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Report No SR 160

ABSTRACT

February 1988

Ueing a einpl i f ied repreeeotat ion of f low beneath the hul l ,  i t  hae been
poeeible to extend an earlier mathematical model for heave and pitch to
degcribe al l  6 modee of not ion of a free ahip in waves. The nodelr  cal led
UNDERKEEL, hae been developed specif ical ly for coastal  appl icat ione. I te
uee ia two-fold. I t  caa be ueed direct ly to provide a real iet ic f i rst
estimate of safe underkeel allowances for vessele in navigation chanaelsr or
at berthe. Its aecond use is in defining the hydrodynamic coefficients
needed for a separate computer model called SEIPIIOOR whichr whea fully
developed, r i l l  be capable of providing a real iet ic f i ret  est imate of berth
tenebility for feasibitity etudiee of port developmeots, Theee computer
nodele complenent more accuratel but more expensive, phyeical nodels because
they can be used at an early etege in deeign to inveetigate a wide range of
paremeters without erceeeive cost, leaving the ray opeo to use of a phyeical
model for detailed deeiga of favoured gchemee.

Results fron UNDERKEEL have been compared with resulte from a seperater but
more expeaeivel mathematical model enploying aourcea on the eubnerged part
of the hul l .  A ship oeci l lat ing in wevea, but without forward epeedr wae
considered. The agreement between the modele wes very good which juetifiee
the more direct theoretical approach taken in UNDERKEEL becauee it miaimiees
coEputer costs.

UNDERKEEL hae aleo been compared with a phyeical nodel of a eupertanker
underway in random eBV€8. The phyeical model iaveetigation waa originally
carried out aa part of a project study to define aafe uoderkeel allowancee
for eupertankere negotiatiog the Dover Strait. The changing pattern of
vessel reeponse obeerved in the phyaical model as the rave Bpectrumr wave
direction and underkeel allowarrce vas chaaged, wae very well deecribed by
UNDERKBEL. Vertical motiona in etern, quarteriag and bon seaa (tbe uoet
conmoo wave direct ione for navigat ioa channels) were, general ly,  s l ight ly
overpredicted by UNDERKEEL. Thie means a realigtic firet eetinate of a eafe
underkeel allonance can be provided by the matheaatical model in thie
situatioa. I{ith quartering to beam aeaa, it was found that vertical motions
were overpredicted to a greater degree due to overest imates of veesel rol l .
This wae not unerpected in that non-linear damping effects, not represeated
in UNDERKEEL, are expected to linit reaonaot roll motioae. It is intended
to add these effecta subeequent ly.

Taken overall, the couparisons described here encourage one to use
UNDERKEEL, for feasibi l i ty studies of port  developmente, in the manner
described above.
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INTRODTICTION

Engineer ing feasib i l i ty  sr .udles for  the deveropnent  of
nerd por ts ,  and the ex[enslon of  ex ls t ing ones to

accommodate the large vessels of  today,  are

lncreaslngly  tak ing on a comnon form. In l t ia l ty ,

conputer models are required to lnvest,igate a wlde

range of parameters. Having est,ablished favourec

schenes,  a physical  mo<tel  ls  then used for  f ina l

opc im isa t i on .

A sui - t ,e  of  couputer  models ls  present ly  uncler

development  at  Hydraul lcs Research (HR) to sat is fy  tne

requirenent  for  a real is t , ic  f i rs t  est , lmate of  harbour

and ship response to nave actlon. The no<lel descrlbed

in th i .s  repor t  ls  one of  the v l ta l  e lenents in  that
paekage.

The role of UNDERKEEL is two-fold. Ir can be usect

d i rect ly  to  descr lbe the ver t lca l  motLons in waves of
vessels in  navlgat lon channels an<l  at .  ber ths ln  a
harbour.  I ts  second use 1s in  def in ing the

hydrodynani_c coefflcient,s needecl t,o descrlbe moorecl

ship not , lons.  These coef f lc ients are used in a

separate rnodel called sltrpMooR which takes account of

the non- l lnear  character ls t ics of  convent lonal  noor lng

systems by sorv ing equat ions of  mot ion for  the noored

ship in  rhe r ioe ctomaln (Rets I  ancl  2) ,  Ul t inare ly ,

SHIPMOOR wi l l  be used to obta ln a real is t lc  f i rsc

est imate of  ber th Uenabi l l ty  dur lng feasi_bi l l ty

stuctles of port developnents whlle UNDERKEEL wlll
prov ide the necessary coef f lc lenrs tor  sHrpMooR as

wel l  as belng usect  d l rect ly  to  f ix  a safe ct redged

depth for  navigat lon channels and Derrhs af ter

a l lowing tor  ver t , lca l  vessel  not ioas in  waves.

Al t ,hough t ,he ver t ica l  movement of  vessels is  wel l

<tef ine<l  once heave,  p l tcn and ro l l  are known ( f ig  l )
iE,  is  s t i l l  necessary to consider  surge,  sr , tay anc ya\" l



movements of  tne vessel  to  prov ide a complete

desc r i p t i on  o f  ve r t i ca l  movemen t .  Th l s  i s  because  o f

coupl ing of  surge into heave and p i tcn and another  set

of  coupl lng ef fecCs between swayr 1rerr r r  and ro l l .  Thus,

l t  ls  necessary to conslder  a l l  s lx  degrees of  f reedom

of vessel  movenent  even rdhen lnterest ,  centres on

def ln ing ver t i -ca l  not lon.

The work descr ibed in th ls  reporc is  an extension of

an earller nodel developed by Lean et al (Ref 3) Irhere

heave and pltcn motlons rsere consldered. In che

ear l ier  work,  the dLt f ract lon of  waves arounct  the

vessel and the coupling of surge lnto heave ancl pltch

were ignorect  as a f i rs t  approxinat , ion.  Never[heless,

the ear l ler  model  provecl  very usefu l  in  establ lsh lng

safe underkeel allowances for supertankers negotlating

the Dover Stra j_c (Ref  4) .  Through use of  a physlcal

model  i t  was posslb le to cal ibrate th is  approxlmate

computer model and go on to use it to consid.er the

very large number ot  parameters that  enterec ln to tnaE

study.  This avolc led an excesslve programme of  tescs

in che physical  nodel .  The whole suudy rdas a good

exanple of how conpuE,er models can prove conplemencary

to physlcal models ancl hon the conbinat,ion can provide

a more complete deser lpt ion of  the physlcs involved ln

t ,he st ,udy.

In this report $re extend the earller work to include

wave c l i f f ract ion around t .he vessel ,  a l l  the coupl lng

terEs and ro l l  mot lons as wel l  as heave and p i tch.

Thj.s wil l enable a tnore complete mathematlcal

desc r i p t i on  t o  be  g i ven  fo r  t he  ve r t l caL  no t l oas  o t  a

f ree ship in  waves as wel l  as leacl lng to the

det i -n i t lon of  the necessary hydrodynamlc coef f lc ients

fOr SHIIIVIOOR.

To a f i rsc approximat lon sea waves can be consi -derecl

t o  be  a  supe rpos i c i on  o f  wave  componen t , s .  I f  vesse l



response is l inear,  then vessel moveoent ean also be

eonsidered to be superposit ion of eomponents. In this

ease eaeh movement eooponent is determined by

ea leu la t ion  o f  vesse l  response to  regu la r  s inuso ida l

vaves with given period and direet ion. Fortunately,

the motions of a free ship are largely l inear.  The

nain di f f ieul ty oeeurs with ro11 danping wtr ieh is

eontrol led by eddy shedding from the hul l  and viseous

danping in the boundary layer over the hull. But it

is eommon praet iee to l inearise ro11 damping, making

use of physieal model and ful l  seale data where

ava i lab le  to  a l low fo r  these non- l inear i t ies .  A11 the

hydrostat ie restor ing forees and the remaining

inertia and darnping forees arising through flow

assoeiated with vessel movement in heave, pi teh and

ro11, ean be aeeurately deseribed by l inear potent ial

theory. Thus, i t  is sensible to take the not ions of a

free ship to be linear and superpose eoilponents to

represent responses in random lraves. This means

vertieal oovements in random \'raves ean be defined by

solving the equat ions of motion separately for eaeh

ltave eooponent in the full speetrum and then summing

eomponent responses.

There are a number of theories that have been used to

deseribe vessel movements in waves. For deep water

the wel l -known "str ip theoryrr presented by

Korvin-Kroukovsky (Ref 5) is mueh used in vessel

des ign  by  nava l  a reh i tee ts .  The d i f f ieu l ty  w i th  th is

approaeh in shal low water is that f low around the ends

of the ship beeomes signif ieant due to the smal ler

underkeel elearanee and this runs eontrary to the two

dimensional f low idea used in str ip theory: i t  being

assumed that f low oeeurs transverse to the vessel in

str ips that are independent of one another.  This is

reasonable for relat ively short  per iod responses in

deep water where tr leakagerr of  f low around the ends of



the vessel  is  snal l  but  the assuupt ion breaks ctown
when the underkeel  c learance ls  snal l .

A d i f ferent  approaeh is  prov l< led by the source method
where tne submerged area ls  replaced by oscl l la t lng

sources p laeed on sur face e lements that  cover  the
hul l .  The source st rengths are chosen to sat ls fy  the
boundary condltion on flow nornal to the boundary.

This method is  much used ln of fsnore englneer lng to
c iescr ibe the Bot lons of  o1l  r igs.  Oortmersseo (Ref  6)
r{as rhe first uo apply the trethod to moored. shlps but
l t  is  expenslve on cooputer  t ime,  l r l th ,  typ lcal ly ,  160
surface e lemenrs requl red to approxLmate the hul l
shape.  Als .o,  d l f f tcu l t ies are exper lenced wl th the
method when the uncrerkeel clearance is snall. It is
natura l ,  therefore,  to  conslder  more d i rect  nethods of
calculat ing respoases that  are par t icu lar ly  su l ted to
the case of  a l lml ted underkeel  c learance.

