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* Background
I

=l Maruo’s theory (1960) on added resistance

The added resistance can be computed from ship-generated unsteady waves far from a
ship; which is the unsteady wave-making resistance component only, due to interactions

between body-disturbance and incident waves.
Nevertheless, comparisons have been made with total increase in the resistance in waves

measured by a dynamometer.

2l Ohkusu’s theory (1980) for unsteady wave analysis
Experimental method for measurement of ship-generated unsteady waves

=—2>> Wave amplitude function (Fourier transform of ship-generated wave,
equivalent to the Kochin function) can be obtained for computing the

added resistance.
Prof. M. Ohkusu

However ......
Accurate measurement of unsteady waves (including 2nd-order waves) is not easy.

Analyses for the Fourier transform of wave elevation and for accurate integration in
the formula of added resistance have not been made in a convincing manner.
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* Objectives in the present study A HYUNDAI
I

1 7o evaluate the magnitude of unsteady wave-making component in the added
resistance through unsteady wave-pattern analysis

= To understand hydrodynamic relations of the added resistance with ship disturbance
waves ( which component or which part of unsteady waves is dominant in the added

resistance )

=l To elucidate nonlinear effects (amplitude dependency) in ship-generated unsteady
waves on the added resistance

1 To investigate the effect of bluntness in ship geometry on the wave pattern and added
resistance, particularly in short incident waves
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* Menus in Today’s Talk A HYUNDAI
I

=l Review of ship-generated unsteady waves

» Havelock’s elementary-wave theory
> Wave patterns by the stationary-phase method

=l Linear theory for ship-generated wave & its Fourier transform with respect to x
Derivation of the formula for computing the added resistance with measured wave data

1 Measurement of unsteady waves by multifold method using N=12 wave probes, for
four problems of (1) diffraction, (2) forced heave & (3) forced pitch oscillations, and
(4) motion-free in waves, using two different incident-wave amplitudes and two
different (blunt & slender) modified Wigley models PR

_l Validation of the linear superposition of component waves

.......................................

=1 Study on effects of bluntness and nonlinearity (amplitude dependency)
in ship-generated waves on the added resistance

ZO Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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* Ship-generated Unsteady Waves

= Havelock’s elementary-wave theory

w : circular frequency of a progressive wave in space-fixed coordinate system

A
We =w—kUcosa — w=w,+ kU cosa (k zwz/g)
¢ : encounter circular frequency in a steady-moving coordinate system

(1) Phase velocity (propagation velocity of wave profile)

W We
c=—=—+Ucosa

k k
2 2
=T (2) Dispersion relation : k = % — = % o ( % + U cos a) = %

Solutions of k : (denoted as K;; j = 1,2)
K } _ Kol —27cosa+ /1 — 47 cosa where Ko— 31— Uwe

K, 2 cos? U2’ g
Ky > Ko
Shorter wave Longer wave
dw d de 1 dc 1
’ y ’ = e— T — k — k’— — — — = —
Group velocity (propagation velocity of wave energy)  cq4 Tl (k¢) =c+ % kg ORE c
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|
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* Schematic understanding of the solution A HYUNDAI
| ,

A C.C
cosa>() cosa<( . . s
@ @ Solutions are intersections between
w We g
% c=—=—+Ucosa and 2 =
kK @ =3
Cg =C— K, 1—27cosa=*+1—4rcosa
= K,
1 K> 2 cos? a
==
2

They are denoted as :
Longer wave

A:cosa<(
K
1_ A B:cosa>0 2 wWave
K 27
¢ C': cosa>0 K, wave
D:cosa<( v

Shorter wave

? N i
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* Schematic understanding of the solution A HYUNDAI
:
(1) A wave system ( cosa < () «e-ee- propagating to downstream
C
ca > cga > |Ucosa| < \ ——> Ucosa
Wave exists downstream of a ship - -
(2) B wave system (cosa > 0) eeoees propagating to upstream Deosa G
cg > ¢gp > Ucosa \H -
Wave exists upstream of a ship
(3) C wave system ( cosa >0 ) «eeeee propagating to upstream Cs s, Ui
cc > Ucosa > cy4c \\j -
Wave exists downstream of a ship
(4) D wave system ( cosa <0 ) cp <O =eeeee propagating to upstream (from space-fixed)
C ;
|Ucosa| > |ep| > |egp] D \ :{>Uco;a
When viewed from the ship, wave propagates to N -
and exists downstream of a ship —> —~_/
(Space-fixed)

