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I- INIBQDTICT()Nj

This lcctuc rtescribes briefly the theoretical basis of the two compuer codes AQUADYN for

"""k"";il;îa;;i;;;a 
,p"éa ani-ÂQÙepLUS for seakceping-wirh rhe approximation of

l'nâïT#"driË;;;. ii,ËiùJ'CwB t"viàe the inner problem will also be described
-*"il; :;A;;;;; p;bl; i ,h" pt'bi;"iof boaes' noamg o' inuoersed' in a flrrid of infinite

or constant finite depth, ,"rrn o, *t*oJ-fo*ard speéd and iubmitted to sinusoidal waves To

ài,.iiiËJîi iiôlf""iin mathematical teÀs, we use'the theory of pe ect lluid, without viscosity'

ilËiiËËffi;1,;iËril,îiii"lî "u"*ïiiiio 
take into accouirr rhè radiation condirion at infiniry.

FirsL we set the exact non un"ar p-o,"-, *ilh ùe exact free surfaces condirions' then rhis problem

is linearized Ând Âll quantrtres 
"t" ""*fopiJ 

up to the second order' We have to solve rhe

ir"ai"i"',iiili" ."ur"m at rhc fllst ordei anàio -apfly 
rhe resuhs in rhc mechanical equatioûs at the

sâme oider. Wc will first solve the problem of 'b'odie s in waves withoul forward sieed'.then the

iiàît"Ëïi'"iiif rà,]ôni oi nuia in rai*i, t l'ich is-a problem of tie sarDe kind as the Prcvious one'

;;;;iil;;;i"d" bv the problcm with forward sPeed and irs app-to-\imauons'
we will describc tr'" co.put"t iàiii ÀQUÂDYN. 2 1, ç-ÙyE-,alq-leqA-Pll^s:-s:::l1l

ptu"ti"ni tiî.ii"i *iti uc givén, with discussion of the main panicularitres ot lhese coqes:

recommendcd number ot p"n"tt, tàTu'iàï àna iemoval of iriegular freouencies' need of

exDerimenhl damping at tne resonanÉ-âiËotiô^' iJtptiton of cilculationÀ methods for drift

anâ second order forces.

r --TIIEOBEIICAL-BASIST
2,1

2.1.1H],oothesis:

The fundamental hypothesis allowing us to descdbe mathematically the behaviour of a lluid

is the condnuity hypotheiis. Other hypotheses are :
-Hl: srains are propomonar to qeformarion velocities( Newtonisn fluid )'

-H2: The fluid is homoe"noor *iirorroplè. lame's viicosity coefficients aro slowly varying

funciions of densiry and tempelatue''""----rif 
t irtè 

"itËosiry 
coeificiens are zero' The density is constânt'. ..

-iiii iiil 
"i'rv 

é*ê-.t forces are gravity forces' The fluid is initially at rcst'

-iiji wn",i'ïr,Jiliï 
" 

free surface, we neglect rhc surface rensron errect and suppose that

oressurc is constant above ftee surface'
- HvDothesis H1 and H2 lead to the Navier-Sokes equations With H3' we obtai[ tho perfect

fluid eoiràtions for an irrotational flow.

ftîiEii6'.Eprescntation mode, thc mass conservation principle givesr

-> âo
div(p9+?t=0..



In perfect fluid, we have :

With H4 hypothesis, wc havc a potcntial O such 8s :

V = glad O
Continuity equation is then :
'ÂO=0
The fundamental pdnciple of dynamics is express€d by the Navier-Slokes equations :
' I ---> X, + I, ----' .t lo

i 9136 p = F-1 + -J-----J grad (div \D + -i ÂV
PPP

where, in tre Euler's representation mode, the acceleration is given by Helmboltz's fomula:
-, -__, V2
v=erad(-)+(RotV)^V_ *Ti

With H3, wc havc Euler's equation :
I --->

- Saad P = F-T

H4 gives :

F = srad U
with U=-42, thc z axis being directed upward.
lntegrario-n of this equatioà- gives Lagiange's equation, giving pressures at any point of the

fluid.
nV2ao
!-+sz+:+-- : -=F(t)

2.1.3 Boundarv conditions :

- BodY condition :
on a huid proof body C, thc normal relatiye velocity is zero, The normal velociry of the fluid

is then equal to the normal velocity ofa point taken on lhe body:

V.nla = Vr.n1"
and with the potential :

a@
. . - - l^  = V".nl^
. 'nv

- Free surface conditions :
Equation of free surfacr ig ; '2 = Ç(x, y, t)
The dynamic condition of frÊc surface is given ftorn Lagrangc's equation :

P. .v2 aÔ. .gz = r\t) - 

- 

- (T + Tl, | =ç1",y,,yo'
For all foUowing Foblcms, we take pa=o.
The kinematic condition is obtained ftom continuity hypothesis :
do âo
.-=0=i+V.cradD
ot dt
Which givcs, combined wiih Lagrang€'s fomula :

azo aô av2 1 -> ---> o
-  

*  Eq- +:  + -=V. sradv' l  . .  .  = F(t)
Al -.tz dt z - Èstr.Y.u



" Radiation condition at infinitY :

To Drovide for ùe unicity of the mathçmatical solution' it is often ncccssary lo haYe -a
suppfeureiurv cÀnation expressing the behaviour of the fluid-at inftnity, One method to obtain this
iôiiùri"" ii-a'"J i" n"ylcisli and w:as used by It Lamb. This is thc nearly Perfcct fluid-hypothesis,
*Ï(,Ë *e àaa to the Éeco-nd member of Euier's equation a di-ssipativ-e lerm, expressing that lhe-
behaviour of the fluid at infinity follows the piysical reality, wtuch wrll be canceueo at tne enq oI
the calculadons. The lalær are transformed as indicated below :

Euler's eouation :
. I ---i
-$eop
P

. speed , 
vt 

=. 
JE'i,

and fot mass and time :

r2
-:

JEz Lz

Ml M,

Pz Li

v)
Lagrange's equation :

" 
vz â<D

lim - 
(: + gz + -6- + 5; + 2 e' o ) = F(t)

C->O o '
kinematic and dynamic ftee surface co[ditions :

azo ao av2 l : :  - - lv2 .ao . - . , r . .
timr_** t";j + cÇ +f +i v. r.edi+zE'7- + e' v') l=,,",r.,, = F(t)

,  9$ ç 2ê'o+F(t) l

- Absolute valùes expresscd in moving axis :

Prcvious boundarv conditions can bo wdtteû in a moving frame parallel to the absolute ftame
and moving with the veiocity V6. ln ùis case' we have :

aÀ

Ë' u,, n.,. = 
i 

| .^r, 
-u 

- vg. grad I noving uir

Othcr dcrivativcs in respect with spaco valiables arc the samc irr the two &xes'

2.1.4 Similitudc laws :

The similitude of perfect fluid submitted to gravity forces with a free surface makes it

necessary to Éspcct thc lieech-Froudc number ;

1,/gr-

If wo considcr two fluids of density pl and p2, with tergths Lland L2' with gaùty fields
gland 92, similitude ofvelocities give :

I
Ç = lhr-*' ?

mass :
^ 

T"r r  " l
1 lL.

r l  V Ël

. l L2

Cz
timc :



and for othcr qùanti*T I 
X2

displaccment t q= 6

accelcntion t ';=?,

All calculations made for I given fluid will bc available for a fluid in similitud-e. If density
ând gravity arc the same, these Lows give rhc variation of quantities with geometric scale'

2.2 l'ouations of mechsnicr aoDlied lo the Dmblem sitho|It forwârd speed :

2.2. 1 Systêm of cooldinatcs :

ô
ct

^

o
o'

2.2.2 Equations of rhc pmblern :

The cquations of the wholc problem in pcrfect fluid arc :

fotcc :
Fl F2

, , ;4= ; , t  8,

à

z-

O- tt-

a'

: Oriein of the fxed axis.
: OriËin of axis moving with thc body and parallel to the fixed axis.
The Écight of frce surfàce 8t res! ir these axis is zF.

: Vanishing viscosity of nearly perfecr fluid.
: Littlc parameter of the dcvelopmcnt ill series.

fÂô=0
I aol
I tl" 

= 
"t'n'"

l+l =o
I oz lz=-h
'I <D -r Or at inf inity

1,,-"-* S*rf .$. jv 
""v2+ze|f 

+ev2l,=q1,,y,,1=F(t)

[e= u-r-*-]rf *f, *reo-tt,);,-,,,,,,,,



If we develop the problem in perturbation series of the litde pamrneter €, we have :
p = go(l) ..626(z) a o(s2) = ot + o2 + o(s2)

V = ga4o = sf(l) +gzç(2)..o1sz; = Vl + V2 + o1e2 )

where o(e2 ) are terms of order greater than e2

2.2.3 Hydrodlrnamic oroblems at first and second order :

. Developing the--ircident wave. the body condition and the fte€ surface condition at seÇond
oÎ(ler, we nave tnc lollowrng equatlons _

For the incident wave :

co.hm^/r+h\
Fr,  = - t ' -  : 'v  - .  " 'cosImo(xcos p+ysin p)-or l'r c) ch moh

s7i1! ; 62 = gm6th mgh , and

- 3mna2g ch2mn(z+h)
R. =---  u-  è - ; - -u -  " /  s in2[mg(xcosp+ysinP)-or l'' 8(l) shr m6h ch m6h

môa'g 1
r(I) = 12 = -- 4 sh moh. ch moh

For the hydrodynamic problem at fust and second older :

^ol=0ôo' I
5if,l.o 

= 
"el nol.o

ôo' I
è, l,=_n -

Or -à Orr at inf inity
.. a2o, ^ . a@, ao, Ir*.,-0, 

îË*2ef 
*sil,=o =Eo1l,-o =o

, raor l
g dr lz=o

^o2=0aorl r-i = |
5* l"o 

= YE2'nolco + vEr.nlbo - 
an;lao 

- roPt.c.ucvet. nolao

ô@o I
dz l4=_h

<D2 + ô12 at infinity

E.o2l,-o = -291546r.r,uu$1,=o **lPl,=o *u,"",-o* e'(erâctor)2l,_o

, 1.ôor " a ao' v? ^ .lç2 = --LJ;+çlt è; * i - or)1,_o



Thc lotal potential at sccond ordcr bcing :

o=or+or+o(et)

2.2.4 Descriotion of thc motion of a bodv :

To descdbc th€ motion of a body, we divide the rootion i o two palts, translalions and
rotations.