A more dlrect approacn has been taken by Beck and Tuck
(nef  Z)  for  the case of  long waves (shal losr  {vater
tneory) .  They have sho\"nr  t ,hat  f low ln the far  f  lerd
i -s  s iml lar  to  Ehac g lven by a r ibbon of  sources tor
surge, heave and plt,ch wnlle svray, yaw aod roll can be
represented by d.oublets.  The st rengths of  the sources
and doublets, and hence tne Lnert.la and danping

coef f ic lents,  are obta lned by matching t .he far  f ie lc i
so lut lon to Ehe f low deducec in tne immedlate

neighbourhood of  t ,he vessel .  For  long waves lhe
iner t la  and danping coef f lc lents tend to ln f1o1ty and
zeto,  respect lve ly  ln  contrast  Eo st r lp  theory where
the coef f ic ients tend to a f in i te  varue.  However,  an
lmpor tan t  om iss ion  i n  che i r  wo rk  i s  Che  e f f ec t  o t
snal l  underkeel  c learance where the gradients in
veloc i ty  and pressure underneat ,h the vessel  become

large and cause s igni f lcanc increases j .n  the lner t ia
c o e f f i c i e n t s .



EQUATIONS

UOTION

OF

I le re ,  ve  use  a  s inp l i f ied  representa t ion  o f  f low

beneath  the  hu l l  to  a l low eva lua t ion  o f  d i f f rae t ion ,

inert ia and danping eoeff ieients in the equat ions of

motion when the underkeel c learance is smal l .  The

equat ions are def ined in Seet ion 2 and the method of

solut ion is deseribed in Seet ion 3. t r Ie then go on to

apply these equat ions to a stat ionary ship, where a

eomparison is given with another mathematieal  model,

and a supertanker underlray in waves where a

eomparison is made with physieal model results.  The

eonelusions appear in Seet ion 6.

The notat ion used to deseribe vessel motion is

eonsistent with that already given in Referenees 1 and

2. The shipts posit ion and or ientat ion is denoted by

a 6 eomponent veetor s where:

surge |novement,

slray movement,

heave movement,

r o 1 1  a n g 1 e ,

p i teh  ang le ,

yaw angle.

These motions are defined in Figure 1 where the

origin of the r ight handed eo-ordinate system Oxyz is

taken to be at the eentre of gravi ty of the ship

(F ig  2 ) .  The s ix  movements  de f ine  ose i l la t ions  o f  the

vessel about i ts equi l ibr ium posit ion and the motion

of any point on the vessel ean be obtained in terms of

the  s ix  var iab les .  Ve loe i ty  and aeee lera t ion  are

denoted  by  i  and s ,  respeet ive ly .

The equat ion of motion takes the form:

s1 r-s

s2 t l

s3  r l

s4 r l

s5  f l

s5, fr

(U  +  A ) . :  +  ! . :  -  ! ( s )  =  f ( t ) ( 1 )



Thls equat ion has the same torm as Equat ion

Reference 2 except  rhar  the tuncr lon g(1, i )

Reference 2 ls  put  to  zero.  This 1s because

represents rest ra i .n lng forces ar ls ing f rom a

system: forces tnac do not ,  apply here as we

conslder lng a f ree shlp.

( 1 )  l n

1 n

g
noorlng

are

!  an<l  4 are 6x6 matr ices represent ing the lner t la  of

the ship.  M denotes the iner t ia  out  of  rJater  whl le  4

represents the added inertla due to flows created rdhen

the shlp osci l la tes in  the wat .er .  For  convent lonal

shlps lsith lateral symmet.ry these lnertlas take the

fo l lowlng forn:

+At t  0l"
{

\

M+A =

where ,

M -

M++

Mss

Mee

A t g  o

o  A z q

M+A3 3 0
0  M44+A44

A t s  o

0  Mqo+A4G

M 55+A55

0

0

Aze

0
M trg+A,*g

0

M es+Ae e

0

A t :
0

A ts

0

l'l+A22

0
Az,*

0

Azs

l 5

0

3 5
0

di-splacenent

=  MK244 ,

=  M K 2 5 5 ,

=  M K 2 5 6 ,

nass  o f  t he  vesse l ,

and K44,  K55 and K55 are t ,he radi i  o f  gyrat lon ln

ro lL ,  p i t ch  and  yaw.  The  i ne r r i a  M45  i s  gene ra l l y

snal l  and we lgnore l ts  ef fect  in  what  fo l l -ows.

I  ls  agaln a 6x6 matr ix .  I t  represents hydrodynanic

danping of  vessel  osc i l la t lons j -n the r^rat ,er .  Most  of

th is  danping occurs as waves carry energy away f ron

the  osc i l l a t i ng  sh lp :  ghe  l a rge r  che  q raves  c reaced ,

tne greater  the dampiog.



Thus,  heave and p iccn are heavi ly  damped due to the

slgni f lcant  d ls turbance created by such oot ions but

rdave-naking due co roll ls very mucn smaller rdith the

result that eddy shedding and viscous clanping in the

boundary layer become important. As we are uslng

l inear  potent , la l  theory to calculate added iner t las

and danping rde can only flnd Che Oanplng due to

wave-making but ,  as ment toned in the Int roduct ion,  i t
ls  customary to l lnear lse E,ne i rDportant ,  non_l inear

contr ibut i .ons once est imates have been nade of  theLr
nagni tude.  We hope to do chis  1u a suosequent

eontract  and so,  in  th is  repor t ,  we concentrate on

calculating damping due to rdave-naktng. The matrlx B
takes t ,he form:

B

Bt: .

0

B t :

0

B ts

0

0

Bzz

0

Bz,,

0

Bze

Bta

0

B : :

0

B e s

n

0

Bz+

0

B++

0

B,*o

Bts

0

Bgs

0

Bss

0

0

Bza

0

B,*o

0

B e e

Equa t l on  ( l )

for  the

Thls can be

The f lna l  term on Ehe lef t  hand s ide of

represents hydrostat , i .c  restor ing forces

ver t lca l  mot ions,  heave,  ro l l  and p lcch.

expressed i .n  the foru:

! (9)  = -g. t

vrhere

0

0

0

0

0

0

0

0

o

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

C

c : l

n

cgs

0

cr*q

0

n

c:s
0

css
0



and

cgs

cas

css

c,*+

wl th

Gn metacentr lc  helght  above the centre

g rav l t y ,

B(x)  =  sh lp rs  bean a t  d is tance x  f rom the  or tg ln

(the lntegrals involvlng B are taken over

t .he  length  o f  rhe  sh lp ) .

The  te rn  on  the  r l gh t  hand  s ide  o f  Equa t l on  (1 ) ,  ! ( t ) ,
ls  a s i .x  cooponent .  vector  represent ing forces on the

vessel  due t ,o  the lnc ldent  and d l f f racted waves.

Inspect lon of  t ,he form of  the uatr lces in  Equat . lon ( l )

shows that  they separate the component  equat tons ln

(1 )  i n t . o  two  se ts .  One  se t  coup les  t oge t ,he r  su rge ,

heave  and  p l t ch ,  l e  mo t l on  coBponen ts  s l ,  s3  and  s5 .

These can be called synmetric nodes as they involve

symnnetr ic  f lows on e l ther  s lde of  the ship.  The

second set couples sway, ro11 and yaw, l-e cooponents

s2,  sU and sa.  These can be cal led asynmetr ic  as the

assoclated f lows are asymmetr ic  on e l ther  s ide.  Thls

feature 1s usefu l  ln  calculat lng added lner t las,

damp ing  and  fo rcLog  te rms .

The  o the r  po ln t  t o  be  made  abou t  Equa t i on  (1 )  i s  t ha t

t he  l ne r t i a ,  damp ing  and  fo rce  coe f f l c l en t s  do ,  o f

course,  vary wl th wave f requency but  by solv lng the

equat lon separate ly  for  each f requency compooent  we

e f fec t l ve l y  t . r ea t  t he  coe f f i c l en t s  as  cons tan ts ,  w l t h

d i f f e ren t  cons tan ts  f o r  each  f requency  eonponen l .

Th l s  p rocess  i . s  some l imes  ca l l ed  so l v l ng  Ln  the

pg J na*,
L

-pe j  x  ndx,
L

pg/  *2na*,
L

Mg.Gm,

o f



3 SOLUTIOIiI OF

EQUATIONS

frequency domain and i t  is  emphasized that  t .h is  is

macle possi_ble here by che mot lons of  a f ree ship belng

largely I inear .  Once moored,  vessel  Dot . lons becoue

non-I inear  and solut . ions must  be soughc i -n the t lme

ctomain (nets I ancl 2) .

The nethod of  so lut , ion of  EquatLon ( r )  ls  d lscussed ln

tbe next  sect ,1on.

