
The SecOnd Order HydrOdynamic Actions On A Flexible Body(Part H)

弾性浮体に働 く二次の流体力学的作用 (その 2)

Wu YOUSHENG*,Hisaaki 1/1AEDA**and Takeshi KINOSHITA**

呉   有 生 。前 田 久 明 ・木 下   健

The contributions of the first order wave potentials and responses to the second order

hydrodynamic actions for a flexible body are discussed. The velocity potetential, the

hydrodynamic pressure and hydrodynamic forces are presented in Part l. The generalized forces

in irregular waves and the equations of motion are presented in this paper.
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研 究 解 説

1. Generalized forces in irregular waves

1.1 Irregular waves

According to Piersonl3) the irregular waves may be

described by an aggregation of regular waves, namely

N
E(t) - ) Eycoslreit + ei) (1 .1)

Fl
Where o.J - o)j - kiUcosp is the encounter wave frequen-

cy, is a random phase angle, uniformly distributed in the

regime of (-n, fi). Ej is the wave amplitude of the j-th wave

component, which may be obtained from the wave energy

spectrum SE(<o) in the form

E1 - 1@toapar"; (r.z)

with Arrl"i being the frequency interval corresponding to

o,;. Following this expression, the first order potentials Q6,

Qp and the principal coordinates Pp may be represented as

N
0o (Ly, z,t) = IE:*o (x, y, z,tD;sr(o"jt+ej) (1'3a)

j=l -
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1,.2 The first order hydrodynamic forces

After using (1.3) for the formulas in Section 4.3 in the

precious papef, the following expressions may be obtained.

(1.4a)

(1.6a)

(1) Wave exciting forces

N

e[t) tu = iEr+ et(oert+ej)
j=l

L(ω可)〒p∬■
・■:(fω可+W・ηh① +ID ①]dS(1.4b)
S

(2)Radiadon forces and hydrodynamic coefflcients

H P① 二 Ё ib b t t A止 “
〕可)―b t t B点 (ω可刀 0 . 5→

k=lj=1

pk eF(ω
ttt+εj)

where

(3)Restoring forces and coefflcients

RPO=膳Fよ洋jptt eκ
ωtttり,

Cょ=p∬■■:IgWk+告(■1・⊃W21ds, (1・
6b)

S

N
p k (t) 

= 
,4rro 

k (ori )et(orgit+ei)

where Q,, denotes either or. Qo or Sn.

(1.3b)
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AC* = pfd* Isr'+*tw' -vz)lds. (1.7b)
S

where

dr4 -  w lnz  -v lnr ,  d r5  =  u lnr  -w lnr
(1.8)

d r6  -v ln r  -u lnz ,  d rk  =  0  (k "4 ,5 ,6 )

Among the hydrodynamic coefficients given above, A.1 and

B.s are respectively the hydrodynamic inertial and damping

coefficients, Crk and AC.1 are the frequency-independent

restoring coefficients. A.k, 811 and C1p ore obviously the

same as those in the linear hydroelasticity theoryo's). ACrr is

exceptional, which is due to the influence of the rigid body

rotations to the steadv-state fluid forces.

L.3 The second order hydrodynamic forces

Substitution of (3.3), (3.11), (4.5), (4.25 - 31) of the

previous paper and (1.3) in $.2\ of the previous paper

gives the second order hydrodynamic forces in the form

Z F )‐  J r 0

N N+1攀島%

+鳳
計iLD可

where it is deflned that

ef[(ω
ei―ω可)t+(Ci―Cj】

ef[(Oci ttω可
)t+(Ci+町】

    (1.9)
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ARr ①=湛汗よきjptt eく
ω゙り,

JЮ=―七∴(・
・1:)Ⅳ2_u2)2ず≒

Q可
=Fr(0可

)+辺
F止
(ω可)pr)(ω 可),

‰=3Jrいが+》ょ喝》Pい載,

Q嗜=K「(ωd,ω可)+告ギ(Oei,ω可)
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+th(oci,ω可))+g測フ∫
1)(ω
可)

+29島(ωd,%扇D(ω可】},      (1.10e)

D可 =Kr(ωd,ω可)+れ (ωd,Oci)

+券湛ルOdttkω可)+hょいd,ω可》Pいd)
+2Kl(ooi,ω可》讐

)(ω可)

+告PP(%i)滸 Jり(町Xq劇いd,ω可)

+t配(ωd,0。i))+gttpll)(町)

+2G劇(o。1,ω可》∫
1)(oei】}・      (1.100

Jr,Jrk,恥 ,fr,ギ ,hrk,hl,Kr,K「 ,Krk,Krk,Kl,

q劇 ,t測 ,thig劇 ,Gtt and Gb are giVen in Append破

A.