Vc.ctor nanslation : i = oÔ

Vector rotation :0 = oii amund Q
Wo can t€pr€scnt tlrc rotation of any vector by:
--- .  -  s ino:  - . l -cos0-R(û)= ûa:: : :g^ 5+f 0 n(0a ù)

The displacements of sny point of the body in respect to its location at rest arc :

Poa(o) =ô
PoE = tr +Rr(oFo) = ï1+61 a oFq

PoFz = iz +Rz(oFo)= t2 +62 a oFs +]61r. (61 r' oFs)

2.2.5 Prcssur€s. f6ces:

PlÊssules st different qders are obtained from Lagrange's equation :
po = 1g(z- zs)

p,=-pg'oFuT2-p$

,, = -pgvs12.i7 - eS-ot A."* 9-|o(nâ,l or)2 +&

&--
rt1oa2g

4 sb moh. ch moh

The position taken by the body dudng its motion are givcn on the figûre belou' :

z



With the following hypothesis oo the order of magnitude of ths iûtegËls, the forcas exened
by the fluid ol the body can bo wdtten :

lJ= o<el, lJ= o0l
sr co
ffg = fro for the forces

ig = OFo a io for the momcnts around O' moving with the body

Fgo = - JJnong ds
CO

F*1 = 6r ̂ Fgo - jJrrng ds - lJp6nr ds
c6 sl

Frz = 6z n Fro + 
]6r 

r. (61 n Fgs)+ 61 a 691 - 61 I Fg6) - lJrzng ds * JJp1n, ds

2.2.6 External forces :

Extemal forces can be divided into hydrostatc forces and- hydrodynamic forces' -The
ftyarostaiii forces are the rcsultant of gravity iorces and buoyancy forces. Fot a floating body at
oquilibdum we haYe :

Mg=pgVs,Xsa = X6O , Ysr =Y6a

CO being the gravity centre and C0 the hull centre, detined by :

oÉs = xi* * v1, * r1, oôo = *.JoPo dv, oô0 = #.JoFo d-
Yo vo ,", vo

Thc hydrostatic restoring matrix is defined by :
00 0 0 0 0
00 0 0 0 0
0 0 S33 S34 S35 0
0 0 S43 S44 S45 0

0 0 S53 S5a S55 0

00 0 0 0 0
with :
s," = pglJas agsr"

sF.

s!4 = psljY ds =s.!

s., = -pglJx as +,,

s* = pglJv'as+pg\ (zc,-ze")
' sF.

s* = -pg[[)ff as *,.
SF.

s,, = pgJJx'as+pgv. (zq-Lo,,
SPr

s=



The hydrcstatic forces at a point O' moving with the body, arc giYen by :

fhro = u

Ftu1 =-[S33t", +S3ag*, + S350y1l.L

e2 +A2. 0", .0",  .  -  
0*, .0r ,  , ,  ,

4o2 = 6s,., fu , - ts33(tr2 - ff zs ) + s34 (112 + --r!3) + s35 (rv2 - -:)---:L)l' \

{ r ,e(o)=ô
Iù6., (0 ) =-lSlrtzl + S440r, + Sa50y1l'ix

{S53t", +S540tr +S550rrJ.i

a2 +A? 0. . . .0- .  0 '  A

tùhs2(o ) = -[s43(tz, - lllalJt rr;..- 5+tt,, +a 
,I3) 

+ s a5{rr, - J\4)li*

a2 
-e2 

0.._.0-- 0",.9". =
-tssft,, -$zF)+s54(tx2 +J}lL)+Sss(tr, - --1t-a)1. iy + 0l 

^ 
Mhsr(o )

The transportation at a point O fixed beirg dooc by :

lû6, (o) = ùr's2 (O ) + iv 'r F1,",

And the hycLodynamic forces at a point O' movi[g with the body, by :

ç, = -199 : wave hcight; zl = Po4'Llr-o : verticd asPlacernent ar free surfacc
-. g dt lz=o
ig = fro for the forces

ig = OFo I io for the momen$ around O' moving with the body

4,ao = 5
l?ft-

Fhdr = - ffprns ds = P lJ ?ns ds
- co co "'

Eaz =6r 
^Ê,ar +pJJIS+ron.e'aaS+ jo<râa orl2 -&)'ne as-f lo{(r -zr)2;e as

co "'

The tra.nsportation at a point O frxed being done by :

ù66r(O)= Iùr '02(0)+t l  
^4dl



2.2.7 Inertial forces :

The inertial forc€s, developed at first order give :

fur - Mtt +MOt a OGo

ùr'a, = Moôo a Er + Jt61(oF6)2 - oFe(oÊe.6,11a'
.M

ya= Jtrz +z\am;trr= !122 +x21am; t66 = J1x2 +v2) d*
MMM

I45 = Is4 = -JxY dm ',146=Iu =- Ixzdm; 156 = I6s = - IYz dm
MMM

fM 0 ol fI44 I45 146l I o MzGo -ttool
F=l o u o l ;T=lr"  155 156 l ; î= l -vz6o 0 Mx6o I

I o o ul lI* t65 tu6l L Mvoo -M*oo o I
f  h, , I  lF î l lE, l  - - f t , l
Lu",l=L-r TIL6J=*16,j
2.3 Sohlfion ofthe hvdrodvrlâmic prohlem at first order :

2.3.1 Decomgosition of thegohlem :

For the ploblem of N bodies oscillating indeperdontly in waYes, we have at first order :

Â<D=0
99^l  =v' , .0t" ,  ; i=1,2, . . . ,N
dn bi
aol
=- =u
ctz lz=_h
O -r OI at inf inity

.. a2o . ".ao . -aolrirr-+o* f, 
+2dl*rË,=o =t.|,-o=o

o, = - 
ag ch T0(z t h) cos [mg(xcos p + ysin p) - or'l

-  o cnmon

srd; 192 = gmgth mgh

, l aol
t=-e al"=o



with tho unknown velocities obtained ftom unknown amPliludes of motions :
6

Vei = Vei 
"ot.t 

+ Vei' sin o:t = !Vt1e
q=l

and:
3r6-+

Vpi =-arsin otlL.ql éq + :,Al (êo-3 r.oPs)l
q=l q=4

3++6
+ocos or[ LAI êq + >Al Gn-3 a OPq)l

q=l q=4

u,ith :

A$ = A$ cos ot + Ag sin ot
*l o=t.à.3 utr ttr" unit vector of thc axis x,y and z.
Ciniiaering a penurUation polenrial, this problem can be divided into N+l problems :

ô = <D* cos o:t + ô" sin rrn
ô=(Dr+(Dp

N
op=Ôo+àoni

one diftactiâi proltem, for which the body condition is : .

ry-l =.-Pr] ;i=r,2...,N
dn lXi dn lE

and 2N radiation problcms, for which the body condition are :

à9nil = 1Vr,.*s r,r + Vsi'sin ot)1,. ; i = 1,2...,N
ôn l:i -' t2

agni l  =o; j , , i
dn |ri

which are known after having solved ody N elementary ndiation problems :

).ôq-, I::-ël = VtrEicos orlri ;lveEi l= I

a.3o.l =o,jn,
dn t_.,4

2.3.2 Comolex notation :

For quantities varying sinùsoida y v/ith tine, we caû use the complex notation :

- - i -i.r' i
A = A" cos (l)t+ A-- sin or = Re At'*' ; A = A +iA

,  -7 1 -= r  - f ,  - l
< A.B >= lRc( AB) =:Re( BA) =:  Re( AB+ BA)

where < A.lB> is the aveiage value in time ofthe ploduct A.B.



2.3.3 Solution of the problem by boundary element method :

To solve these oroblems, we use ùe boundary element method, with Creen's function
allowins to lakc into aôcount the boundary conditions on body, botlom and free suface.