We consl<ter  the response of  the vessel  to  a wave

component rf, ith radian trequency (l) an<l anplitud.e a

propagat lng ar  an angle F wlch the x ax ls  (F lg 2) .  In

thi.s case tne velocicy pocentlal of the inci-dent, \,fave

takes the form:

0 . = S c o s h K ( z + c )cosn E- sin (ror _ Kx cosB _ Ky srng)

where t ,he usual  d ispers lon re lac lon is  sat ls f ied:

to2 = KgtanhKd

Denot ing the uni t  vector  nornal  to  the sur face of  the

hul l  by n we can def lne the force on the vessel  due to

the ineident  wave in t ,erns of  the pressure p,  ie

- t

Io  =  J  g rcs
S

r, there l inear  potenCia l  theory g ives,

000
P  -  o F - .' o t

and t,he lntegral is taken over the submergecl surface

a rea  S  o t  t he  nu l l .  Subs t i t u t i ng  f o r  06  i n  che

expression for  pressure we f ln<l  Che kth component  of



the foree on the vessel  due to the inc ident  wave takes

the form:

f , - ^  =  R .  {T , - -  B  
" - i " }KO t(o

where Re denotes the real  par t  of  a eomplex expression

and ,

T  =  o o  f .  c o s h - K ( z + c )  ^ i ( K x  c o s g  +  K y  s i n B ) r .
ko - ,^--k cof=K:a-- 

- - 'dS (2)
b

To al low for a ooving ship we must introduee the

eneounter frequency ut  ̂  def ined by:
e

(t = (l) - KUeosE.
e '

where the vessel  has speed U along Ox (Fig 2) .  Thus,

the ship wi l l  eneounter  the waves at  f requeney ot :

instead of the wave frequeney ut, whieh is measured in

a stat ionary f rame of  referenee.

Thus,  the foree due to the ineident  l rave beeomes:

fko = n"  iT to 
"  

. - i t . t i ( 3 )

From now on it wil l be understood that the real part

must  be taken of  eomplex expressions and,  as the ship

osc i l l a tes  a t  t he  eneoun te r  f r equeney ,  t he  d i f f r ae ted

wave and f lows ereated by the vessel  in  the weter  uust

a lso oeeur at  the eneounter  f requeney.

Dea l i ng  f i r s t  w i t h  t he  d i f f r ae ted  wave ,  we  deno te  i t s

ve loc i t y  po ten t i a l  by  02 .  Th i s  i s  ob ta ined  by  so l v i ng

Lap lace t  s  equa t i oa ,

1 0



v2oz-o

sub jec t  t o  t he  f o l l ow ing  bounda ry  cond i t i ons :

f t = f t o+ f t z

^ ooz
, ' .  Q, - gE7 = 0 on free surface z = d-c, (5)

302

€  
=  0  on  the  seabed  z  =  - c ,  ( 6 )

o  , .

f ;  COt  +  0o)  =  0  on  the  sur face  o f  the  hu l l ,  (7 )

( ie the veloci ty normat to the hul l  due to the

dif f racted wave cancels that due to the incident wave)

and

0z t  0 at large distances from the ship ( 8 )

This last condit ion requires the disturbance to

represent outgoing lraves sat isfying the usual
' rradiat ion condit ionrr at  inf ini ty.  Denot ing the force

due to the di f f racted wave by 5z r"  can evaluate i t  in

te rms o f  the  ve loc i ty  po ten t ia l ,

,  } Q z

lz 
= 1n P g;-  dS

S -

Thus, we find the kth cooponent of the force on the

vessel due to the di f f racted wave takes the form:

-L(l) t
f = T e a e-k7  -k7  -  - (e)

and, in component form, the total  force act ing on the

ve loc i ty  due to  inc ident  and d i f f rac ted  naves ,  ie  the

r igh t  hand s ide  o f  Equat ion  (1 ) ,  i s  g iven  by

( 4 )

1 1
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where  (3 )  and  (9 )  oe f l ne  t he  i nc iden t  and  d i f t r accec
componen ts ,  r espec t i ve l y .

r t  nohr  remains to determine expressions for  the f rows
created in  the water  by tne osci l la t lons of  the
vessel ,  ie  the macr ices 4 and g on the le fc  hand s lde
o f  (1 ) .  Le t  Lhe  a rnp l l t ude  o t  t he  j t h  coBponenr  o f
vessel  movement O" e,  t "

" j  
= 6j"- t" ' j  =  1 . . . . 6 ( l  I  )

Thus, the normal veloclcy of the hul l  surface i_s given
b y :

. 6
tr ,  = 

l - !  = - i touEloet x ni  6.
j = l  J  J

Denot ing the veloc i ty  potentLal  due to che 6
oscl l la t ions by a l inear  sum,

0=- i ro .e - ioe t  I  * r r . ,
j = l J J

we f ind the boundary condl t ion on nornal  ve loc l ty ,

a0
6T 

= ro on the hull surface

can be sat is f ied providecl ,

00.'l

5 ; : =  r j  j  =  1 . . . . 6 ( L  2 )

Thus ,  t he  f r o$ rs  c rea ted  by  osc l r l a t i ons  o f  t he  vesse l
a re  desc r l bed  by  so l v i ng  Lap lace rs  Equa t i on  (4 )

sub jec r  ro  rhe  bounc ra ry  cond i r i _ons  (5 ) ,  ( 6 ) ,  ( g )  ano .
(12 )  ouu  w ich  Q ,  rep lacec  o t  0 j  f o r  i  =  I  r o  6 .  once
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so l ved ,  t he  f o r ces

can be obta ined in

tuj  = 
{ *,ro

-i(l) r
e e

where

t o j = n.0  .as
K J

After subst i tut ing for

find in component form

6
X 1-ur2
-i=1 

e

rre can determine

movement t  . .
l

on the vessel  due to these f lows

component  form, ie

- itrt r
( - i o  e  

-  
e -  0 . )  a S

e J

o

5T

=  T . . 6 .
K ]  J

-orr" 
{

saY r

and

- ir"Btj = -toj

vhere a minus sign appears in

eoef f i c ien t  T ,  .  because in  (1 )
K l

taken aeross to the le f t  hand

mot ion .

( 13 )

f ron (11)  in to (1)  we

(  14)

front of the transfer

these forees have been

side of the equat ion of

ss

-w2 A,
e K l

Taken together ,  Equat ions  (3 ) ,  (9 ) ,  (L0)  and (14)

def ine al l  the eoeff ieients of the hydrodynamic forees

appearing in Equat ion (1) in terus of t ransfer

f u n e t i o n s  T , _ .  ( s e e  ( 2 ) ,  ( 9 )  a n a  ( 1 3 ) ) .  T h e s e  t r a n s f e r
K l

funet ions are, in turn, obtained from the form of the

ineident wave and by solving Laplacefs equat ion for

the di f f raeted wave and f lows ereated by osei l lat ions

of the vessel.  Then, by solving the fol lowing system

of (complex) simultaneous equat ions

"oj 
- tnj *  an j ) , j  =  (T tO  *  tOZ) r  k=1 . . . . 6

13

t he  (eomp lex )  anp l i t udes  o f  vesse l



APPLICATION TO A

STATIONARY SNIP

To al low for  a moving vessel  Salvesen et .  a l  (net  A;

nave shown t ,hat  the t ransfer  funct ions represent ing

f lows created by vessel  osc i lLacions and by

d l f f r ac r l on  mus t  be  fu r rhe r  nod l f l ed  (Append i x  I ) .

Havlng descr ibed the method of  so lut , lon of  the

equat ions of  mot lon we go on in  subsequent ,  sect lons to
descr ibe thel_r  appl lcac ion Eo t .wo cases.  F i rs t ly ,  a

stat lonary shlp and secondly,  a supertanker  underway

in waves.

Here, we compare t,he result.s fron UNDERKEEL wlth

resul ts  f ron a separate nathemattcal  mocle l  that  is

a lso basecl  on l inear  potent ia l  tneory.  Thls separate

model  makes use of  sources on t ,he huf l  (Ref  9)  but . ,  as

expla ined in che Int roduct ton,  the technLque is

expensive on computer  t ime and d i f f icu lc les occur  ln

appl icat ion as Ehe underkeel  e learance is  reduced.

Both nathemat ica l  models are appl ied tq a large

flat-bottonecr hulk with poinced. ends whlch 1s assunnecr.

to be f reely  f toat lng ln  waves.  AlEhough osci l la t lng

ln the rdave mot lon,  the vessel  is  assu'ed stat lonary

Ln the sense that i-E has no forward speed. The

uncterkeel elearance ls taken to be 2O% of the draught

whlch 1s at  the upper end of  the range of  c learances

normal ly  requl red in  coasta l  s l tuat ions.  Wi th th is

c learance,  the source nethod is  expected to be

reasonably accurate.  The deta i ls  of  the hulk are

l i s ted  l n  Tao le  1 .

The resul ts  of  the coopar lson are shown in F lgures 3

to  8  f o r  su rge ,  sway ,  heave ,  roJ " l ,  p l t ch  and  yaw,

respect ive ly .  The response j_s d i -sp layed as a tunct ion

o t  wave  d i recc ion  re la t l ve  t o  t he  sh ip  wne re  F  =  0 "

rep resen ts  a  f o l l ow ing  sea  and  B  =  1g0"  rep resen ts  a

L 4



head  sea  (F ig  2 ) .  Fo r  su rge ,  sway  and  heave  (F lgs  3

to 5)  the response funct lon is  s lnply  t ,he anpl l tude of

shlp novement  d iv ided by tne wave ampl i tuce.  For  rhe

angular  movements ro l l ,  p icch and yaw (Figs 6 to 8)

tne response ls  g iven in cegrees per  metre of  wave

ampl lcu<te.

For  each uovement ,  p lots  (a)  to  (d)  are g lven for  the

f o u r  t r e q u e n c l e s  0 . 0 4 ,  0 . 0 6 ,  0 . 0 8  a n c  0 . 1 0  H e r t z

corresponding to wave per lo<ls of  approxlnate ly  25,

L6 .7 ,  12 .5  and  l 0  seconds ,  respecL l ve l y .  Th l s  cove rs

a range extendlng from the longest wave periods l lkely

to occur  1n nature to the shor test  per iods able to

produce a s igni f lcant  response.  Compar lson of  the

responses at  25 and 10 seconds shows how smal l  a l l  the

movemencs become even for 10 second rcaves. Thls ls a

resulE of  the large s lze of  c ,he shlp,  n i th  more and

Inore cancel lac lon of  wave pressures oecurr ing over  the

hul l  as wave per lods and wavelengths decrease.