2558 Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University



* Relation with Fourier-transform variable

= Variable in Fourier transform with respect to x

—— k =Kjcosa = —

Kol —27cosa=++/1—41cosa

A

HYUNDAI

ENGINEERING & CONSTRUCTION

COS & .
. . . We ‘ g Trr\2 o
Dispersion relation : ( 7 + U cos a) =— —> Kj=—(we+kU) =x(k) :3-Dwavenumber
3 J
K,
& ?O(1+2T+\/1+4T) ------ D wave N N
—> K R <= k(k)=—-k <+—
(cosa < 0) ?0(14—27‘— 1—|—4T) g ceeee A wave
s2(k)—k2=0
K, ~
o—0 = 70 ( 1—2r 47-) 500000 B wave ~ ~
> ; b L —"" KJ( k ) +k <+—
(cosa > 0) = ?0(1 2¢+\W) ------ C wave
A (ky) wave D (k1) wave C (ky) wave & B (k3) wave
I Kok, At s
- - > —
W . W | 0) / —_— > T
a=T a =0
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* Linear Theory for Unsteady Waves A HYUNoAI
I

1 Velocity potential
&(z,t) = U~z + ps(x)] + Re [{¢0 +¢5(@)} ewet}

WWe

g A
where o¢p(x) = %(;57 x) + ZzweX ¢i(x) = {¢7(a:) + Z AJ b; a:)} : Body disturbance potential

U : Forward speed of a ship w : Circular frequency of incident wave
A : Amplitude of incident wave We : Encounter circular frequency of ship-generated wave
X; : Amplitude of j-th mode of motion =w —koUcos f =w+ koU (ko =w?/g, B= 7T)

1 Elevation of ship-generated wave at a distance from the ship

((avy) = (iwe-U3 ) bnle >=—1(we—U§x)’iA{¢7 z)+ “’%Z A%(m)} on z =0

where  ¢;(x,y,0) /Qj (€)Glz —&,y,0)de (j=1,3,5,7)

Source distribution along 3-D free-surface Green function (velocity potential) of
the centerline of a ship  a translating and oscillating source with unit strength

? \\ // 11
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Linear Theory for Unsteady Waves A HYUNoAI

& Free-surface Green function
Using the double Fourier transform with respect to * and Yy

6" (k, £, 2) = / / 6(z,y, z) = drdy

— 1 = ok —tkx—ily
P B8] = (2m)? //_oo o7 (kbz)e —— e

4 G( ) = g = 5 dkdl h
z,y,0) = / / Local evanescent waves
(27")2 “—’0 Vk2+ 02 — = (we + kU — z,u) /
s k
_ 1 dk/ o~ ike—ly| VAT RE n” dn 3 U ? / “] B ik fylVF—RT g
272 (n? + k2)v/n? + k2 ks ks Vk2 — k2
kl k‘3 & .
[ / / / ] e thrielylVRI=k® i gq—— : Progressive wave

\ 271' ko ky /

2

1 k
where  k(k) = E(we +kU) = K, + 2k7 + 7 :3-D wavenumber
0
w? Uw, g -1 for — 0 < k < ky
Ke—?’T_ q ’Ko_ﬁ’ ek_sgn(we+kU)—{_|_1 for ko < k < 0

K,(k)-f-k:(] nul:} Z;}:-%(1+2T:&\/1+47), 23} +K7(].—27':F\/1—47') {:Inn K‘,(k)—k:O