TËere are two main differences between all thc difftaction-radiation prograrns :
a) The first difference is in the lype of singularity disnibution used. Io the prcglem

AQUADYN, we use a mixed distribution of source,s and nomal dipoles, where the soÙces are
tnàwn frorr'ttre bodv condirion and the normal dipoles are unknown. The solution of the problem
ii trre ooæntial. Theïebciries outside of the bodiès, which are not known by the body condiiion
need i moutation of influenc€ cocfficients of Yelocity for normal diPoles, I process known as
beine of ôoor accuracv ( derivative operator ) In the AQUAPLUS Progmm, we use only a
àirri'turi,in of sources."I'he solution of-the problem is the velocity and the potential is calculated
from ùe sources by ilfluence coefficients with a good accuracy ( i egation operator ).

b) The secônd diffcrence is in rhe way to compute Green's funcrion. and the discretized
influencé cocfficients intc$ated on a panel. ln the geneml case' we can 

"!Tile:
C=Cr+Cu

c, = t l (  ] -  )ds(M';) ;M'1(x,y ' , /1)' 'i -MM'l

t
c2 = ft jg(q) del ds(M )

s_I
2

f rn

JË(odo= IE(E)do
f r f r-, -t

E = Alz + e/  +iÛ' l  ;  O=(x-x ' )cos0+(y-y ' )s in0

Due to the cylinddcâl sFnnotry of tho Greeo's function, we çan also write :

with::

(  = Z+iRcos 0 |  z=A(z+Et)  ' ,  R=A
The terms C1 8le calculated amlytically by

(x-x)2+(y-y ' )2
classical Hess and Smith formulas (1966) or

similar approximations (P. Guével: 1975) U4l.
Foi ihe terms C2, there is a choice:
- vy'e can first comDute numericallv the simple inle$al, and tlren analytically the double

int"*u ôn s-. 'irriii't'ràiiiî"i 
-"4" 

ror ttÉ fust vers:ion of ÀquADYN (1976) [19j

- We can first compute the simple integral in O and then cqmpute numerically the double
integral on S. In Dractice, due to lhc slôw variation of the integration term on lhe panel, ùe double
intelral on S ca-o be approximaled by only one point formula, which makes thrs method very

cfficicnt. Therc is also two ways of computing the simple inte$al in 0 :
a)- we can approximate the integrat by several analytical formulas, each available in a domain

ofuatiitiôn ofn ô'a Z, as proposed b,-y F. Noblessç (1982) and J N. Newman.(I985)[l7l'.-- '- 
ùt- *"can obtain ù! sâme res-ults by using a interpolarion int'o a file of fou! elementary

fon"tiài,t ôi ti" i*À uatiabies R ana Z , "reâted 
oÀly one dhe and loaded_at each execution of the

iËii"i fZli. rùir r* ir *i1uUt" borh for infiniré and finiro warer deprh. The size of ùe ftle is
Ëriih-'sii KBv* and this mctnoa is used in tho codes AQUADYN-2 1 and AQUAPLUS'
iiôsilîith-t *-*fiïiinicipôtation rne .esulLing computation timc are of lhe same order as with
àatviical formulas, but the dtvelopment effon is less for the second meùod .*'*' 

îË ;;;;i;H vJu"s or it 
"'cteen 

runctions are obmined by the snti ûiinor image (1/R-1/R1

for T=0) and the minor image( lA+1/R1: double model for T=infinit4'



2.3.4 Discretization of integral eouations :

_ -Wh"l 
written on the control point of,each panel of a body, the inregral equations of tho

boundary element metiod are transformed in linear syslems, we have :
For the mixed distribution , N being the total number of panels on the bodies:

u: N- -  N t . t '
Lp;D; i= L T
i - l  "  -  i - r  dn

*.Ëon,=*1^,

M

And for the source distribution :

The potential of sources arc obtained by :

ol =- lo,S,,
h',ri il i ' "

ard the influence coefficients are obtained byi

s, '=-1f fs(M',u)ds(M')
-  4rT

-  r  - -â l  -Di i=-  ,  JJ- l  S(M;.M)ds(M ) Di i  =0.5
'  4r  t  dnlM

S being tlle Green's function of the problerr|

For the elementary Édiation problem Oii:

For the diffraction problem dp:

- l
a@el ôOr

- |=_.onl dn
rï

All coefficients of the linear systems arg complex, They can be written in real form by
separating the contribution of terms in sinus and terms in cosines, but the rcal system will have
twice as maûy unknowns as the complex one. The compùtation times of a real system of order 2M
is in 8MJ and thosc of a complex system of ordcr M is 4MJ. The complex nqtation is not only a
wdtng facility, it also saves computation time.

=ol:wiùol= êq. i  q=1,2,3
(éq-3 nOFs).nq=4,5,6



2.3.5 Irre gul ar frcouencies :

The Drevious intesnl equations alo Fædholm's integral equations of the second kind. These
equationa Ïave generaiiy- an -uniq-ue solution, cxcept for cenain discreto ftequenci€s \rhen the
soiudon ofthe in-ner assoôiate problem is not identical to zero.

l^o=0
jEqz=o = 0

l.ol> = o
This can occur only when the body is not fully-immersed.-The general principle to suPPress

tt 
"r" 

itrisuia. f.cqucnci;s is to w te o; the ftee surface a supplementary condirion which makes
ii.io.ifif"i U" ia"itca.l ro zero inside ùe body. This can be mâdc by \trdting.ùar the potential (.or
its iormal derivative in z ) is zero at certain points of,the fier surface.. ln pnctrce, these trequencles
are eenemllv rather hieh ând arc not alwayi in the domain of calculalion for wave prcblems' We
can ipproxiirate ùe pe-riod ofthc lowest irregular frequency by ùe formula I

Irh(îil;r+r) i .--t I
r=uc. l - - ! i * - . -  t l  

:  ) , , l , - l1/ ; , \
- -rH lL' ..

th(-- 1l: ;  + l)
L TB'

L Ï8,
lts. ll: . I
- r I . -+rl l  - r i ._ 1 r

I  L lB" /
where L,B arc the length ana breadth at waterline and H is the draft'

For I=20 m and 8=6 m, we have T=2.6 s and for Land B=90 m and H=40 m' T=8 857 s' 
-

i" p."ôti"q it i  innuén"" of iregular frequencies is idenlif ied in a narrow.strip.of

"oo.iirn'.ièf 
v oi 

" 
in pcriod, de pending o=f the mesf, ( decre asing with refined mesh- ) This rcgion

iiilgtiù-Èiiât"' f"t sciurce disuilurion-rhan for mixed disribution for thrce dimensional cases.

2.3.6 Radiation problems :

The elementarv radiation problem is tie problem of a body with a forced sinusoidal morion,
i" i"iti;ui-;;Ë ;âtei. rne ràtces on the 6ody and on tie othe! bodies are obrained from
Laerange's equation:

- Fôr ùe ?notion q of body i, wc have :

-  ^6 --  -Cp = poz lAf oni
q=r

Force p on tho body j is given bY :

uPq--u

S = - I t*yfr-r'1ef* cos rot + ef*' sin ro91

+Biqt-o(Al* siû ot - Al.'cos 6)01)

slPËos' -  dn

ufl=+.Jlofrî-$æ

= -pjt

rniPt = vPl *asPs
'JrJ(ù!



Properties:

Mff =MIP ;Bf =Bff ; nlf >=o ;uflo =r
ftË aiae6nal oi the manix of damping coefficicnt must be positivc, and thc matriccs

,u-rn"liiul-ui uio"t,. This gives a good esiimàtion of the numerical enor due to discretization'
-"- 1" 

-oi*ut"i 
*" also frid ttrar'ihe diagonal of rhe added mass matrix is positive, except at

ccnain frequencies for spccial gcometrics ( catamamn or moon pool ) '------ 
if,i i"r.i oi uaOeà mass-and damping coefficients are lhe lcsultant of dynamic pressures.snd

ur" noiin"r"i-t. mà added mass and dàmp1ng coeflicients are firnction of th-e period of the-motion
and of water depth. Ar high frequencies (T=infinile, acousÛc in incomplessible waær) and at low
d;ù";i; Glo) oe aùping'coefficients are zero. The esymptotic values of the added mass

"*"rn"ii"G 
Àt" À6tuine-d by thà anti mirror image ( l/R-1Â1 ) and the minor image ( UR+1/RI:

double model ) in Greenis funclions' For a grcup of N bodies' the -add-ed mass and damPing

"."niiii"i-iÉ"* 
,* two rcal matrices (6Nx6N) or one complex matrix ofthe same dimension.

2.3.7 Diffraction oroblem :

Excitation forces come from diffiaction potential and incident potential:

O"' = oo+ <DI

Force q on the body i is given bY :

-q - - àôs:
Fcxi = ipoJI(oD+ oI)-înds

2)

Or by Haskind s fomula :

^ ^:{
Ë1,' =-io,ttrôr *Bi-ô1, dotras

' '*'l' -' an "' ôn '--

r=!rv!zl.r . ' .vDN
The part of éxcitarion forces due to the incident wave are often called Froude-Krylov forces. ,
The Lxcitation forces can be calculatcd by direct pressure integlation of the dilfracuon and

incident Dolcnrials or after having solved tÉe radiaiion problem,- without having solved. a
i"-"îfiiÀ"fiu*'_'i6Ut.rn, by the HasÈind's formula. When we use this fomula, we don't know lhe
Ë;i;;;;" iltÈ bôdiËs , which forbid to rçach second order forces' This formula is only used
;;;etaÛih;à;.tirt;f the numerica.l solution by pressure integrati.on unfonunately' the agrcemcnt
with pressure integration is too good lor ûls companson lo D€ userÙl'

2.3-8 Eouations of motions :

The unknowns are the motions of thc bodies. If $'e make the sum of all forces exelted on the

Mies. we have :
F\{ = &s +h +Fex +FL

"'ùine 
É'l'a *il*tiitt foËes, F6s the hydrostatic restoringf-orce,.Fp ùe radiation forces' Fsx

*," 
"..ii"-O#iïr"L, 

(tt c ,um or riôïa"-Krylov forces and diffraction. forces) and FL extemal
linear forces which may be due to the sriffness and the damping of a mooring system'



7

The line conesponding to the motion q of body i is wdtten :

"  
6_Pq -q 6=Pq -q "  

N 6 -Pq -P 6 -  Pq,q -q
-o- >M Ai+ : ,S Ai-o '> tM Aj+ t  Fr Ai  =Fexi

D=l:  D=1: i= lp=l : :  D=l- ,

The lirear system for N bodies is :

5r * {,,-.2 rf ir * ûr r I {-1^ -.2 ù *t At I lF""t

rr*r-co2urr.r 5r+rr^"-ro2tf iN+MNN)lL;Nl Lt*,
The case of intemal forces can be solved by sepamting the body into several bodies tied by

intemal forces, with connection equations giving the unknown forces (for example, the beam ofà
catamaran).