Generally speaking, the source method and UNDERKEEL

show c lose agreemenc.  The largest  d i f ferences oecur

in ro11 at  f requencles of  0.04 and 0.06 Herrz ie  at

per iods of  25 anct  16.7 secon<ls.  These per iods

straddle the resonant  ro l l  per iod of  the vessel  erh lch

expla lns why responses are nuch h igher  at  these

pe r i ods  tnan  a t  t he  sho r te r  pe r l ods  (F lgs  6a  to  6d ) .

IC ls  unclear  at  th is  suage wnlch model  represents

l lnear  pocent ia l  theory more accurate ly .  In

appl lcat ion t ,o  the case of  snal l  underkeel  c learance

i t  has been found that  wi th the source met ,hod,  the

ro l l  response 1s sensi t lve to the number of  sources

dlst r i -buted over  the hul l  which i -ndlcates the

poss lb i l i t y  o f  nu rne r i ca l  e r ro rs .  Howeve r ,  t he

di f terences between the two nodels are somewhat

academic s ince ic  j .s  known that  non- l i -near l t les due to

eddy shecld lng and v iscous damplng are more imporEant

in danpi-ng resonant  ro l l  osc: . l la t , i -ons Ehan the
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APPLICATION TO

SHIP I'NDERWAY

r/ave-making tenn present in potent ial  theory. Thus,

in  na ture ,  the  ro11 responses  a t  25  and 16 .7  seeonds

can be expected to be less than those predicted by

both the souree method and UNDERKEEL.

The results from the earl ier UNDERKEEL model (Ref 3)
for surge, heave and pi teh are displayed in Figures 3,

5 and 7 as the smal l  dashed l ine. This earl ier model

only deseribed these three movements. In addit ion,

di f f raet ion around the vessel was ignored as wel l  as

eoupl ing effects of surge into heave and pi teh.

Nevertheless, the responses from the earl ier model

fo l low qu i te  e lose ly  the  responses  ob ta ined w i th  the

latest version of UNDERKEEL whieh ineludes di f f raet ion

and a l l  eoup l ing  te rms.  Th is  i l l us t ra tes  tha t  the

addit ional ef feets now ineorporated into uNonRKEEL are
relat ively unimportant for these three uovenents.

However this is not the ease for s\ray, roll and yaw

where di f f raet ion forees in part ieular beeome

s igni  f  ieanr.

The rea l i s t i c  descr ip t ion  o f  heave and p i tch  by  the

earl ier version of the UNDERKEEL explains why the

model proved so valuable in the def ini t ion of safe

underkeel al lowanees for vessels negot iat inq the Dover

Strai t  ( tef  A).  Eneouraging agreement was obtained

between results from the earl ier version of UNDERKEEL

and results from physical  model tests carr ied out

specif ieal ly for the Dover Strai t  study. In the next

seet ion we pursue this further by comparing responses

obtained using rhe latest version of UNDERKEEL with

those phys iea l  mode l  responses .

A comprehensive study of  safe underkeel  a l lowances for

supertankers negot iat ing the Dover Stra i t  was earr ied

ou t  recen t l y  (Re f  4 ) .  I n  t ha t  s tudy ,  an  ea r l i e r
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5 . 1 Physical  model

vers lon of  I INDERKEEL for  heave and p l tch was proved

agalnst  physlcal  model  tests carr ied out  us lng long

crested random \^raves.  Ver t lca l  movements of  the bow

and stern of  the vessel  eventual ly  proved to be the

most  cr l t lea l  movements in  that  s tudy because the

largest waves ln t.he Dover Stralt tended to glve bow

quarter ing to bow seas or  s tern quarter ing to s tern

seas and lt was found that heave and pltch dominated

over ro11.  Thls meant  the ear l ler  vers lon of

UNDERKEEL lras proved against physlcal model results

for  bow and stern novements d i rect ly  and not  for  heave

and p l tch.  For tunate ly ,  the method of  neasurement

used in the physlcal  nodel  requi red heave,  p l tch and

ro11 responses f i rs t  before ver t . ica l  movements of

var ious points on the bot too of  t .he shlp could be

calculat .ed.  Thus,  we are able to use the physlcal

nodel  data col lected ln  the ear l ier  s tudy to d i rect ly

check predlct ions for  heave,  p i tch and ro11 f ron the

latest  vers lon of  UNDERKEEL.

The fo1lowlng sub-sect ions g ive some deta l ls  of  the

Dover Stra i t  lnvest igat lon before the compartson wi th

the la test  vers lon of  UNDERKEEL ls  descr lbed.  This

w111 help to g lve lns ight  ln to the oethod of

appl lcat ion of  combined physlcal  and mathenat ica l -

nodel l lng to the problen of  def ln ing safe underkeel

a l lowances.

A pre l iminary study (Ref  10)  of  the Dover Stra l t

problern was made uslng the ear l ler  vers ion of

UNDERKEEL weI I  before the physlcal  model  lnvest lgal ion

was  ca r r i ed  ou t .  Th l s  es lab l i shed  tha t  i n  t he

physical  model  we needed t 'o  consider  only  one hul l

shape  and  tha t . l t  cou ld  be  run  a t  a  s l ng le  speed  a f  12

knots,  a typ lcal  va lue of  fu l l  ahead manoeuvr i -ng speed

for  supertankers.  The test ,s  were carr led out  wl th a 1

to 100 scale model  of  the LAI{ ISTES (Table 2 and

Fle 9)  owned by ShelL lo teroat lonal  l4ar lne L imi ted.

L 7



Froude scallng was used t,hroughout wnlcn meant t,he

tloe scale nas I to 10 and events occurred ln the

model ten t, loes faster than 1n nature.

The wave basln rcas flat- bott,oned and measured 37m by

50m. l\lo l5n long raodotr wave-aakers rrere used si.de

by sl<le to generace a (long crested) wave front !01Lh a

lrldth equlvalenc to 3 kllometers at tull scale

(Place 1) .  Tnis  prov lded suf t lc lent  wave f ronc for

the vessel to be tested und.erway for a reasonable

lenguh of t lne. Clearly, ln ranclom lraves, sufftclent

tescs have to be pertorued to obCal-n senslble

statlsE,lcal data and t,he longer the wave front the

fewer Che number of tests needed 1n a given wave

condlElon.

Wave condltions were long crested (un1-dlrectlonal)

but lr lt,h energy 
"pau"O 

over a range of wave perLods.

Based on Plerson-Moskowltz spectra, but erlgh scallng

facEors appl led co g lve appropr iate s i -gnl f lcant  wave

helghts,  the condl t lons chosen gave a representa8lve

sanple of  severe Dover Stra i t  condic lons.  1\ ro

spectra,  !d t ,h peaks ac 19 and 14.5 seconds,

representecl swell (Ffgs l0 an<l 11) and tsro nore

specLra,  wl th peaks ac 13 anc 11 seconds,  represented

s to rm waves  (F lgs  12  ano  13 ) .

Tests lrere carrled out wlth waves at angles to the

sh lp  o f  0 "  ( f o l l ow lng  sea ) ,  30 " ,  60 " ,  75 " ,  90 "  (oean

s e a )  1 0 5 " ,  1 2 0 " ,  1 5 0 '  a n d  1 8 0 "  ( n e a a  s e a ) .

The model shlp was radlo controlled and propelled by

an e lect r lc  motor .  In l t la l  ruos served Eo ver l fy  that

che Gumbel  probabLl l ty  d ls t r lbut loo could be used to

predice Ehe rlsk of exceedeuce of extreqre d.ownrtard

moveEents ln ghe random waves. An example ls provlded

1n Flgures 14.  In  a head sea,  tne scern of  the vessel

experlenced the largest aovements and the maxlmum
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value in the model equivalent of  3km of travel was

recorded for each of 2O separate runs of the model

vesse l .  When these 20  max ima were  p lo t ted ,  as  the

square of downward movement against the risk of

exceedence, i t  was found that the Gumbel distr ibut ion

gave a very good f i t  to the data (r ig 14).  This in

turn meens that just the standard deviat ion and the

zero crossing period the movement are needed to

predict  extreme values in a randoo sea. This feature

of maximum ship movements nas verified for other wave

direct ions. I t  is an iuportant point because i t  means

the r isk of a large movement being exceeded or,  in

other words, the r isk of a given vert ical  motion

al lowance being exceeded, can be vel l  def ined once lre

have accurate est imates of the standard deviat ion and

zero crossing period of the movement.  I t  is a

straightfor\rard calculat ion to superpose responses

frour UNDERKEEL for individual wave components in order

to bui ld-up the standard deviat ion and zero crossing

period of movement in part icular nave spectra. Thus,

provided the responses from IINDERKEEL are accurate, we

can use the mathematical  model together with the

Gumbel distr ibut ion to predict  extreme movements.

Vert ical  motions of the ship were measured by a systera

o f  acce le rometers .  Th is  gave the  sh ip rs  heave,  p i tch

and rol l  which, in turn, al lowed responses of var ious

po in ts  on  the  bo t tom o f  the  vesse l  to  be  ca lcu la ted .

Before test ing on a moving ship we had conf irmed the

accuracy of our system by comparing i t  with

independent measurements of the shipr s movement when

stat ionary. Good agreeuent was found between the

movements calculated from the accelerometer data and

direct records of movement made with a completely

d i f fe ren t  measurement  svs tem.
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5 . 2 Physlcal  rnodel

test ,  Drogranme

As  exp la lned  a t  t he  beg lan ing  o f  5 .1 ,  a  p re l f un ina ry

study of  the Dover St , ra l t  problen was made uslng the

ear l ler  vers lon of  I INDERKEEL (Ref  l0) .  This  helped to

narror i r  down the number of  sh lps t ,o  be tested to one,

the I ,ANISTES, which was representat tve of  the range of

supertankers wi th draughts between 20.5n and 22rn.  I t

was a lso establ lshed uslng I INDERKEEL that  vessel

movetoents aX 12 knots were representat ive of  those at

15 knots (of  the order  of  naxlnum vessel  speed) and at .

speeds down to 8 knots.  Thus,  Lt  was only necessary

to represent  the LANISTES aL 12 knots in  the phvsical

node1 .