Evidently,the second ordё r forces provide the frequency

independent components,the wave― frequency components,

the sum and difference―frequency components.In deriving

these forllllulas the following relation for inultiplication of

the real parts of two complex variables is employed.

Rc(D・Щη=券Reα・動+RくX・⊃].

Here in the formulas of(1.10)and those in Appendix A,an

overbar Y is used to representthe conjugate ofthe complex

variable Y.

2. Equations of Motion

2.l Linear EquatiOn

lf only the nrst order excitations are included in the

analysis, after extraction of the portion accounting for

steady―state condition,the generalized equation of inotion

( 3 . 1 3 ) i n  t h e  p r e v i o u s  p a p e r  m a y  b e  w r i t t e n  i n  t h eゎrm

(a+A)|+0+B)|+(C+C+Cm)p‐ Ξ(1)    (2.1)

where A,B,C and Cm are the matrices with the

components deined respect市ely by(1・5),(1.6),and(3.17)

in the previous paper. The components of the wave

excitation vector Ξ(1)is g市en by(1・4).The S01ution of this

equation provides the flrst order principal coordinates and

p〆
1)(ω
)and prl)(k=1,2,.… ,m).

(1.7a)

(1。10a)

(1.10b)

(1.10C)

(1.10d)

弓卜鮎燿いず憲%ρ可》Pω
+2てょいd,ω可潔k%)+2Krk(こi鍋》P(こi)

+告pP(ωd)湯可
D(ωttXq劇(ωd,Oci)
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2.2 Non…linear equations of mOtiOn

Based on the solutions ofthe flrst order potentials and ΨO,

ΨD and Ψ k(k=1,2,.¨ ,ln),and the nrst order principal

coordinates P(1)(ω )(k=1, 2,¨ 。, In), the SecOnd order

forces may be、 calculated。
「
rhe equations of motion for

solving the principal coordinates Pk, where both the flrst

order and the ζ econd order actions are included may be

represented either in frequency domain,or in tiine domain.

2 . 2 . l  E q u a t i o n , o f■1 0 t i o n  i n  f r e q u e n c y  d o m a i n

The hydroelastic equations of motion for a loating

structure encountering the steady― state, flrst order and

second order wave forces may be obtained in frequency

domain by using(4.17～ 19)in Part I,(1.4～ 7),and(1・ 9)fOr

( 3 . 1 3 ) i n  P a r t  I , T h e  i n c l u s i o n  o f  n o n―l i n e a r  m o o r i n g  f o r c e s

is not quite convenientin frequency domain.Therefore only

the linear mooring forces described by(3.17)in Part l iS

introduced.This results in a set of equations in the forln

m

Σ[ark+Ark)'k(0+Ork+Brk),ko
k=1

+(C rk+Crk+△Crk+Cmrk)pk(01

=Ξll)o+Z:(o+(ZF)+Gr)
=に聟)+Gr+J ro)

十ゝLし喝>わ事り
j = 1

+≧二鮪町%e《
ωd uCi漱・―ヴ

+ユニ鮪笥Dttel%旬喝><・
+ヴ
 2。

where r=1,2,...,m・  Z(0)C}r and Jro are the steady‐state

forces given in(4.18),(3.18)in Part l and(1.10)

respectively. ′rhe fOrmulas for the flrst and second order

force terms may be found in(1.4)and(1・ 10).

(2.2)showS that the solution of the total responses of the

principal coordinates Pk(k)COnsists of the steady― state

components due to Z(。 ), Cir and Jro, the wave frequency

components due to the terms of ξr,Qrtt and Droj,the
difference freqtency components conling from the terms of