2.3.9 Drift forces :

For a distribution of singularities kinematically equivalent to bodies osçillating in waves, we
define the Kochin function by :

-  - r l
H1o; = ---J-i11o+ p$l ycn m6{z +h;g-imo(x cos o+ysin e)as(lil.)

4 l I  sh moh; dnlM

with for a mixed distribution :

-  6-q rÂ,
6= l \ rg i .n-p;  i  = 1.2, . . . .N

q=l dn

N6 -q -_p=Êl+l I  tn i .Al
i=lq=1

aad for a source disribution :

N 6 _q _
o=oD+>! oni .ef

i=1q=1
By application of the momentum equation, we obtain the Maruo-Newman formulas, which

give two horizontal resultant drift forces and the vertical rcsultant drift mom€nt exerted on all the
bodies:

. p* >= -2nupr,:(tl' l r r," H rpr - znp---{o!lsh rf-'fl tir, e " to' s
y smP hl(moh) ' - (koh) ' -kohl  ô 

) l ' ( r ino)d0

7
.o-

and for the mometlt at a fixed point O (mooling) :
. .  rL.L\2 Lf t , :

< Mz(O) >= -2æap(')Re ÉG) - 2rip-------$!Il-5- J Hte).Hfe) Oe
h[(moh)' - (koh)" + koh] ô

For a point O' moving with the bodies (dynamic positioning), we have :
< M2 (o ) >=< M, (9) > - < lx. &v{y - ty. q,rx >



Ir catr bc demonstrated that, without cxtemal forces, the drift forces in the wave directiol aIE

oositive :
m^(k.'h)2 2n -

. $ t= 2np-----l#Eqf:r-:=- J tH(e)l't1-co(0 - p)l d0 >= 0

The second method is the use of direct pressurc inte,gration,at 
-second 

order' If must b€
noti""A if,aiài iècond order, the average value ôf second order potcitial is zero, and the constant
ilïîf Ë;;;;;;;*tiÀn riis 

"em"ln 
infinite depth and alsoin finite depth for a freelv floating

ûJn i no, i* ùoOV artilicially maintained at a constant height ). The exprcssion of ûve*ge forces

"nJ"ni."niàt 
t""oi'd order on the body number i is then given by :

li'' l=-æf '- llf:'l
LMvil L-r I I LUil

e?' +e?,, - o"i.o,, . ^ o"i.o,. -
Fa",i =< 6i 

^ 
FMi - [s:3 (- 3f zp ) + s34 (+ 

ti) 
+ s3s (- 

ï\.,

+p lf tpoF.e,aa P+lp(eÉd o)2 -&l.ns ds -ff Jt!- z)z.n, os >
' i  "  -  dt  2 -  ' r i

û66., (o ) =< 6s r. Mur to' ) - ts4 (-4É"p; + saa i+fof ) + sos r-g*rli"

a2 
-a2 

0 
' i '0z i , .q--1-0xi  

0 ' i  11i-- tss:(- : ï"ç)+ S5a(+r ,  ,  - . , . : '  2 . ' '

alJrrrF.g'aaf;* jp(cred o)2 -&l.is ds -f lte -zl2'n, as '

( = -jfJ"- 
' 
*"t" height ; z = PsF.!1,-o : vertical displacement at free surface

ig = io for the forces

is = OËo ,\ io for the moments atound O' moving with the body

arid the transponation to a fixed Point O is given by :

< ù6.n (o) >=< f,46* (o' ) > + < t; .r [\ri >

For a';nixed distributiàn, thc difficulty lays in the poor accuracy of velocity calculations for

normal dipoles. To avoid this problem, lve can solve one supplementary lntegral equanon wlrn a

source distribution, once the motions are known, with onc second member e-qual to.lne nolmal
o"rrrrrt.tiôn vclociiv of thc bodics. Thc only benefit would be in rhe case oI the calculatron ot

;;il;;;;ù;É"irç wrong, which is nofùe case. The solution is then the samc as with source
f,ËrlËd;r. i";; ;asei, tle citcutation of second order forces with pressure integration requilcs

the solution of at lêast one intcgral equarion with sources'

2.5 solution of the inner Droblem ofoscillations in a tânk:

2.5.1 The inner Problem :

lVe consider a tank with forced motions, as shown on the figure below I



The governing equations of the inner and outcr problems arc [23] :

Outer problem :

Àô=0
Inner problem :
ÀO=0
ôol
an lao 

= -"t nlso

a2o aol aol
;A*sa,l"=n 

=-*o-* s;;t=o = u

VE= VE

ard:

cos (ot

3*
-Vs.i = -o)sin tot[ lAl èq.n +

q=1

In complex notation :

-Vr.n = i<,r1 lefeo.n + tAl(éq_3 ^oFg).nl

aol .-. _,
Tl.o 

= 
"e'nlst

.. a2o ̂  , ao aollim-, . ̂ _ 
------ + 2E =r + g-l = 0
dt- dr oz lz_o

!,a1-{an-3 ,. oÉo ).nI

q=l
For this goblem, the condition at infinity does not exist, so the response has no phase shift

with excitation. For an excitation in sin ot, the response will be in sin ot. and the elementary inner
problems of ladiation are i

Inner problem :

^Oq=0ao" I
àn lco ëq-3 r. OPo q= 4,5,6

6
@ = -io lcD^A"

q=l

2.5.2 Solutjon by Rankine siner-rlarit ies mcthôd:

The elementary problem can bg solved by a Rankiûg sirgularity method, with a mixed
distribution of sources and nomal dipoles, with M panels on the frce surface and a total of N
panels on the ftee surface and on the body. We have :

o=-î ;p=o
dn

"b" 
= -*l ; ob,- = -ks@ = -k6fll ,-qn bo

And thg discretiz€d integnl equations aæ :
NN
Iu,Di=-Ic,Si :  u;  unknowns
j=l j=t



with :

lD; i  = D; i

lùi i  = ùi i

lS;r  =0

=Dl - kosij

sjeC0

sleSL

sj€C0

sj€SL

su=-f11O!'0'rv I

lo,  = ê". i  r

lo j=(eq-3^ufo).nj

J'', =-f tfr;!'",^',
lDr =-o.s'r 

--

q=r,2,3
q-- 4,5,6

In the case of heave motion, we have an analydcal solution of the problem, which is very
useful to veify the accuracy of the numerical solùtion.

03=z+-
(0

2.5.3 Resonance frequencies :

lvith this method, we caû have all resonance frequencies in one calculation. The matrix Si1 is
(NxM), the matrix Dii is Q.{xN), resonance fiequencies are the solution of:

Det(Sij - koDij) = 0 or De(SijDtl - 
k:I) 

= 0

The eigenvalues are Àn :

.  I  e f t -  ^  / r .
^n 

=-=-: t+!ùn = 1l ;=.  ;  ln = I t r l i -
K0 on- ï^n I  g

These resonance frequ€ncies are differcnt from tie hrégular frequencies of the outer prcblem.

2.5.4 Kelvin singularities :

The problem can also be solved by a Kelvin singularity method, with Green's function. The
inner problem Green's function is the rcal part of the outer prcblem Green's function in infinite
water depth. The integal equations are written on the body only ( not on the free surface ). The
difference is that we have now an inner problem, so the discontinuity on the diagonal coefficient
must be equal to -0,5 instead of 0,5 for the outer problem. The solution by Kelvin singularities can
be used with soulce or mixed distribution, In the casg of sourca distdbutior, the acçuraçy of the
solution is poor. To obtain good results, we use the Galerkine method. The integml equation are
written in one confol point but the whole integral equation is integrated on thg influerced panel.
lvith this method, it Çan bc demonstlated that the solution is the same for all singuladty
distributions. This is done rumerically by numerical Gaussian integmtion on the influenced panel.
Numerical tests show that 4 points are sufficient to have agreement between the Kelvin source
method and all other methods for a given mesh of the body.



2.5.5 Forces exened on the tank :

The external forces Rg cxerted on the mnk can be divided into tYto parls : a part is of typc

added mass M0 and a pan oirype hydrostatic cocfficient K0 :

^6 ^ 6
Rr=o'LAqMh+>AqKh

q=l q=r

ao-
l"IËs=eJlosdgq = p ljoq ? ds = -p lJpnoo as

00
00
00
00

0
0
css:
cSl:

C0

0
0

0
o
CS34 CS35
CSaa CS45
CS54 CS55

0
0

Kgq =
0
0
0
0

0 0 CS53

0 00

cs33 = Jtds
SL

cs3a=csa3=JJyds
SL

Cs35=CS53=-lJ xds
SL

csa = lJ y2 as
SL

csa5 = Cs5a = -lJ xy ds
SL

cs55 = JJ x2 oS
SL

The hvdiistatic terms are of another sign than in the outer problem and thero is no term

"oo"".rii*if,îiiiiJt"nce 

-U"twi"o 
tfr" 

"t"uatio-a 
of the cenne of gravity and the centre of the hull.