The pre l iminary study a lso establ lshed the sensl t iv i ty

of  t .hese large vessels to swe11 approachlng the Dover

Stra l t  a t  the western end f rou t ,he At lant lc ,  and

approachlng the Stra l t  on the eastern s ide f ron the

North Sea.  This led to a subsequent  s tudy to def ine

the rnagni tude of  such swel ls  in  the Stra i t .  Thls  was

ln addt t lon to def ln l t lon of  the local ly  generat .ed

st .orm wave c l inate which had a l ready been carr led out

as  pa r t  o f  t he  p re l lm lna ry  s tudy .

UNDERKEEL also demonstrated the lnpor tance of  the

di rect lonal  spread of  wave energy present  in  s torn

\ {aves.  For  the par t lcu lar  s torm r^raves expected in  the

Stra l t  l t  was found that  heave and o l tch were enhanced

by a d l rect ional  spread of  wave energy.  Therefore,  !o

cover  the range of  s torm erave spreads,  mean d l rect lons

and vessel  headlngs that  could occur  ln  the Stra l t ,  l t

became necessary to lnvest igate a fu1l  range of  r , rave

dl rect . lons f rom fo l lowing seas,  t .hrough beam seas to

head seas.  Added to th ls  was the fact  that  ITNDERKEEL

showed ver t l -ca l  rnovement  to be sensl t lve to the

underkeel  a l lowance.
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In  v lew ot  the huge amount  of  test ing thaC would have

been requl red were only the physlcal  model  used lo

def ine the f ina l  underkeel  a l lowances,  i t  was decided

to carry out  enough tests to est ,abl ish whether

UNDERKEEL was sufflclenrly accurate to De used

subsequent ly  ln  cal ibrated forn when obta ln lng the

f inal  a l lowances.  Therefore,  t .he 9 d lscrete nave

dLrectLons a l rea<ly nent loned ln 5.1 were chosen for

E,esting ln the pnyslcal nodel wlth underkeel

allowances of 4m, 6m and 8n. These clearances

encompassed t'he range of safe allowances flnally

expected. Although, lr ith the 4 rdave spectra chosen to

represent swell and storm waves, t,he nrnber of

condt t lons to be tested st l l l  to ta l leO 9x3x4 = l0g.

Ancl ,  wi th abouc 8 separate runs of  tne vessel  needed

for  each condi t ion to establ ish stable est lmates of

the quant l t ies used to d.ef ine extreme movements,  some

860 separate runs of  the vessel  appeared necessary.

In the event, UNDERKEET produce<t such encouraglng

agreement, rf, lth physical model result,s for cases where

neave and pi_tch dominated, that only 62 <tifferenc

con(lit lons had t,o be investlgated.

For exanple, the physlcal model showed that bow and

stern polnts on t ,he bot tom of  the vessel  exper lenced

the largest  ver t lca l  movements for  wave d i rect lons

varylng from stern seas around. to stern quarterlng

seas and for  bow seas around to bow quarter lng seas.

These movements are controlled solely by heave ancl

p l tch of  the vessel  and,  af ter  sone re lat lve ly  mlnor

cal lbrat lon of  I jNDERKEEL, l t  was foun<t  that  Lne

oathemat ica l  model  not  only  descr lDed wel l  the

changing responses wi th changlng hrave spectra,  lC a lso

descr lbed the change ln response ln goi -ng f ron a 4n to

a  6n  unde rkee l  a l l owance  ( t ao fe  : ) .  As  a  resu l t ,  i t

was not  necessary t ,o  test  an 8m al lowance for  tn ls

range of  d i rect lons ancl  a conslc lerable saving on

physleal  nodel  test ing was obta lned.
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5 .3 Compar lson of

physlcal rnodel

wtCh UNDERKEEL

In Deanler seas, cne physlcal moclel shoqred E,hat

quarfer  or  shoulder  polnts on t ,he bot , t ,oo of  cne vessel

experlenced. more vertlcal lDovement, tnan cne bow or

sEern .  Th l s  was ,  o f  cou rse ,  expec ted  as  ro l l  l s

greaEer tor  cnese wave c l l_rect lons.  The ear l ler

vetsLon of UNDERKEET dld not describe roll and so 1r,

lrag not, posslble ro glve mathemaclcal uo<tel predlctlon

fo { ' uovemen ts  ac  che  vesse l r s  shou lde rs .  The re fo re ,

Ehg physlcal nocel result.s were used co bulLd-up

regponses for the should.er posltlons. However when

evaluat,ing the flnal responses to che part.lcular

nuncl-di.rectlonal wave spect,ra predlct,ed 1n the Dover

Stt'alt,, 1t !f,as touno thac t,he bolr and stern woulc

ex0erLence t,he largest |trovements: Ehe amounE, of wave

enqrgy nlch beanler component dlrections belng

lnquf f lc leat ,  to  cause oE,her  poLncs on tne vessel  to

domina te .

Thrls, the flnal outcome qras t,hac Che earller verston

of UNDERKEEL was used to predlct safe allowances tor

ver l t lca l  sh lp oot lon 1n rhe Stra l t , ,  a f ter  belng

calLbrated agatnst .  che pnyslcal  mocle l .

Herle, we apply the lar.esr verslon of UNDERKEET co ghe

cases Cest,ed 1n the Dover Scralt physlcal uodel ancl

coqpare resul ts  f roB Ehe cwo models.  F l rs tLy we

compare response functlons for heave, roll and plLch

and secondly, we conpare stand.ard devlations of

novenent  tor  crLc i -ca l  polnts oo the vessel .

Resiponse functlons for LANISTES

These funct lons snoqr how the magnl tuce of  response

varles qrLLh wave frequency lrhere the lat.Eer 1s deflned

1n a stac lonary f rame of  reference.  Thus,  aLtnough

the shlp responcls at, Che encount,er perloc experlenced

by an observer  on the novlng vessel ,  responses are
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presented here 1n terms of the wave perlod seen by a

stat lonary observer .  Thls  makes compar lson easler

between responses tor  d l f ferenC wave d l . recElons.

we conslder the LANISTES underway ac L2 knots lrltn an

underkeel allowance of 4n, or jusc uncler 202 ot the

draught,. The heave response ts snown 1n Flgures 15a

co 151 tor Ene 9 wave dlrectloas tested ln fhe

physlcal model ranglng from scern seas (0") around to

bow seas  (180 " ) .  I n  t h l s  caae  the  response  funcE lon

ls the ratlo of the amplltude of vessel |novenent to

rhe wave aopllrude. For ro11 (F1g 16) and pltch

(Flg 17)  t ,he response funct lon ls  Ehe rat lo  of  the

amplltude of angular moveEent ln degrees co t,he ttave

anpl lcuce ln netres.

For all 3 responses, ctle physlcal model d.ata ls

obcal-ned by taklng cne square root of t,he ratlo ot

spectral denstcy of shlp rnovement (convercec to the

stat lonary t rame of  reference)  to spect , ra l  densl ty  of

t,he l{aves. For a partLcular l lave spectrutD there ls a

unlque value tor Enls quantlty at each trequency

conponent , .  BuE as t ,he spectra chosen (see Flg l0  for

t,he swell spectrua wlth Tp = l9s ancl F1g 12 for the

sgora l rave specLruo ! r1th TO = 13s)  boch possess eoergy

for  some of  the f reguencles,  chere 1s over lap ln  the

exper lmenta l  data.  Thus,  both speccra Provlde

est lmaees of  the response at  some f requencles and'  as

the aBounc of  eoergy aE these t requencles ls  <tLf ferent

i.n t,he t,wo spectra, Ehe sLnllarlty ln these

exper lDeota l  respooses 1s a oeasure of  tne l inear i -cy

of  vessel  response.  On the whole,  the s lml lar lcy ln

exper lmenta l  responses suggests a h lgh degree of

l1nearlty, parclcularly when Lc 1s rememberecl Ehaf,' the

spectra l  va lues used to torn the resPonse fuact lon

possess scaclsLlcal  uncer ta lnty .  Thls  a lso appears

Erue tor  ro l l  whlch ls  perhaps surpr ls lng,  as

non-llnear damplng due Eo eddy sneddlng, 1s expected Eo
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be lmportant .  Thus,  che baslc  assunpcl_on of  l lnear l ty

rtrade 1n UNDERKEEL ls well Justlf led.

The experlmental cata for waves at 30" co the scern

have been ooltted because responses were, f,o some

degree,  af fected Dy unreal lsElc wave ref lect lons

betlfeen the vessel and tne guldes used co malntaln

energy aeross the erave front.

Taktng heave flrst lre see TTNDERKEEL predlct,s responses

very wel l  for  srern (F le l5a)  bol r  quarrer lng (F lg f5h)

and bow seas (151) ancl although there 1s some

overpredlct lon for  < l l rect lons ln  between,  wl th che

oost not,lceable dlfferences occurrlng for beann seas

(Flg l5e)  the nathenat lca l  response funcclon foros an

envelope foE the experlmental responses. The reason

for sooe overpredlctlon 1n beasler seas ls unclear at

present  a l t ,hough sensl tLvLey of  the resul t ,s  to  the way

the shape of the hull ls represenrect ln IJNDERKEEL has

become apparent .