N\ 12
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* Ship-generated wave & its Fourier transform A HYUNDAI
I

1 9 \igA = X
C(%y):—g(iwe—Uax)zi {¢7($ y,0 i 27 :L'y,O)} onz=0

where ¢j(z,y,0 /Q] ,0)d¢ (7 =1,3,5,7)
'l Neglecting local evanescent waves, ship-generated wave at a far field is : v
C(x y ~ [ /kl /k3 / ] we + kU (k) R —ikx—iek|y|v K2—k?2 dk i
o By ka VK2 — k2

where C(k) = Cr(k) + 222 3 %Cj(k) «— C(k) = /L Q;(€) e d¢  : Kochin function

7=1,3,5
’[ =% / |t =) ic*(k)\/E —W—k] e~ dk ] S
el S ko VK2 —k? }
unit step function = 1 only for x> — k* > 0 C(z,y) = % [g*(k, y)] e~k g

we + kU K w3 -1 for —o0 < k < kg
where » _eM/k—O, ko = rE ek—sgn(we—l—kU)—{ Pl Fords = & = oo

A4
o) =5 [ Clhpear =:>[ o) = [ coa) et ds = iAC(),[E s VI ]

N\ 13
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* Added resistance in waves A
|

1 Maruo’s formula for added resistance (in the case of head waves)

pgA2 ~ dmko| )" S T VRZ — k2 0

From the preceding analysis, we had the relation : ji}of. H. Maruo

C*(kvy) _ /oo C(x7y) ikx o K K —iek|y|V K2 —k2
A ). _"a e dx = iC(k) kome

2 2 12
p (2= )

K3

1 Formula to be computed from unsteady wave-pattern analysis

R 1 kl k3 o0 *
“z=—[—/ L L

pgA dm o0 Jka ka A

¢ (k y) / C e'** 4z : Fourier transform of ship-generated waves along a longitudinal
line parallel to the ship’s centerline (at a fixed value of y )

O N/ 14
/7/1\?\\ Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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* Measurement of unsteady waves A HYUNDAI
I

Trigger
A
i Y | /

Wave Probes

X1 Xo X3 XN
E) fan

Y

Ship Model  t, - tl
ts - [ %
3 " Incident Wave
t=ti+ti=t;+X;/U (w)

RV Ky Uniyersiny

=55 Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University




* Wave measurement system (with 12 wave probes) A

==
N

HYUNDAI

ENGINEERING & CONSTRUCTION

Fn=0.2, \/L=0.5, =180 deg.

Cos: Experiment

Sin: Experiment

: at y/(B/2)=1.4
1 1 1 1 | 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1

YA Wave Probes , Standard Draft

X1 X X3 Xn - '
oS¢ o § 1 E
(N :12) § a
=0 R
/ . X g -1 -
« -
Ship Model ~ t| t S F

> < -2
ts 3 2 1
: > E 5. Incident Wave

0

£ 2 3 -4 5

z/(L/2)
16
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* Analysis of measured unsteady wave A HYUNDAI
| ,

Co(@, ¥ t) = Co(, y) + Co(z, y) coswet + (o, y) sinwet + (P (z, y) cos 2wet + (P (z, y) sin 2wet + - - -

where we =w+koU (headwave), ko= w’/g v Wave Probes
X1 Xz X3 " XN
Rewriting in the space-fixed coordinate system : X =z +Ut, Y =y [(‘{> (N=12)
0 .|z >
—_ Cw(X - Ut,y; t) = CO(X - Ut,y) +CC(X - Ut, y) COS Wet O : /! X
+ (X — Ut,y)sinwet + --- i Mode. ti ;@ ”
2 > @> Incident Wave

Considering the i-th wave probe locatedat X = X; (i=1~ N =12), t=t;+t; :@+ X; /U

o= Co(=Uti,y;t) = Co(=Uti, y) + {(=Uti,y) coswe(t: + Xi/U)
+¢(=Ut,y)sinwe(t; + X;/U) + --- i=1~ N(=12)