These tenis are of gcat imponarco iû the problcm of capsizing'

2.5.6 Coupling with the outc! Foblem :

When there is a body with a tat* inside it, the coupling of the two problems is made by the
mechanical equation :

. Ëor several tanks, all the inner forces terms have to be added.

j,1-',1M* * ù** r.a$nl * <Sa -r$nltÂo = il-



2.6 The pmhlem with forward speed:

2.6.1 The problem in movins frame:

We consider first a fixed frame (09,X,Y,2) and second frame which is a mean frame
(O,x,y,z), parallel to the tust and moving with the ship velocity C ( X=x+Ct ) , without osÇillarions,
as shown on the figure below :

The

r&
T

In the moving lrame the potential of incident wave is :
,  aschmô(z+h) -Ol = -:e jj:-:::!2j:----- cos l m0(x cos p + y sin Ê) - oetl

0J Cn m^n

611 62 = gm6th m6h , and <o" = <r; - ç60 ço* p

(De is the encounter fiequency.

2.6.2 T?re linearized problem :

In the movirg frame, the linearized problem of seakeephg with forward speed can be wlirten
as follows, if we neglect the coupling terms with the Foblem of wave resistance, supposed to be of
geater order [6] t71 t8l t13l :

AÔ=0

aô
ôn'o "  'o

a2ô aô àô lo aô .42ô
"  

+2e'-+g--2C-:--  2C€'-+C' 
"  

lFo=E0lè0=0
dt- dt dz clldx dx d{

Q->Qt at*

body condition is at first order coupled with the forward speed, supposed to be of order
0.

#[. 
= Or.ol.. = 1c.i" + (t + 6,r oF6) + c(ix 

^ 
6)1.n0

i and 6 are the translations and rotations at fint order.



This coupling gives a modification of added mass and damping tems, due to the mdiation
potential which is now :

-  6-  -S -  -2 -  -3
oR = -ioe tAq oR - cA6 oR+ cA5 oR

q=r
The added mass and damping which were at zero speed :

-pq
M = MPq + -:- BPq

o)e

l l  - -  àô^ l l  ^ . .  âo'-
ME = -o l l  o l  

- :  
dS. BPq = -ool l  o:  -+ ds' l l  "  on l l  ^  dn

u 
"co 

u 
"co

become [6] [7] U3l :
-p5 -p5 i .  -p3 -p6 -p6 i î  -p2

M, = lvt -p l:tr4 ;M =M -:: lyt
oe oe

Diffraction forces are not nodified, we have only to take into account that pressures are
expr€ssed in the moving frarDe :

aô aô
D = -O( r-c --r  )

ôt ôx
So we have now :

- Pq i. adg
M = -p JJ(ol - --:-;:)op ds

L0

. .  ëo. i  p= 1.2,3
wlnO-=.:P (èo_3 nOPp).n p=4.5.6
For the difflaction problem :

i i, .- ô<Do _ ôOr,^ ,"FP =-p .JJI- ioe(OD*<Dr)-C( ^ a /vo ur
- .  dx dx
L0

And for the motjon equarion :

6---p
i1-ofrffoo + rra* l + Spq lnr = r",.

After calculations of the amplitude of motions at encounter frcquency oe, second order forces
aie obtained by pressure integration at second order in the moving frame [14]. In the fixed fiame,
we have :

| |  ,  - -> .  - ->---> dô -> onl
Fhdr=<Fhsr+0^Fhd,*pl l  t ;  (gnd af  +PoPgradâi l  nsds-ï l  (C-z) 'neds >

| '
"co 'ao

Fhs2 being the hydnostatic forces at second order, F661the hydrodynamic force at fi$t oider, C0

the hull and lg the waterline at rest.
The only supplementary approximation is to negleÇt the second order derivatives of the space

vadables in factor of C coming fiom the derivation of the gadient in the moving ftame.



2.6.3 The ap$oximations of the linearized prcblem :

The exact linearizcd ftce sudaco condition is giYen by :

(1)
(2)

rrr-"Ëaa riniarl"e-a-no-e surrùi(3]nanoo tzt [10] is given by (1)' Thc ftust approximation
consisrs in neslecring the term in C2 in this equation [8] [9] (2) and ths secotrd U3l (3) to ûeglect
all rhe terms in C 8nd C2, which give the ftoe surfaca condition without forwald sPeed at thc

cncounter frçquency os. This approximation is the one used in the slender shiP rheory I4l . - ----
if," 

"o'rnpotâtioi 
code uiing these approximations arc called respectively D. 

-IIIAILOIS-
G.""it 

' l 
isôlii i. 

'Ànôos 
(c'étut l96i)(2), AQUAPLUS (Delhommeau I988X3)' All

àiriiËi,ii"riiiô-Éô"..J disritjudons, thc free surface condilion being sa_tisfied by..a Grcen's
il;ù;;. i; th;;"r;;i biNlpI-ous, ttris function is singular for a value or thc non dimensional

pammeter t = rr6C/g= V4. For ARGoS, there is no singuladty for 1 = 1/4' but the creen,s function

is diversent fc,t N> ll2. In these two cascs, the Urcen's lutctron ls compureo oy numcrrs

i","*ntiT" wiù 10 to 50 integration points, depending of the period The aPploxim-ation
Aôûîpiiis il; * ,ingufurity ird is coinpured by'numerilal inrerpôlarion as in the case of zero

rirn--or S+2e S.rS-t"ff -zc"'ff +c'?Sl,=o =o

Grcen's futction is computedby numerical

forward speed.

2.6.4 Thc Grcell's functions in inflnite water dePth:

In inlinite watel depth, the expressions of thç Green,s function for the three approximations
arc given by:

c = Re ôe-iot

DYNAPLOUS:

ô = -fr l=--Ll+ô ; M (x',/,2 ); Mr u',1,-/ )-  4r 'MM MM1' ' '

4 real poles + singuladty at t = 1

ARGOS:

ô = -*,#-#J+ô ; M (x,r',2' ) ; rvrr(x',Y,-"' )

2 real poles + divergen"" fo, t > I

o=-!-  f' 4tc' :n

* ck(z+z +io)

-- 
| ztccosO + c,:j + 2ie (kccose + oe) - gk



AQUAPLUS:

ô = -1r-1=--l-t+ô ; M(x,y,z ); M;(x',y',-/)- 4['MM' MMr- '

-  _+n -  - t (z+z+i@)o = Ë" f d0 [--:----k dk
'  4s ' ! "  ôcù;+2ie(oe-gk
1 real pole independert from 0 + slmmetry of rcvolution

trI . DESCRIPTION OF THE COMPUTER CODES :

Afier this b,rief presentation of the main equations used in ùe lineû theory ofseakeePing, we
will now descdbc thé computer codes allowing us to solve ùes9 Problems. Ine descnDe{l cooes
will be AQUADYN 2.1 , ÔUVE and AQUAPLUS. All these codcs can use one symmetry plane,
which is arbitrarily set as xoz, so only half of the body 8t yx) or < o-has !o-be meshed' I nc panels

"oniritriine 
u boa'v .ust bc an-anged lo that the nomal E! a panel is diÉcted ou$ide. There are two

irî"'iiîi*ËtiUi"* ,t 
" 

mestr ôf a tiay. fne f'st is historicalli rhe Hess and Smiù type. ln lhis_case,
wo'enter thc nu'-ber of the point, thè number of the opposite point on tie panel and the coordinates
ii.rti?ilx.Ï,2i. rri" panels'and'rlre outsidc normal âie buili bv I,l+l,MiD;M(l)- l. lf rhere is no
à,loôiG pÀitrt-on ttt"'panel, M(I)=0. The mesh is described by iows and is-gene-rally eas-I ro build
i,ii"f,ip tïriÈ U-"t 

"""j 
complicàied for complex hulls, likc a_semi--submersible platform. We.prefer

to use-tho natulal type of data, \4'here wo enter thc number ot the pornt 8nd hls coorolnates

iiX,i,Zl 
"no 

utt"t'tiaving entéred all the points, the number.of the points (Ml'M2'M3'M4)
àîniinîit 

" 
p"n"i nnd ùe 6utsidc normal. This mcthod is more simple as tic previous one, but has

iJ ue uËnii 6v gtupttical output, b€cause each panel can have a wrong normal, which is not the case
when ùe body is described bY rows.

Example of thc two kùd of data is given below:

>4o

Hoss cr"'d 9n"ll.h oÀaLe:

^.1

pr i iû.  Àl i  c b"Al  ,L sJnmelrT

N".l,to I

, -4
, l  -1.
z o.

A\ -4.

o.

o,
o.
4.
o,
o.

0. -^.

4,  o,

o. o.

- t .  o.
o.  -4.
o.  o.

2o

36

4o
5o

GO

ôo

o,
o. o.