A s ln l lar  pr-c ture emerges for  p lLch (F1e 17)  in  thar

Ehere 1s very good agreeoent ber,neen UNDERKEEL anA

exper lmenral  resul t ,s  tor  s tern (F lg l7a)  oow

quarter lnC (F1C 17h) and bol r  seas ( f fg  tZ l )  ! r1r ,h less

good agreement for dlrectlons ln bef,, lreen. In the case

of  p l tch t ,here ls  a noct-ceable overpredlct ion oy

UNDERKEEL for waves wlth frequencles between 0.06 anO

0.09 Hertz  approachlng rhe stern at ,  an angLe of  60"

(FlS tZc) .  There ls  a lso an underpredlct loo for  very

long waves wlth peri.ods greater Cnan 20 seconds

( f requencles lower than 0.05 l ler tz)  whlch 1s apparent

for  d l rect , lons t roo 60" E,o the scern around to beam

seas  (F lgs  17c  Eo  l 7e ) .  I o  app l l ca t l on  ro  spec l f l c

problerns,  t ,he la t ter  underpredlct lon is  noL expeceed

t ,o be lBportant  because t ,here 1s general ly  l l t , t . Ie

energy presenc ln sea speccra ac wave per lods longer

cnan 20 seconds. The overall error 1n UNDERKEET wlll
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be one of  overpredict lon (see under next  neadlng for

movement of  bow ancl  s tern) .

RoI l  responses appear in  F lgures l6a and 16i .

Conslder lng the important  ro le expected for

non-linearlt les l lke edcty sheddlng Ln cont,roll lng

these responses,  the agreenent  between exper lmenE and

UNDERKEEL, rdhich has no non-li_nearlt les represented

r t rust ,  be considered encouraglng.

For  srern (Ffe t0a)  anct  bow seas (F ie 161)  rne

theoret lca l  ro l l  response is  zero l rhereas a smal l

amount, of roll occurred ln the experlments. The

experi.mental roll developed because 1t was inposslble

to keep the nodel vessel travell lng ln exactly a

st ra ight  l lne:  correct ions to the d i rect lon of  t ravel

had to be made contlnually vla t,he radio-controlled

rudder as the vessel veerect fron side to slde. Thi.s

meanu that even in bow and stern seas the waves were

angled t 'o rne ship from time to tlme and roll ing

occurred.

Aparc fron t.he expected tendency for UNDERKEEL to

overest lmate ro l l  responses,  due to the absence of

non-linear d.amplng mechanlsms 1n the machematlcal

Dodel ,  there ] .s  a lso an indlcat ion that ,  the resonant

ro l l  per lod ls  t ,oo shor t  ln  UNDERKEEL, ie  that  i t

occurs at  too h igh a t requency.  Thls would expla in

why the peak ln  the mathenat lca l  response occurs to

che r lght  of  t ,he peak in  Ene exper iuenta l  resul ts  in

Figures 16c to 16h.  AlEhough a heavler  danplng

coef f ic ient  vrould have the ef fect  of  movlng the peak

in the natheoat ica l  response co lower f requencles,  i t

1s a lso posslb le that  the ro l l  actded iner t ia  may be

sl lght . ly  too smal l  in  UNDERKEEL. This la t . rer  ef fecE

would make che resonant  ro l l_  per lod st ight ly  shor ter

than t .he exper imenta l  va lue.  Again,  once the conplete

response E,o a g iven
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spectrut r  is  obr .a ined,  UNDERI(EEL tends to overpredict

rather t,han underpredict Inovements (see und.er next

heading for  movement,s  of  quar ter  posi t ions on t .he

v e s s e l ) .

Taken as a \"rhole, the agreement, obtalned here becween

experlnent and UNDERKEET 1s very encouragl_ng. The
change ln the pat , tern of  response wl th wave dLrect lon

ls  wel l  represente<l  for  a vessel  underway and th ls
indicates that  che conplex f lows arounct  the vessel

eontroll ing added. lnertla, danping and hrave

oi f f ract ion '  are berng wer l  descr ibed ln uNDERKEEL.

In addi r ion,  the h lgh degree of  l lnear l ty  observed ln
the exper imenta l  resul ts  Just l f les the idea of

superposl t lon of  conponent  responses to descr ibe

ver t ica l  sh ip movements in  random waves.

Movenent of crl_rical polnts on LANISTES

When a vessel  heaves,  ro1ls  and p l tches 1n random

Traves l t  is  l ike ly  to exper lence the largest  ver t , ica l

t rovement  at  one of  s lx  posi t lons on the f la t  par t  of
1ts keel .  For  convenlence t .hey are L ls ted below ln
par t ly  abbreviated forn:

bow

starboard bor^r  quar ter

por t  bow quarter

starboard sEern quarcer

por t  s tern quarter

s  ce rn

bow,

s d .  b o w ,

p t .  b o w ,

s d .  s t e r n ,

p t .  s t e r n ,

s te rn .

Tne bow and stern Eovement,s  are def lned eomplet ,e ly  in

terms of  heave and p l tch whereas novements of  the
quarter  or  shoulc ler  posl t ions depend.  on ro l l  as wel l

as  heave  and  p i t ch .
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As expla lne<r ln  5.1,  once che standard devlat lon and

zero crosslng perlod of vessel tnovelnent ln a glven

wave speccrum has been est lmated,  l t  1s a

stra lght for l rard calculatLon to obta ln the r isk of

exceedlng an allowance for vessel oovernent. And chls,

ln turn, enables a safe allowance erlth an acceptable

r lsk of  exceedence,  co be cef lned.  Here,  therefore,

lre conpare staodard devlat,lons of responses to t,he

varlous wave spectra cesced (the oost lmporEant,

parameter for deftnlng sate allowances) rf,Lt,h

predlctloas fron UNDERKEEL. For each rrave spectrum

an<l dlrectlon qre l lst experlmental and ltrathematlcal

standard devlatlons ln metres for che t,wo posltLons on

the vessel  wi th t ,he largest  movenenta.  The resul ts

appear for  to l lowlng,  quar ter lng and head seas (0"  to

30" an<l  150" ro l8O")  tn  Table 4 and for  quar ter lng to

beam seas  (60 "  eo  120" )  1n  Tao le  5 .

For the directlons l16ted Ln Table 4 t,he bow an<l stern

moved t ,hrough the greaCest  d ls tances wl th bow

novements exceedlng stern movements ln scern (0o) and

stern quarter lng seas (30")  and wl th the opposl te

general ly  apply lng for  bow quarter lng (150")  and bow

seas (180") .  I t ,  can be seen rhat ,  UNDERKEEL descr lbes

thts patt,ern of behavlour well wlth particularLy good

agreenenE, on stand.ard devlatlon values for the swell

spectra (T-  = 19s and 14.5s)  approachlog,  the sternp
( 0 " ) .

Another  feature of  che resulgs 1n Table 4 ls  che

varlatlon 1n response wlth underkeel allowance. For

0"  anc 30o wave d l rect , lons lhere ls  l lc t , le  change l_n

response ln golng trom a 4m co a 6n al_lorrance buc for

150" anc 180" d l rect lons the responses lncrease

slgnl t lcant ly .  Agaln,  Lnls  pat tern of  behavlour  1s

well descrlbed by UNDERKEET (see also Table 3 for

resul ts  obc,a lned wl tn cne ear l ler  vers lon of

UNDERKEEL).

2 7



Taken together,  the results in Table 4 show that

UNDERKEEL is able to descr ibe the changing pattern in

response as the wave spectrum, wave direct ion and

underkee l  a l lowance are  a l te red .  In  add i t ion ,

UNDERKEEL responses are general ly conservat ive but not

excessively so. Both these features are important in

appl icat ion to specif ic problems. In comparing

d i f fe ren t  p roposa ls  in  feas ib i l i t y  s tud ies  i t  i s

important that UNDERKEEL be able to describe the

changing pattern in response in the var ious proposals

to enable the most cost ef fect ive ones to be chosen.

I t  is also imporrant that UNDERKEEL be suff ic ient ly

accurate to provide real ist ic f i rst  est imates of the

f inal  safe al lowance. In this regard i t  is useful

that UNDERKEET is sl ight ly conservat ive.

Turning nolr to Table 5 for the remaining wave

direct ions, we are able to make comparisons for 4m, 6rn

and 8m al lowances. The ful1 range of al lowances were

tested because i t  was accepted in the Dover Strai t

study that physical  model results would have to be

used for beamier seas i f  quarter or shoulder point

movements became more critical than movements of the

bow and stern (the earlier version of UNDERKEEL not

describing rol l  made mathematical  predict ions of

quarter point movements i rnpossible).  In the f inal

appl icat ion to the Dover Strai t ,  hovever,  i t  was found

that bow and stern movements were the most cr i t ical

and,  a f te r  ca l ib ra t ion  aga ins t  the  phys ica l  mode l ,  the

earl ier version of UNDERKEEL was used to def ine safe

a l lowances .  I t  was  dur ing  th is  ca l ib ra t ion  tha t  i t

was real ised test ing an 8rn al lowance in the physical

model was not necessary for the wave direct ions l isted

in Table 4 because of the accuracy of UNDERKEEL in

predict ing the effect of  changing from 4m to a 6m

a1 lowance.
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Table 5 shows that even for waves approaching the
s tern  a t  60" ,  heave and p i tch  dominate  over  ro l l  w i th
the result  that bow and stern move the most.  Bow
movements are not iceably larger than stern movements:
an effect wel l  descr ibed by uNDERKEEL. As indicated
by the pi tch response funct ion for this direct ion (Fig

17c) there is some overprediction by UNDERKEEL for
waves with periods between 17 and 11 seconds and this
is the cause of the overpredict ion for the spectruo
with i ts peak at 13 seconds. The agreeement for the
other spectrum is much closer.