Q r i j , a n d  t h e  s u m  f r e q u e n c y  c o I I l p o n e n t s  c o m i n g  f r o m  t h o s e

of D五j.Itshould be noted that when i=j in(2.2),the terms
of Qrtt corresponds to the generalized lnean draft force for r―

th mode.The solutions of(2.2)may be decOmposed in the

form

16
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町0ヤユニ鴫蜘卍
¶

+plい」》
Iωrt+εr]〕は=1,2,…,m)(2.3)

where

ω
J =ω l ~ω j '  C J = C i―

E j ,

ω i〓 ωi― ωj ,  ε l = C i +ε j・

The results for フ k,pI(ω 」)andPl(ω F)may be

numerically solved fro■ l the following equations,

m

計
止 +C止 +△Ctt  I C m t t F k     。

→

=Z9)+Gr+JЮ ←=1,2,¨"→

ぶくω『メ●止+Ao■ωJ》止+Lθ
k=1

+←rk+Crk+△Crk+Cmrk)]p正(ωJ)=Q可    (2.5)
←=1,2...,m;1=0,1,…,N;J=1,2,…,D

Ё[_。F)2.rk+A止)+αω」)●rk+Brk)
k=1

+(Crk+Crk+ΔCrk+Cmrk)]pt(ωF)     (2.6)
=D可十ヽぴ聾

←=1,2.",m;i=0,1,“り` j=1,2,¨"D

where δroiS the Kroneker delta function.The hydrodynanlic

coefncients Ark and Brk take their values at the correspond‐

ing frequencies ω
J or ω」

.

2.2.2 Equations of motion in tiine domain

After the inclusion of the second order wave forces,the

threc―dilnensional hydroelastic equations of rnotion may be

written in tiine domain in the form6)

m

ど・止+A止》k°+ф止
+百止》k0

+CCrk+Crk+Clk)pk 0

t

+fκrk(t―τllilk←)dT]
=ZF)+Gr+Ξll)(o+ZF)0+△ro   (2.7)

where Ark, Brk, Crk and C′ rk are the time domain

hydrodynallnic coefflcients. They are deflned as follows
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(2.8)

Krk(t):

A止 =ArkO)+÷ JKrk← )Sh(∝ )d・
E=A止 (→ ,

0

grk=Brk(ω)―Jrrk←)・OS(∝)と,
0

Krk(リヨ:『い止(→~A止o】sh(Otldω。

(2.14)

(2.9) When the stnrcture has no forward speed, it is fotutd that

Erk  =eh.  =0 .

When the structure has no forward speed, it is found that

Erk =ek =0.

At the right side of the generalized equations of motion

the steady-state forces, first order and second order forces

may be obtained from (3.18), (4.18), (4.36) in Part I and

(1.9). The response-dependent non-linear mooring forces

now can be easily handled in the time domain analysis, and

are all included in the term A,.(t).

3. Goncluding remarks

The linear hydroelasticity theories have been developed

and applied for years. The coupled analyses of the

hydrodynamic and the structural problems allow the

responses of marine structure to be examined in a unified

manner. The mean drift forces, low frequency and sun

frequency excitations induced by the second order wave

actions, and the non-linear loads due to the instantaneous

wetted surface effect, may give more influence to the

structural distortions, than the rigid body motions. This may

especially the case for a large bulkcarrier, a fast slender

vehicle, and a very large floating structure. The existing

. methods of evaluating the second order wave forces have

been widely employed for the predictions of motions and

loads of rigid bodies. The formulas presented in this paper

just show that the similar methods may be extended to the

hydroelastic problems. More,numerical effort is evidently

needed. However there seems no significant difficulty to

obtain the results with the accuracy similar to that achieved

by the rigid body analyses.

(Manuscript received, January 9, 1997)

S

―p」αr(IX⊃。Wtp2kdC
Cw

The retardation functions &r(t) (r,

the form

κ止0‐―p∬αrttχkdSttp∬五・[(W・⊃■P

_。P。も詢χkds―ρ」irFx⊃.LkdC°・°
Cw

ln the case W=_U「 , it can be silnplifled that

百r k一 」 a rΨ2 k d S ~ P U J f u l k五 4 1 P d S  ( 2 . 1 1 )
S              S

吼 ~p」V2k■・景lPdS,     9■ 幼
S

and

1豊1lS―pU」fχk五・平dS. (2.13)

The time domain hydrodynamic coefficients A,1, B,r, C,r.

and e'r1, are time and frequency independent. They only

depend on the geometry of the wetted surface, the forward

speed, and the dry modes of the structure. The following

relations among the time domain hydrodynamic coef-

ficients, the retardation functions, and the frequency

domain hydrodynamic coefficients may also be used to

calculate Arr, Err and &r(t):

Kft(t) = -p[Io,
s
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Appendix A.The coefrlcients ofthe second order forces