4

.o

o.o,

2

0

3
,l

o
4

3

J-r^ r @

o. o.
o. -4.

o.

o.

o,



3.1 AQUADYN 2.r :

AQUADYN 2.1 is I series of principal programs' cornmunicating by seluential files All the
i "i" ""a"l 

hv F- Comolex linèar svsteins are solved in CMAF PREF,VERF. The names ofnames aù ended by F. Complex linèar systems are solved in CMAF
the nrocmms and tbLeir funcrion are described below :ths programs and their

names of

AqUA DY N 2.{

1' ,pul-  oF J. lo F" '  
-eshL€cF, Hesr *"J 9'. . i l l r  hyPe-

0ecF I  Or.{ i$"ry }yps

Grayhical  o, , t  9, t -  " f  
o\* f  a

Hy ot.osfa.l ' ic r  eslor i13 côe Fçic i r  hfe

fnÇ|'u... '  r"t tf i  cien\r. o\tptv'ôrro
oF T, H . Hcy bc reYlo'ct4 bY coAÇ

f". 
'T' o , T' .D o.*A H' 4

Chc"3u oÇ cqlcola ' l io '  Poi" f  Ça'  1o . r i5

û, .  c l i  o-  f  ;o 'a probl : -s

DifC'^cl- ;o.  Problurn I
x9Yç | ç.o!da- Xrylo' t"r. 'r
?REF '  ?re.srere in l rq '^t ;or^
Htsf I t{..ki"ot's ç"v;"t^
Ar*gt ib,ac^ of  r"" f  i " "5

DriFr forcet :
DLl t  :  na. . . -Nc{,-""  t . - , | "s
V€,rf '  

fr.t i ! r. Inlc5tolr. ' .r.

V" l"c i f  y Fi" lJ ih f  l . i ' {

Vel"c i i7 Fie. l  on Frec s,r tFa'q

C-r 'of l r icc l  o " lp,F oÇ vel 'c l r7 'ht5



3.2 CIwE :

Likc AOUADYN 2.1, CUVE is a series ofPdncipal programs, communicating by sequential
files. All the-names arc cnded by I. This program can be used to obtain only the resonance
freouencies of tlnks. For the coupled problem, thc results of each calculation is kept in direct
accèss filc. Thc rcsults of all tanksiatculations end outer Problem aro gathqed at thc beginning of
thc program allowing us io compute motions. The names of programs and thek function are given
DgIOW :

cvvÉ

fne, t  oÊ À.1" 1" '  *cs\
LeLt.  Hets c. ' rc i  S- iLb t79e

D ÊcI ,  otcr in*r /  rYPc-

Gr"phic- \  o, !7uf  "F 
o\* f"

L.  Ç1,r .n. .  .oqf  Çic i r r ls  Çrr . r

R"rorr ̂ n"e- 
C Y. lu e-\'\ ci e s

Êxle'rc l  Êor.er oÇ t lpe cÀ{cd ncre

c hcr lc o F ["  G]roD o t  iU< lo '^ t (

R.s- l is o t  ôf l ieF inhe'  Prô\ ' l 'Ér!

R"s" l ls  oF oole.  problem

M"rio. :  l " '  ( "v l l (d Pr. lo l 'm



3.3 AQUAPLUS :

AOUAPLUS is also a series of principal programs' but commuricating by direct access files'
All the names are ended by K. In this code, the calculation afÊ made-by senes ( c&lculauon wrm me
;;;il;tôt"tt"; biri Éth diff"tenr periods ) . only one complex linear-system is solved in
ËiËK];l"d;â;i ô'f *a"", at" 

"nt"i"d 
in CôSK foi C=0). Tht le_suhs of each series Âre kept

iËîir-"i,1"î,r'"-tiriàitt i ôo.pte-eotuty calculatiotrs with AQUAPI.US o.r 1a1i$q{exploitation
; Ë;î;;il;Aè ele'l or catcolation of slow drift motions bv code BICK ) Thc names of
prograôs and their function arc given below :

Aa uA PL t ' '5

T"p"f  oF ol* ! -  Folr ' 'sh

6'"prrca. l  o, ; tgvf  o FÂ^La

! t  y. \ . .  r !a i ' ; .  r .s lovi 'n5 ocfÇi ' i t "Ls

Ir  Ê luc"ce . . .FÊi. ie ' !s âtyenai 'X

oÊ 1/  { ,  F. t lÀ/  bc } ' f l6 ' . ' r  r 'Y <oÀr '

Fot 1= o ,  T--  co *qâ H--, '

R..o\i^i ;"" 616 { dif F...1;," p'"bleor

Ar,rp l i r ! , " { (  of t .oLious
.*a ar i f t  f . ' .es

Vct"" i t7 Çi" \a iv,  I  l " i " l

Yel . . i l /  f i . l " l  o.  F, 'c s ' " ' ' f "e

6'^pr,r* l  o,r fp. f  .ç v. lôc\r ' /  Ài  FS

1nlerf^.e w' , \ -h ALÈA

!n t.Y t..L !.,i ts\. 0i cK

Cé:o)
orhù T, F(c +o)

T*[ . r  Po loLr "  "



IV - NUMERICAL RESULTS AND APPLICATIONS:

Since 1978, thosc codes have been widely used for many purposes tl9l t20l [21].t231 t241
and for sevcral internatiooal tcsts 126l (Z7l ltï'l [29]. So we will Present here only significant
examples of the behaviour of the codes. All the figures are gathered at the end of tbe p8âgraph.

4,1Barge D.N.V-.Influence of mesh reffnement:

The first test is the D.N.V. barce used for comparison of computer codes in 1977. Thc body is
a parallelipipedic batge of90 m length, 90 m of breôdth wilh a draft of 40 m. The inenia are:-' -tÀJ;.sles 

PtÏ tg*m2, t55J3.33649 811 kgxm2' 166=3.5113 Ell kgxm2.The calculation
Doint is at sravity cenrE located st 2=-10.62 m.
' The icsulti are presentcd on the figures I to 12 for differcnt mesh. The table below show the
mesh and thc number-of panels per wave lenglh at different periods

Pêriod (s) 6 l0 i l 20 30

t,2 3,4 13,8

6,9 t ) ,o 27,'1 43,3 62,1

10,4 41,6 tr) 91,6

5 r3,8 86,6 124,8

6,2 r7,3 39 r08 l )ô

The coef6cients for added mass and damping çoefftcien$ are:

cM,, = MU . cM." = M'r' 
, cA 

B' ' M'
.^ pu --  pL'  t t=pott 'uA3=æ

The Doints at I s and 40 s are obtained by the asymptotic formulations for T=0 and T:' lt

can Ue ,""In-t|,ài i'rinimum of 54 panels is néeded td odtain a beginning of convelgence-of the
results. The behaviour for CA33 is not sarisfying at T=9 s for cenein mesh lhe rnlluence ot mesn

on excitins forccs are less imponanr than for tho added mass and especially damPin€ coefficients,
Ue"iui" tf,? aiifo"rion problein is in a great pafl due to Froude-Krylov forces, which are the same
a;; Ji;;;h. Ài;"Jnairce of pitch mo-tion, ihe influence of- pitch motion on the other morions is
iinifuè. fft" atift iotces by thc two formulations are in good agreement for T> 10 s'



4.2 frresular freouenciesi

onf isure13.wccanseethebehaviourofcA33beMeenS.Tsandl0s.Thisbehâvioul is
,n.oi"Jol 

"i 
i**ui. ficquencv, which is theorctically located at 8 857 s On figure.l4'.we seclhe

;.ifii;;il;iihir-ftcrLâ; fteqiency v/ith a mixed distriburion and wiù a souce distdbution. For
;li;i.|il'àirrifitid,'thJ etiminatio'n is done by wriring rtre cgndirion of zero. potenrial inside rhe
iiirfi"" itr" ror.A rf waterline panels at a disrancc of half^height of ùe_Panel The linear system
iËif,l'"'iài,ià W 

"t"asi 
square^merhod using unilary transformation ofHouseholder type..For the

;;;;;'àl:i;il,i&;;h" ité iutra"" ttas beerimesheâ with 4 panels and the condidon written on
thesg paûels is that tho nolmal delivativg is zerc.

4'3 Trssle$:

Thc Iisures 15, 16 and 1? show rhe mesh of thee Eawlers and the numerical results for hcave

"rd "irc;;Ë;;;A 
wirtr niats in wave tank. It can be seen that the calculations are- io good

iËi.ËÀirit-iiiiiip"ti*èns. on figures 16 and 17, w€ see thc-tvpical behaviour in heave of
;";trifiii';;;";i";2 to 3 s. The m-esh has lo be refined for calculations at these periods'

4,3 Snhere:

The next test is fo! a floating hemisphere of radius R=l m, with a regular mesh of N0 on a

halfoarallel and Nur on a half meridian, the total number of panels bcing 2N6Ny, The lable below

sho*s the comparislon of numerical results fo! differcnt mesh with ùe analytical rcsults for a period
of 1.59 s.

Forces de dérlve
(second ordrê)

N^ N,l, N

.{ v Uar. Nel",
F
.-;

Press.
t

;î
tllm_

Pres5.
f'

=t

N/rr-

Press.