For the remaining direct ions covered in Table 5,
quarter posi t ions general ly move the most and a
comparison is given between the two largest movements
from each model.  These posit ions do not always
coincide in the two models because the vessel is
execut ing a conpl icated corkscrewing motion as i t
heaves, pi tches and rol ls and, unless magnitudes and
phases closely agree for component motions, the
resu l tan ts  w i l l  d i f fe r .  We expec t  the  ro l l  response
to be ioproved by incorporating non-Linear damping
into UNDERKEEL and this may well improve the
correlat ion betveen the two models as far as quarter
point movements are concerned. As expected, UNDERKEEL
general ly overpredicts quarter point movements at
present al though there is some underpredict ion for 75"
with the 19 second swel l  spectrum at 6m and gm

underkeel al lowances. This underpredict ion can be
explained by the peak of the mathematical  rol l
response being "to the r ight ' r  of  the experimental  one
(see Fig 16d) thereby producing underpredict ion for
lower  f requenc ies  ( longer  per iods) .  Inc reas ing  the
damping wi l l  a lso tend to correct this tendency in
UNDERKEEL.
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CONCLUSIONS

l . Uslng a s lmpl l f ied representat ion of  t low beneath

the hul l ,  i_ t  has been posslb le to calculate

di f f ract ion,  lner t ia  and damping coef f lc ients i .n

che equatLons of  mot , lon of  a f ree ship when the

underkeel  c learance ls  l ln l ted.  The resulc ing

nat,henatical model 1s calle<t UNDERKEEL.

Thls work forms an ext ,ension of  an ear l ler

nathematlcal moclel which described heave and

picch without taklng surge coupllng and wave

ct i f f ract ion in to account  (Ref  3) .  In  the la tesE,

vers lon of  UNDERKEEL, ro l l  mot ions are a lso

eonsic lered a long w1th wave d l f f ract ion around the

vessel and coupling of aurge into heave and pitch

as well as coupling between srday, roll anct yaw.

The ro le of  UNDERKEEL 1s rwo-fo ld.  I t  can be

usecl  d i rect ly  to  prov lde a real ls t ic  f i rs t

est lnate of  safe underkeel  a l lowances for  vessels

ln navigat ion ehannels,  or  at  ber ths,  once the

wave c lLnate has been def ined.  I ts  second use is

in cefinlng the hydrodynamic coefflcients need.ed

t ,o descr lbe moored shlp mot , ions.  These

coef f lc ients are use<t  ln  a separate mathemat lca l

model callecl SIIIPMOOR (Ref I and 2) whlch takes

account  of  tne non- l inear  characE,er ls t lcs of

convent ional  moor lng systeos.  Ul t lmate ly ,  i t  1s

the ain thar SHIFU0OR be usect to obtain a

real is t i -c  f l rs t  est , ioate of  ber th t .enabl l l r ,y

dur ing feaslb i l l ty  s tudies of  por t  developments.

Results from UNDERKEEL have been compared with

resul ts  f rom a separate aat ,hemat lca l  nodel  that

nakes use of  sources on the submerged par t  of  tne

hul l .  Both nodels were appl ied to a large vessel

( faote t )  f reely  osc i l la t ing in  waves but  hr l th  no

forward speect .  The source met .hod uses the same

2 .
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4 .

3 0



5 .

bas i c  1 lnea r  po ten t l a l  t heo ry  assumed  l n

UNDERKEEL, but  i t  is  expensive on computer  t lme

and some dl f f lcu l t . les are exper lenced in

appl lcat lon r rhen the underkeel  c learance is

sna l l .  Fo r  t he  pu rDoses  o f  conpa r i son ,  a

re lat lve ly  large c learance for  coasta l

appl lcat lons of  20% of  the draught  was chosen to

mlnlmise problems wi . th  the source nethod.  The

compar lson ( f tgs 3 to 8)  shows very c lose

agreement, between the two mathenatlcal nodels for

surge,  sway,  heave,  o i tch and yaw. Away f rom

resonance,  the ro11 responses a lso agree (F1gs 6c

and 6d)  but  near  resonance (about  0.05H2) the

source nethod g ives a larger  response than

IINDERKEEL. It is unclear which model ls the more

accurate here but  the d l f ferences are of  academlc

lnterest .  Addl t . tonal  non- l inear  danplng 1s known

to occur  on ro11 resonance and th ls  ls  l lke ly  to

cause  the  magn l tude  o f  a  rea l  vesse l r s  response

to be even smal ler  than UNDERKEELTs (see a lso

6 ( b )  b e l o w ) .

The c lose agreement .  obta ined between the source

tnethod and UNDERKEEL Just l f les the more d i rect

nethod of  ca lculat lon used ln the la t ter  nodeL

which has been specl f ica l ly  developed for  the

case of  a l ln i ted underkeel  c learance.  Thls nore

dl rect  approach ls  less expensive on eomputer

t lme and l t  ls  l ike ly  to be nore accurate for

c l ea rances  o f  l ess  t han  20% o f  t he  d raugh t .

Results from UNDERKEEL have also been conpared

w i th  resu l t s  ob ta ined  f ron  a  phys l ca l  mode l  o f  a

supert .anker  (Table 2 and Fig 9)  underway at

12 knoLs ln long crested random waves.  The

phys l ca l  node l  l nves t l ga t l on  was  ca r r l ed  ou t  as

pa r t  o f  a  p ro jec t  s tudy  o f  sa fe  unde rkee l

a l lowances for  supertankers negot lat ing the Dover

6 .
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St ra i t .  I n  t he  p ro jec t  s tudy  an  ea r l l e r  ve rs lon

of UNDERKEEL (Ref 3) proved r,o be of immense

value.  The ear l ier  mathemat, ica l  nodel  was used,

i n l t i a l l y ,  t o  de f i ne  c r l t i ca l  pa rame te rs  f o r  t he

problern (net  fO) ancl  subsequent ly ,  to  def lne safe

underkeel allowances aft.er callbrati.on agalnst,

che physlcal  model  (Ref  4) .

The compar i .son between t .he la test  vers ion of

UNDERKEEL and tne physlcal rtrodel indlcares the

fo l l ow lng :

(a)  UNDERKEEL predlcrs heave and p l tch responses

as a function of wave frequency very well

for  s tern (F1gs 15a an<l  l7a)  bow quarter i .ng

(Fies 15h and 17h) ancr  bosr  seas (F igs 15i

and 171).  There is  some overpred. l_et lon by

UNDERKEEL for  ot .her  wave d i rect ions

(F igs  l 5c  ro  15g  and  t7c  ro  l 7g )  bu r  t he

d i f f e rences  a re  no t  excess i ve .

(b)  Non-I lnear i - t ies l lke ed<ty shedding are

expected to be i .mportant  in  l ln i t lng ro l l

responses.  Al though these ef fects are not

representect  aE present  in  UNDERKEET, the

agreeBent  obta ined wl th exper imenta l  va lues

of  ro l l  (F:_Ss 16b co l6n)  is  consl_dered

encouraging enough to pursue the addlt, i-on of

non-Iinear damplng to UNDERKEEL, whlch in

curn shoul<l reduce the observed

overpredict ion.  For  srern (F ig l6a)  and bow

seas  (F lg  16 i )  t . he  t heo re r i ca l  r o l l  r esponse

ls zero whereas a smal l  auount .  of  ro l l ing

occurred in  the physical  model  as Che vessel

veered s l - ighr ly  f ron s lc le to s ioe duf , ing

test ing.  The <r i f terences are t ,herefore

unimportant  tor  Ehese wave d j . rect ions.
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(c)  General ly  speaking,  heave and p i tch response

funct lons are wel l  descr ibed by UNDERKEEL

with a s l lght  overpredlct ion in  some cases.

Tne overpredlct lon of  ro l l  was expected due

to the absence of non-linear clanplng

nechanlsms in UNDERKEEL.

(d)  Taken as a whole,  the exper lmenta l  resul ts

inoicate a largely l inear  responses to waves

and  th l s  j usE l f l es  t he  supe rpos l t l on  o f

responses co s lngle per iod,  s i .ngle d l rect lon

waves when usi.ng UNDERKEEL to descrlbe

vessel  Bot ions in  random naves.

(e)  The above conclus lons,  based on a compar ison

of  response fuoct ions,  carry over  $rhen

compari.ng nodel predlctlons for the standard

deviat ion of  ver t lca l  movements of  cr i t lca l

points on Ehe f la t  par t  of  t ,he supertankerrs

keel .  Bow and stern of  the vessel

experience the largest Dovements in stern

(0 " )  s te rn  qua r t , e r i ng  (30 ' )  uow  qua r t , e r i ng

(150" )  and  bow seas  (180 " ) .  Th i s  behav lou r

observed i.n the physical model was well

described by UNDERKEEL for t,he full range of

wave spectra tested and for the two

unclerkeel  a l lowances of  4n and 6n (Taole 4) .

As these movements are controllect by heave

and p i tch of  the vessel ,  th ls  agreement

paral le ls  the good agreement  descr i -bed above

fn 6(a) .  The addl t lonal  in format lon

provided by compar ing movemenCs for  cr i t lca l

points on che vessel  ls  that  phasi -ng of

responses ,  as  we l l  as  magn l tudes ,  can  be

checkecl .  The resul ts  ln  Table 4 show chat

UNDERKEEL to l lows wel l  the h lgner  bow

movements ln  fo l lowlng seas and the

general ly  h ig,her  s tern movenents in  head
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seas:  features that  depenc on che re lat ive

phaslng of  heave and p i tch.

( f )  For  quarcer i .ng to Deam seas,  ro l l  becomes

more imporcant, alcnough even for \{aves

approaching the scern at  an angle of  60" ,

heave and pitch st,111 dominate naking cne

bow and stern exper ience the largest

movements (Taole 5) .  For  the renain lng wave

d l rec t l ons  (75 "  t o  120o )  qua r te r  o r  shou lde r

posl t ions undergo the largest  verc ica l

movemenE.s nlth t,he vessel "corkscrewlng" in

the rdater  as i t  neaves,  ro l l  and p i tches.