駈(ω)=p∬‖庶+0・■:)(■1・⊃]ぐω+■0⊃
S

h)。(ω)+ΨD(ω)ldS

fr(ωl,ωj)=告p∬6・■1)VIΨ。(ωi)+ΨD(ωi)]
S

・VIΨ。(ωj)+Ψ D(ωj)ldS

18
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fr(ωi,ωj)=券p∬(■
・11)VIΨ。(ωi)+ΨD(ωi)]

S

・▽瞬1(ωj)+ΨD(ωj)]dS

hょ(ωl,ωj)=p∬0・■1)VIΨ。(ωj)+ΨD(ωj)]
S

・▽Ψk(ωl)dS

hl(ωi,ωj)=p∬0・■1)VI軋(ωj)+ΨD(ωj)]
S

・▽Ψk(ωl)dS

q劇(q,り=呼ロィ+。・11)0ア・⊃]

(′ωi+W・ ⊃Ψk(ωi)dS

t測(ωi,ωj)=券p∬6・■:)▽Ψk(ωl)・▽ΨJ(ωj)dS
S

th(ωl,ωj)=券p∬(■
・■:)▽Ψk(ωl)・▽輌(ωj)dS

S

g測=p∬dJ[gWi+告Ole⊃W21ds
S

+p∬α測[多′+÷(W2_u2)]ds
S

+p∬6・■1)ewdS
S

where drk(r,k=12,… ュ)are dermed in(4.36).

■ e  c o e f E c i e n t s  e v  a n d  αt t  a r e  a s  f o l l o w s .

e“=―券(z′+告y′十W2+券z′静Wl),

C 5 5 ~ ÷ ( Z′+告 X′ザ》
W 2 +告 z′

ザ歩
W 2 ) ,

C66=~÷は′#W2+y′十W2),

C45=e54=÷X′十W2,

C46‐e64‐券(X′+券X′静W2),

e56‐C65‐告(y′+券y′静W2),

C4=V,(た 7),

cy=―u, C≧7),

C u = 0  ( f O r  d i t h e  o t h e r  k  a n d′) .

αr44‐~告(V:n2+W:n3),

αr55=~券(u:・1+W:n3),
αr 6 6 = ~ 告 ( u : n l + v l n 2 ) ,

αr45=α『54=券VP,

αr46=αr64丁αr56=αr65=告●:,

αrk′=O α ,′・4,5,6)。

JЮ=―t4(■011)"2_u2)2ず≒
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Jr(ω)=―号∫00■1)餌
2_u2)。ω ttW・⊃

Cw

椰00+あDO】青
了『(ω)=―t∫(■・五:)Ⅳ

2_u2)(■ω+W・p
Cw

I帆(ω)+島(ω)11デ号
J止(ω)=―t∫(■・五:)[(′ω+W・▽)Ψk(ω)

Cw

キ:ol・⊃W2_wilザ缶
丁ょ(ω)=―七∫(■・1:)[(―′ωキ嘔ル▽海l(o)

Cw

+:(■1・うW2TI呈]蔵

Kr(ωd,ω●)=「発
諸
五・五:)'°d+W・⊃W。(Od)

+Ψメ鴫】ぐω可+■・⊃師メω∂+Ψpい●】蔵
KI(ωd,01)〒=発∫(■・■:'ぐω.+■

Oη[ΨO(ωd)
Cw

十фD(ωd) ] (―′ω可
+W・ ▽)由醜(お可)+ IЪ (0 1 ) ]市≒
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KFk(°d'ωl)〒―発∫σⅢ■1)(―′ωlすW口η
Cw

[頭:(ω可)+ΨD(9可)]ICliωei+W・⊃Ψk(ωd)

→c.ηw2,弓]青

Kri(ωt,ωd)=―発∫〔卜■1)。ωd+W・⊃
Cw

[中。(ωei)+ΨD(ωei)][(―′ω可+W・▽)1醜(9可)

+告。i・'W2_wil荷
Kl(9d,ω可)=―:∫6・1:)(′ωd十項ル▽)

Cw

I甲。(ωel)十ΨЬ(ωel)]I(′ω可+W・▽)Ψk(01)

+楓,w2ギ]青

Grv(ωd,ω可)=―発∫σ卜■1)[ぐωd ttW・ηttk(ωd)
Cw

単士110⊃W2_wilI(′ωl+W・⊃Ψ′(ω可)

+|り慟w2_ず]浩

9L(ωd,ω可)=―発∫0・■)[(iωd+W・ηΨk(ωd)
Cw

十告01° マリW7-Wi][(― ′ω可
+Wi、 り輌 (ω可)

+告価10ηW2_w,1青