Nxm/nr-

l2 l2 280 0. l l l u, .107 6. l4El 6,2 tÈJ - . l , l lEl 2, t4E|

t2 lo 192 0, 31o 0,411 6, lSEl 6,2AE) -4 ,07E3 2,46! l  I

t0 l0 200 0,112 0,41t 6. l2El 6, IBEJ -,1 . uuuj

10 6 1200 3lo o ,423 6, loE3 6,2283 -4 ,0383 J,J9gI

I B 128 0, 111 0,4 lB 6,28E3 6, t0E3 -4 ,0483

B 5 96 0, 112 o,421 6 ,2' lE3 6,13E3 -4 ,00E1
(, 6 0,434 6,2rn3 - t  ,92[ : ] I  , ( l9t : r

6 4 48 0. 311 0.460 6 ,2083 5,96E1 -3, B4E3

5 3 30 0.314 0,508 6, l6El 5 ,83E3 -3,6481

4 2 0. l l l 0,660 6,2tÈ3 5,6lEl

a

Él

valeurs théorlqtre" --@

In this table, we can see that the Maruo-Newman formulation is morc stêble than the pressure

int"graii; unï;hâi the iesutis are in gooa a$o€ment with the analytical results



4.5 Eotrlogtri

The next example concems the mesh of a deeply immened body, without ftee surface effect'

Thir i; il;;;;;-iË pontooni ot u ten.ion leg platform calculated by C' Berhault' The figure l8

;fiil;;id;ff;;;-tti"-ttt"iôi tttit pontoon' riirh l, 3 and- 5-panels on each side figure l9- shows

;i;;;*ir: wi-"oo a"ao.t that a'minimum number of 3-panels on each side is needed for

convergence of tenns in 1/R.

4.6 Cvlinder in ffnite denth :

Thenextcaseisthecylinderinfinitedepth.Themeshis6panelsin.velticaldirecdonandS
,"""k-;; ;ir;;;iii;zonrJt part on ttre cytinâer. For rhis case, we have theoretical results by lhe

Îormula:

F=F* cOS Ot+F** sin û)t

.F"2h
cF,=-=--

' 4pgRha

cF, =-
' 4pgRha

R b€ins the radius, h thc depù, moth moh=to, t<0= t'l2lg, tvloqnoh' K=koh'
ià-"-"Ï1i." ,rtii"ti rindg"ts"i fun"rions ôf order o and 2 and Y0 and Y2 are ùe second

nna iË.letJuicrions of order o and 2. The rcsulrs of AQUADYN and AQUADYN 2.1 comparçd
;iil ;"-;1y,ù';;;;li arJ piesenæd on the figue 20 .The.agreement is very. good' except at wave
numbers'greater rhan 4, \\;herc the mesh is rio rough Wiih more panels' lhe agreement will be
better.

4,7 Semi-submersihle platform and tension leg Dlâtform:

The results presented on figures 21 a\d 22 ua exracted from the IT'TC and I'SS'C

comparisons [27] [28].

4.8 T.P.S.. second order calcrlations:

Here.wecomparetheMaruo-Newmanformularion[14|toùepIessurc.integlation.-Thehull
it 

" 
iP:!'iiiT;ifr-oôËJ pt ao"tion Ship ) proposéd às test àt the lvorkshoP of Bergen

iisis)i29f nrJiiirtiir-iiiJ"rtla oi r[é ttutt dt"l itnËrt' = 230 m, breadth = 4l m' ùari = ls m'
ComDutations have been maoe tor seneia! rnesh differi'ng only around the edge at the bonom of rhe

hull as indicated on figuæ23. Transfa function for drift forces, adimensioned by p-gl with L =.41

il;î;;il ;t ihïtwo formulations has been projected on the incident wave direction' which

;;Ë;l'ô'i;;;ele with thc axis oi ùe hull' i.t'e resulting force has to be positive For more

iilËiuiriy, ir,Ëï3,iËir;,;rà';iù;;:ir"*man formularion havë been shifted veriicauy of0.2.

2h=-E

ùMo

N4

dr I\.{o

r"t3

vocraoll-vrc'uolt
----- D P - n

I Jo (Mo î) - J, (Mo;1 1r + | v60vt6 1

Jo<vo+)-Jr(t,Io+)

R



The rosùlts obtained vrith differcnt mesh with Maruo-Ncwman formulation are in good

asrecment uD ro 0.55 d/s. For 0.3 rd/s < <o < 0.5 rd/s, difference betwecn the two formulations
dËcrease whËn wc refile the mesh around the edge and is negligible if lhere is no sha* sngle. Fo!

-""t -"it, 
rhe iorces calculated by pressûe integration are stongly negêtive. lnfluence of the

àioif, .iit J 
"or""t 

is imponanr on rhil anomaly which occurs when there is sharp angle near the
i*Ë.r?"à rtriio-uliÂ has atreadv ueen stuâied by o. Faltinsen [151. The agreemenl between
i|r" t*o ioraututi inr is a critedon of the qualiry of thc results. The same phenomenon occurs for
tho calculation of second order slow drift forces.

Ànother possibilitv of discrcpaocy is the size of thc panels. Calculations have been
made on a soheroid fuilv immeised ( lengtir = 230 m, brcadù = 4l m, radius = I 5 m, immersion of
iiii *is = Zô m l. f*o'mesh have tirn -donc ( 396 and 292 lanels- ) for.which we have mor' rhan
iip"nif, p.t *.ju. t"ngth for pulsarions respectively lower than 0.67-and6.95 td/s. \rye see lhat for
tf,iitrav iiitt."t rttati cornch thc differcice beween the two mesh is lower than 0.05 for more
iii"o-fZîu"èG p". wâve hngth. It can be roticed that for a floating half spheroid, agreement
berween -the two-formulations is still bener.- 

À 
-"ih 

*iù 12 pancls pcr wave length is sufficient fol calculations at second order but somc
carc on rhe mcsh aroutid shari angles near the freç surface have to be taken'

4.9 -DÀJ.IÂtrt i!trÊrJrobleroi

The tank is a D.N.V. tatk (90t90*40) fillcd with watel. The tank has bocn meshed with 4
pan"ts intiiè renicaf direction anâ 8 pancls in the horizontal direction, as on the frec surfacs. The
;;i;i;Ë*t É6". Thc table under show tbe resonance frequencies of all the motions of the
i,|,ï. 11'," iij":ttrt iêAôO in 6eave 1 SOI s ) is not I resonance period but is the consequence of the
disqetization.

FIL0N Êt ' tENl heAvÉ

564. 97 ? S
7.500 s

3, ô72 S
4. ?-QS S
4. 73S S
: .00é s

RES0tiÂi tcE3 Poui  LE(s) nouvË| lEtr(s,  DE I

CAVALÊt' lÊ NI TAf, lÈACÊ SoR6Ê,, Pr rcrt

FERIôDE
PERIODE

FER I  ODE

FEFIODE

FEfi  I  A'E

;REOVENC!S

LÂCET

3EÊ !  TDE I
?EÂ I  J9= !
ig Fi I  JtE !
FERi T! :  !

8=

FgSSNANCiS FÛUfr LE(S) I lDUV:I ' IÉNI{5) OE

ç. 05é s

5.0: ;5
i , : : :  s

3.  51S S
4,273 S

3.7J1 5

PER I  ADE I
FERI ODE !

.  PER I  ODE I
PERI gDE !
PERI ODE 

'PÊRI gDE t
FERIODE:
PER I  ODE !
PEF I  ODE I

PER I  SDE :
iEf i I3D: I
ÊEft I  ODE I

FEFIÛDE:
FER I  IDi  !
ÊÉf i  I  ÛDË !

EIiEAF!:E,ËI]ULI5

11.309 S

É,0É4 s
3,48 9 S
5. 117 s

4.589 S
3.730 S

5 \tf  ÂY, (ô rL

7, Ë:5 5
0. 001 s

5. . i7:  S

3,é27 5
+,t33 É
,r  .93:  S



4.10 Barge D.N.V-. inflrrence ofadimensional parameter t :

Thc rcsults obtained with the barge D.N.V. (90*90*40) in frcnt wave at a Froude number of
O.f S are ciri; on ng"res 24 and 25 Thé hull is meshed with 54 pânels on ùe described part-of the
truli. fte- reiutrs of-Aifferent approximations of free surface condition for hydrodynamic forces,

motions and added rcsistancc arc sholvn. Tho PaRrmeter I decreases whet tho Potiod incleases. The

critical valuc of r= 1/4 is approximately at o peliod of 14 second. with-the versioû of tho codes

used, the computing time foïa the periods is 2 h 30 min for DYNAPLOUS' 15 min for ARGOS

and I min for AQUAPLUS, At little r, we seo thet the thrce aPproximations €re very close, except
for surge motion-at 20 second whete there is coupling with a resonance of pitch motion. The code

DYNAPLOUS has a singular behaviour near the clitical value of 1 At gleat values of ! the Iesults
diverge.

4. u A-lrâcticsllÂre.&dni0-i
Tho second calculation with forwald speed is for-cargo-h^ull of type Series 60 Cor-lputatioûs

t,aue Oeen-ÀuàiUi ÀôU.CpLUS at periods- between 8 and 20 second in ftont waves for Froude
nuÀtiÀ oto.zs: o'.zz; ô.u, with bloèks coefficients of0.60; 0.70; 0.80 For frcnt wavcs, the wave

period for rhe criticat value of t in the fixed axis is given by :

Tc = 4rI C /({2 -1)s = 3,09 C
whère Tç is tht wave-period in thc fixed axis aûd C the forward sPeed For a hull of length L

=193.5m,thi 's formulagives:Tc=37.8sforC=12.21rnls 'Tc=29'6spourC=958m/s'and
Tc = 22.0 s forC = 7.'|2 nij/s.