The overpredlct.lon of roll by UNDERKEEL as

descr lbed above 1n 6(b)  comes lnto p lay here

causlng quarter  posi t i .on movements to be,  ln

t .he Dain,  overpredict .ed.

(e )  Expe r lmen ta l  r esu l r s  (F ie  14 )  show chae  the

risk of a large movement oeing exceected

r^r l t ,h ln a g iven length of  the vessel rs  t rack,

can be def ined once the standard deviat lon

and zero crossing perlod of the tnovenent, is

known: the most  sensl t ive par€rBeters here

being the staodard devlat ion.  Thls feature

al lows def ln l t lon of  t ,he r lsk of  a g lven

vert ica l  l t ro t lon a l lowance belng exceeded,

and hence t ,he def in i t lon of  a safe

allowance. Thus, good agreenent betrdeen the

physical nodel anct UNDERKEEL for standarct

deviat lons of  movemenEs of  cr i t ica l  points

on  the  vesse l ,  t r ans la tes  l n to  accu ra te

est imates for  safe underkeel  a l lowances.

The resul ts  descr i -bed.  above in 6(e)  aacl  6( f  )

show t.hat UNDERKEEL wlll provide a good

f i r s t  es t l oa te  f o r  a  sa fe  a l l owance  l n  cases

where heave and p i tch dominate (Table 4)  but

thac non- l inear  damping of  ro11 wi l l  have to

3 4



De considerect  to  l imi t  the overpedict lon

the safe a l lowances ln s i tuat lons where

beamier  seas are dominant .
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TABLES.





TABLE I Detal ls of the hulk used for statLonary shlp tests

Length

Breadth

Draught

Displacenent

Distance of  cent , re of gravit,y fron bow

HelghE of  centre of  grav l ty  above keel

Pi tch radius of  gyrat lon

Roll radius of gyr.atlon

Met,acentrlc helght,

Rol I  per lod (approxinare)

lleave period (approxlnare)

Pi tch per i -od (approxtnate)

320n

60m

24m

3 6 5  0 0 0 m 3

120n

1 7 m

80m

1 4 n

4 . 6 n

l 9 s

2 1 s

1 9 s



TABLE 2 Detai ls of the LANISTES (futty laden)

LANISTES

Length overal l

Length between

Beam (m)

(m)

perpendiculars (n)

343  .6

330 .0

56  . 0

22 .3

28.7

157 .7

15 .05

84.5

7 .9  (GM.  FLUID)

t4.4*

EQUIVALENT PHYSICAL

MODEL DETAILS

( a t  f u l 1  s c a l e )

343.6

330 .0

56 .0

22 .3

28.7

L57 .7

Draught  ( loaded) (m)

Depth moulded (n)

Distance of centre of gravi ty aft

of  forward perpendicular (n)

I le ight of  centre of gravi ty

above keel (n)

Radius of gyrat ion for pi tch (m)

I ' Ietacentre height for rol l  (m)

Radius of gyrat ion for rol l  (m)

R o l l  p e r i o d  ( s ) 1 3 . 5 * ( a p p r o x i m a t e )  1 3 . 1

15 .0

85  . 0

8 .2

t4.7

*  These f igures are fo r  BRIT IS I {  RESPECT,  a  s im i l a r  vesse l



TABLE 3

Wave conditon

= 1 .5rn

=  1 9 . 0 s

=  2 . 8 n

=  1 4 . 5 s

= 5.0sr
=  13 .0s

=  4 . 8 n

=  1 1 . 0 s

Phyeical nodel and calibrated

of UNDERKEEL) predictione for

to 6m underkeel allowance

uathenaticel model

change in reeponee

(ear l ier version

in going from 4m

Sea di rect ion Z change

Physical  model

in response

Mathernatical model

H
s

T
P

H
s

Tp

H
s

T
P

It
s

T
P

Stern

30"  to  s te rn

30" to bow

bow

Stern

30"  to  s te rn

30" to bow

bow

Stern

30"  to  s te rn

30" to bow

bow

Stern

30"  to  s te rn

30" to bow

bow

-5

-6

+15

+33

-16

-2

+33

+38

-11

-6

+40

+25

-L2

+6

+25

+31

-5

-7

+22

+33

-9

0

+45

+33

-5

-0

+45

+33

-4

-2

+38

+40



TABLE 4 Crltical movementa of the LAnIsTEs at 12 knore ln foLlorlng,
quaterlng and head seas

Wave Spectrum St ,andard deviat ion (m) of  vessel  movement for :

0 0  3 0 0  1 5 0 "  l B 0 .
( fo l lowing seas)  (hea<l  seas)

(a) +m underkeel allowance

t " ( n )  t o ( s )

1 .5  19 .0

Bow Stero

E x p e r l n e n t ,  0 . 3 7 ,  0 . 3 2
UNDERKEET 0 .42 ,  0 .33

Bow Stern

o .47  ,  0 .39
0 .56 ,0 .43

Bow Stern

0 . 3 8 ,  0 . 4 7
0 . 5 6 , 0 . 6 7

Bow Stern

0 . 3 6 , 0 . 4 0
0 . 4 8 ,  0 . 5 3

2 . 8  I  4 . 5 Exper lment  0 .43 ,  0 .41
U N D E R K E E L  0 . 4 7 ,  0 . 3 7

0 . 5 0 ,  0 . 4 5
0 . 6 1 , 0 . 5 4

0 .30 ,0 .36
o  . 37  ,  0 .42

0 .20 ,0 .24
0 .24 ,0 .26

5.0  r3 .0 E x p e r l n e n t  0 . 6 1 ,  0 . 6 0
UNDERKEEL A.73 ,  0 .57

0 . 7 0 , 0 . 6 6
0  . 8 1  ,  0 . 8 0

0 . 3 5 ,  0 . 4 0
0 . 3 4 , 0 . 3 7

0 .27 ,  0 .23
0 .2L ,  0 .20

4 . 8  1 1 . 0 ExperLnent  0 .43 ,  O.42
UNDERKEEL 0 .59 ,  0 .44

0 . 5 1 , 0 . 4 9
0 . 5 5 , 0 . 5 0

0 . 1 4 ,  0 . 1 6
0 . 1 1 ,  0 . 1 0

0 , 0 8 6  0 . 0 9 9
0 . 0 9 0  0 . 0 7 0

(b) 6n underkeel allowance

1 . 5  1 9 . 0 Exper lment ,  0 .35 ,  0 .34
UNDERKEEL 0 .40 ,  0 .33

o .44 ,0 .42
0 .50 ,  0 .41

0 . 4 9 , 0 . 5 4
0 . 6 5 , 0 . 7 0

0 . 5 3 , 0 . 5 3
0 . 5 6 , 0 . 5 6

2 . 8  1 4 . 5 E x p e r l n e n t  0 . 3 6 , 0 . 3 5
UNDERKEEL 0 .43 ,  0 .36

0 . 4 9 , 0 . 4 5
0 . 5 6 , 0 . 5 1

o .44 ,0 .48
0 .54 ,0 .61

0 .32 ,  0 .33
0 .37  ,  0 .39

5 . 0  1  3 . 0 Exper lment  0 .53 ,  0 .54
UNDERKEEL 0 .65 ,  0 .53

0 . 6 5 , 0 . 6 6
0 . 7 6 ,  O . 7 4

0 , 5 1 ,  0 . 5 5
0 . 5 5 , 0 . 6 6

0 .35 ,0 .35
0 .34 ,  0 .34

4  . 8  1 1 . 0 Exper i .ment  0 .38 ,  0 .38
UNDERKEEL 0 .52 .  0 .41

0 . 5 4 , 0 . 5 4
0 . 5 1 ,  0 . 5 2

0 . 1 9 ,  0 . 2 0
0 . 1 8 , 0 . 1 7

0 .12 ,  0 .  r 3
0 .13 ,0 .10
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APPENDIX 1

Ef fec t  o f  vesse l  speed on- t rans fer  coef f i c ien ts

Salvesen et al  give the fol lowing equat ions relat ing

the transfer funct ion TO-.(U) for a vessel underway and

Tr - .  fo r  a  s ta t ionary  vesse l .  These re la t ionsh ips  were
K J

obta ined for  a vessel  in  deep water  but  here they have

been assumed to apply in  shal low water .  (We have used

a  s ign  o f  i ,  t he  squa re  roo t  o f  - 1 ,  wh i ch  i s  oppos i t e

to  t ha t  used  by  Sa l vesen  e t  a l .  )

s  ( u )
I I  I

r  (u )
L 2 2

r  (u )
r 3 I

,n (u)
'42

r  ( u )_
r 5 I

m  ( u ) -
, 6 2

r  ( u ) _
L 1 7

m (u )_
'47

=  T r l  ,
- r- L 2 2 ,

-  r ' 13  ,
- T- L 2 4 ,

T15 +"f rg 3 r

T25:YT22 t

Trz ,
T4z ,

n  ( u ) _
r r 3

o  ( u ) _
L24

o  ( u ) -
1 3 3

4  ( u ) -
r 4 4

4  ( u ) -
1 5 3

r  ( u ) _
1 6 4

m  ( u ) _
L27

r  (u )_
L57

Trg  t

Tz+ ,
Tgg ,

T,*,* ,

T35+YT33 r

T45-YT2a r

T z 7 ,

T57+YT37 r

r  ( u )_
r 1 5

r  ( u )_
126

o  ( u ) _
r 3 5

s  (u )_
r 4 6

m  ( u ) -
1 5 5

r  ( u )_
r 6 6

r  ( u )_
137

s  ( u ) _
167

Tis -Y T13

T26+'{ Tz2

T3s -YT33

T46 +Y T24

T55 -Y2 T33

\o" t2Tzz

Tlz

167 -'( TZ7

In  the above expressions Y = U/ i t l




