldwide extreme sea data. For conparison purposes , the

Trade ~l - ,te 1 data is also shown on the same genera l f i gu re  and is  des i gnated

as Fi gure A7a . Onl y da ta t ha t wer e pr esen ted in s u i t ~ah le wave height /modal  wave

per -a d ‘ no , whe ther observed or measur e l , are shown in the fi gure . It is

mi be - - i t ed that this extreme sea data , with the e —~~ept ion of two visua l obser-

v at ions made b y Japan ese freig hter s , come s f rom tbI No rth Atlantic for the

years 1959 through 1971

The onl y measured extreme sea data located C ,~~ t F ~~ No rt h P a c i f i c  were
tha t  o f La rse n 24 for the w i n t e r  of 1972- 7~~. Th e se da ta , howeve r , are not yet

available in spec tra l format. It is recommended to the USCG that the wave

m eo- C.C ur -ient pmon ram desc r i bed  in Reference 24 be suppor ted  or encouraged to

con t l n - e  on a long—term basis in the fut u r e . I r a d d i t i o n , i t is reco mmended
th a n an effort be made to obtain the measured , ca l i b r a t e d  time history of

the top f i -i c 0r  s i~ storms reported in the r-fere -~ ce .

Tbe extrem e observed and measured wave data in Fi g ure 22b exhibit the

s-a -- c e r r a t i c  behavior as a function of moda l wavt period as the extreme observed

wave hata in Fi gure A7a . A grea t deal o’ ‘he erratic scatter is , of course ,

d ue to the scarcit y of the data. In or der ‘a smooth the erratic extreme

wave he~ o ht t ’o-nds of Fi gure A7b , it is c o n s i d e r e d  appropriate to emp loy
outer b oundaries of these measur e t and c h s C r v e d  data points to construct

C 
~ a rou -’~h cun-i e~’ of the worldwide extrer c seas. This was done in Figure  A 7 c .

T-,10 pronounced phys i ca l l i m i t s  a r ,cr ent in th e - data suggest the p l a u s i b il i t ’ -

a’ such an approach. These l i m i t s  appear to roug hl y shape the scatter of the

Such a conY ’ mu st , of course , be u1~
-4 - 1t ed on a continua l basis as more extreme

v~ave da t - i IC C I OISOS available , - 

~~~~~~~
~.
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data. The first l i m i t  consists of the theoretical l i m i t i n g  steepnes s of

progressive waves I n deep water , i.e., 1/7. This li m i t  app li es to short

moda l periods ( l e s s  than 9 seconds). Such period s correspond to pa r t i a l l y

developed wind seas , which are generated as hurricane w ind s , i n i t i a l l y

b u i l d  the seas to their extreme conditions.

Fig ure A6 presents the worldwide severest observ ed and measur ed sea

conditions as well as four specif i c wave steepnesses , ~/ h 10 , 20 , 25, and

~~~~ 

. 40, It should be noted that these la tter t~io steepne -s’~es correspond to t~~e

si gnifican t wave height/modal wave period relationshi p for p a r t i a l l y  deve lop e :

hurricane seas due to Bretschneider and the ful l y developed wind seas due to

0 Pierson and M o s k c l - i t ’ A . Two indiv i d u a l extreme waves quoted by Draper are

a l s o  shown i n Fi gure AG to demonstrate tt -~ possibl e steepness of indi —ii du a l
C 

extreme waves. It is apparent from these results tha t the extreme si rt r -i i f i c a o t

wav e hei g hts a t short modal periods appear to be l i m i t e d  to a cor r es pc C n d in—a

I-Cave’ steepness of approximate l y 1/10. I n addition , it is noted that ‘bese

extreme l y steep, extreme seas were observed vi s u a l l y .  If these values are

d i s r ega rded , the extreme wave data of Pier son
l4

, as well  as Sn i d e r  arC

Cd okr abarti ,
17 

appear to represent l i m i t i n g  ~~~~~~~~ steepnesses o~ abou t

1/15 . Thus , 
~~w
)
l/3

/’? O 
steepnesses between 1/10 and 1/15 appea r to l i r ’ i t

the par t i a l l y deve loped ext reme seas .

- 

- 

The second l i m i t wh i ch shapes the extreme sea si gni fica nt wave b e i c h t

to moda l wave period data is most obvious at the very long m oda l -ave pe riods

- - 
(p eriods > 18.5 seconds). For these longer waves , the hei gh t of the observed

extreme seas appear to drop sharpl y. Th is type of drop in extrem e heig hts

w i t h  i n c r e a s i n g  modal per iod , of course , contradicts the period to 5e i ch t

re la t ionships due to Pierso n a n d Mosk ow i t z , Bre tschneider or Thom for ful l y

c r  p a r t i a l l y deve loped seas .  Evid e nc e of t his long period hei g ht l i m i t a t i o n

•1 is fo und in many of the more refined joint period/hei gh t tabulations in various

H references,
4’8’~ The wave heig ht at the longer periods are apparentl y l imited

- ‘ . . 10 1~~~ 21 24
b y the durat ion and size of the storm s ‘ ‘ as we ll as by th e con-

stancy of the w i nd direction and the size of the ocean area . The ocean-to-

oce an v a r i a t ions o f the variables which govern the extreme wave heigh ts there-

fore su g ge s t  that ex t reme s i g n i f i c a n t  wave hei ght/nod al period relations vary

Iro~ ocean to ocean.
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