For all periods. we havc f > 1/4. Rcsults aro compared wfuh those of tho striP theory given i'r
dorred linc on the tluee first curves of figurc 26 l4l.-'"--Th;-ÀOÙAPaUiJ reiutts are closàto thosè ôf the strip theory. In all cases, the location of tie
o"uf olaaàiàièiirt-ce is co[ecrly cvaluated, but its amplitude is over-ovaluated. The results are
Ëi,t"ii.i-t i"t ïtô"t 

"oiflici"nts 
ai,d lot" speed. Unfonunately, experimental results are obrained

wiù these tio parameters varying sirûultaneously, which prevents all inlerprelauon'' '" 'ili;i. 
";ierù"nrur 

iétufit for heave and pirch'motions show ihat lhe Peak of added
resistancd ii locâted at a resonance of the motions. A simplified rheory ol added teslstance grvesa
ièriii-"" oroponlonal to the square of amplitude ofmotions of heave and Pitch, multiPlied by tleir
àuÀoine1ô"Ér"iJnr t1l. These'morions arè widely over evalualed by calculslions lf we knowlhe
àiiiii'ii."ia 

"ii"èr'"f 
rhe maximum, we can deàuce a linear damping coefficient allowing us to

iiipe"iii]e à_ptituae of morions at resonance. computing the_added resisrance wirh rhese morions
'dô;; 

ô"d ;Fù.nt with experiments as ir can be seen on the last curve of figure 26'

4.12 rnfluence of damping on Beukelman cylinders :

To confirm this fact, ]ve comPute the added resistance.of- a-prismatic hull (rectangùlar
cvtindii) oi tenerh 2.5 m, Éreadrh 0.25 m and drafr 0.25 m. This hull has be_en computed by W.
Éeutiinian wi*irne snip iheory and results compared with experiments Ill] For a Froucle number
;r 'ô:iâ;;;;^6"-, Ëve 

'biin 
marte bv,qQuÂpt-us ana oYN.cPLous. Agreement is good ln

this cas;, if w; takc I linear demping coefticient allowing us rogivc a.good amplltude ol motlons at
i"rbnani". rhere is a good ugni"nitni *'uàà"à resisiance. Ëor otÈ-er calculations at a Froude
|i,àËËii,io.IË 

-.^"ililhË-sa-èia-ping coefficient, egreemenJ is not.so good., which can mean that
;;;;i;;i,;a*;*iv linear, Forà pÉsmatic hull of-Eiangular sedion, motions and consequently

"ààJd 
i?iitiu'i.i are iorrcctlv comiuted without adding linear damping Resuhs are given on

nsures l/ anq 26,
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v--CONCLUSIQNûi

5.1Recommended mesh :

The behaviour of alt çodes is similar. Fot all tho computations at fùsl order, the mesh
refinement must be grcatcr than 6 Pancls pcr wavc lengrh in all dircctions (x,y,z)' This is not alw-ays
iufii"ii"i, csp""iatÉ for bodics ivirtr sh'arP comers. It is neçessary to kec-p in mind that befole
sotvine thi dùfracriôn-ladiarion problem wè have to solve the potenlial problem in infinite fluid. If
we haie no conversence on the solution of this problem, we cannot hoPe to have an acceptable
soluiion witn the bo-dv in waves. To oblain a reasônable accuracy in inlinite fluid, we must have at
ieast 4 panels on cacli side of a body ( parricularly in the thickness of 8 plate ) and a refinement &t
each loôd variation of the shape. For iimple bodies with a lengrh of the same order as the wave
Ienerh. a numb€r of panels betwecn 100 ana 200 on the dçscribed pan is generally sufficienl'

For thd second order problem, drift forces, added resistance or slow drift forces, wc
must have a more refined mesh. I; this case 12 Panels per wave length arc the miÛimum. ThË
tatuo-Niw:oan fonoulation is lcss sensitive to the numbel of-panels than Pressure inte-gmtion, but
wJ-uti atwair ty to obtain the agreement betweeo the two fdmuladons n be sure of the quality
of the solution.

5.2 Comnutation time and memorv :

All calculations are madc ill simplc precision' The tiûrcrÀ'-ill-be giv-en for 
-a-computer 

vAx
szoO ài 6 i\ai;i. rhe computer VAX 942-0 or workstations UND( tvpe H! 9000-720 or silicon
ôiupti", ur" i ti-"" fastei approximately. The computation time can be divided inlo two parts:

one oart. ùe influence coefficients, varying like Nz and ùc other pan, thc resolution of complex

linear svstem. varving like N3. It must be noted that to obtain 'a reliablc computing time for all
slapes, âtt ttrc tineâr sistems, rcal or complex, are solved by the dircçt Gauss method'

For a mesh of 100 panels ooc the describ€d part of the body (200 panels on the whole body),
thc calculation time on VAX 8700 aro for one peliod:

- AQUADYN 2.1 :
I-{ini}- /iênih .

g r ror thËË'; iiiÂ ( onlv for the first calculation, this term is stored on disk)'
6 s for thc terms deDending of thc period.
4 s for the radiation problem ( 2 cômplex systems l00xl03 )
4 s for the diffractioir problem ( I complex system l00xl0l )
6 i for motions and drift forcesi calcuiationi+l complex system l00xl01 )

Finite deDth :
4 s for the tenls i; 1/R ( only for thc fust calculation, this term is stored on disk)'
36 s for the terms deDending of the period.
4 s for the radiation ôroblem ( 2 complex systems l00xl03 )
4 s for the diffractioir problem ( I complex system 100xl0l )
e i ioi Ààrions a.rrd arift forcesi calcuiationi+l complex syslem 100x101 )

. AQUAPLUS:
Infinite depth :

Z s ior ttreiè.ms inilt ( onlv for the first calculation, this term is stoled on disk)'
5 s for thc tcrms depending of the period.
i i iÀr tne raOatiotiand diTfractiori problem ( 2 complex systems l00xl04 )
2 s for motions and ddft forces ( calculations )

Finito depth :
4 s tor té-tem:s lir t/n ( only for the first calculation, this telm is stored on disk)'
20 s for the terms depeôding of the period.
+i foiitr" taaiuton ând difiraction -problem ( 2 complex systems 100x104 )
2 s for motions 8nd ddft forces ( calculations )

To obtail a Eansfer function with good accuracy, 10 to 20 periods are needed'



For more than 200 panols, the main çompuling dme is in the rcqolqlon of- linear -systems. 
It

can be seen that AQUAPLUS is asymptotically 1.5 iimes faster ùan AQUADYN 2.1. If there ars
scveral wave incidence at zero forward speed, the ratio can be greatcr, because çalculations for all
incidence are made in the samc linear system in AQUAPLUS inslead of solviûg es many systems
as the number of incidences in AQUADYN 2.1. For memory, lhe old version AQUADYN was 50
slower than AQUADYN 2.1 for ilfluence coefficient calculations. The çuûent scakeepin€ codeis
now AQUAPLÙS and all the devcloprnents are made on this codo. The CUYE code sdlves only
real linear systems of thc same size as in AQUAPLUS ( a little grçatçr as the free surface has to be
meshed ), tÉe compuring timc are then approximately 2 aimes faster than the tims for solving the
radiarion Droblem in AQUADYN 2.i.

Thd standard paràmetels of the current version of AQUAPLUS are 1000 panels on the
described part, locatà on a maximum of I bodics with indcpenden! motions with a maximum of 24
waye inciAence. For these parametcrs, the size of celEal memory needed for computation is less
tban 15 MBytcs ( this is the size used by PREK) with 150 MBytcs of storagc of æmponry and
Dermanent files on disk for a series of calculations. All these sizes arE proportional to Nz. To day'
ihe greatest casc computed was 2300 panels on the half of the body. Foi one period, it takes
apprôximately 45 minites on VAX 9420.

5.3 Conclusions and nerspectives:

To dav. thc behaviour of linear seakeeping codes is well known for zero forward speed.
These codej are able to predict the first ordei quantities with an accuracy of the order of l0 %'
which is eenerallv $ufficiênr. They give the amplitude of molions oulside lhe rcsonançe frequencies
and locaùon of tlie resonance freduéncies. The first improvement of rhese codes would be to find a
melhod ofresolution ofcomplcx iincar systems with séveral second membels fast Ând reliable. To-
day. all ùe methods ûied, iike bi-conjugate gmdient with or without precqnditionning, are not
sarisfactorv. If ùev are sometimes fastei, ii is not the case u'ith all shapes. Moreover, these merhods
are iteratiie mcth6ds, which scems not suitablo for ô great ûumber of sccond mcmbers. The other
imorovement is to tako into Eccoult ill these cod€s the viscous damping at resonance to get an
estimation of the resDonse. This carr be done by çxperimental means in wave tanks or by
comDutarion codcs sofving Navier-Stokes e4uations. For the calculation of second order forces'
lhefé is still somc probleir for bodies with lharp angles near the free surface' ln this case, lhe
asreement botween Maruo-Newman fomulation ànd pressure integration is not always good. The
Maruo-Newman formulation gives bette! results since ùe forEes havc their theoredcal sign, bul all
ouantities arc not known whei using thcse fomulas. Research has to be made to insule thc validity
df calculations bv pressure integratlon. With forward speed, the problem is not enrirely solved to
dav. The approxi'màtion of thc linear frcc surface condition used ir AQUAPLUS gives good values
of'added iesistance when the motions are exect. The knowledge of viscous damping is again
needed. The exact linear ftee surface condilion is very difficult to usc al realislic speeds, due to
stronelv oscillaring characler of rhe inlegralion term in calculation of influcnce coefficienls.
Èettraii tte nanunË souce method would 5e an interestirg alrcmadve to ùe Kelvin source method
in thii case, if the problem resultirg from ùe numericàl absorption of the radiated waves is
conectly solved. Reacarch on the problem with forward speed musl be carried on.
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