By adjusting the phase difference X;/U to be different over one wave period T =27 /w.,

—> N different data can be obtained for the same position x = — Ut; relative to the ship
—> With least-squares method, unknown coefficients Co, Cc, Cs, and also ¢ ¢@ determined

Increment of t; — t; + At is equal to shift of © — x — U At (to the downstream)

N Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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* Fourier transform of measured wave A HYUNDAI
:

1 First-order unsteady wave component
Cw(®,y;t) = Re [ {Ce(@,y) —iCs(z,9) } e"‘*’et] = Re[{(z,y) ei‘”et}
* > ikx e ikx o
¢ (k, y) =/ ((z,y) e da ~ o C(z,y) e dx  : Fourier transform

Y is constant = 1.4 x (B/2),
a =30 x (L/2) upstream b= —5.0 x (L/2) downstream ¢

Number of data points : j=1~ M +1(=1100)

Linear approximation between (; and (;,

M
> ¢*(k,y) = ij(k)Cj(y)

%5 — . %541 — .
r—Ti—1 ; T Tivr1l
I_'J(k) = / — e’k‘” dx + / = Sun 6“” dx
T

z5-1 T3 — Tj-1 ;T T
1 [eikxj _ eikxj_l eikitj _ eikwj+1 ]
= 77 _ _ o . —
k Tj—Tj—1 Tj— Tj+1

Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University




* Weight functions in added resistance A HYUNDAI
I

—1 Added resistance formula to be computed from unsteady wave-pattern analysis

{ Ruw L [ [ wma ]

Wi (k) = Clhy) | Walk) = Y5 —F kK See th

1(k) = | — 2(k) = —— er (k+ky) =—> Seethe nextpage
1 2 w?

where k= E(we-i—kU) , ko = PR ex = sgn(we + kU)

1 Schematic illustration of wave components along the centerline (Review)

}z—%(l—l—QT:i:\/W), } =+%(1—27‘:FM)

2 Koy
In head wave : we=w+koU—>E w— (1+2T—V1+47'):_k2 |k2|

@ U< | g @ @equal to mctdent wave

\__/J
Y=z

ZINg Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University



* Weight functions in added resistance
I

—1 Example of weight functions in the added resistance

MotionFree(Fn=0.2, =180deg, \v1.=1.1, y=330mm)

AL =110

*  Wy(k)
o Wy(k)

- Computed by EUT ~ W)

A HYUNDAI

ENGINEERING & CONSTRUCTION

Dominant,

Small positive k means
longer waves, propagating to
the positive x-axis

20
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Tested models & conditions in measurement

v

EEEEEEEEEEEEEEEEEEEEEEEE

Table 1. Principal particulars of ‘blunt’ and ‘slender’ modified Wigley models

Items Blunt model Slender model
Length L (m) 2.5 2.0
Breadth B (m) 0.5 0.3
Draft d (m) 0.175 0.125
Displacement V (m”"3) 0.13877 0.0425
Water-plane area Ay (m™2) 1.005 0.416
Radius of gyration kyy/L 0.236 0.248
Center of gravity KG (m) 0.145 0.0846
Froude number Fn 0.2
Wavelength \/L 0.3 ~2.0
Incident-wave amplitude A(cm) 3.0, 1.0 25, 1.0

Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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Tested models & conditions in measurement A HYUNoDAI

 Experiment with Blunt modified Wigley model

n=01-)1-)1+06&+&")+(1 )1 -

§_L—/2777_B—/2

\ @ e — T —— — : - I!r r z ' vV
‘1 -*l —

y » 3 . '—

T { ;

wtd i | H
’ . L

. (== (L/B=50)

|

////\\\\ Masashi KASHIWAG]I, Emeritus Professor of Osaka University & Kyushu University




* Added resistance in waves (Blunt Model) A HYUNDAI
| ,

Motion free in waves Fn=0.20, 3=180 deg.
1 5 T T T T I T T T T I T T T T I T T T T
B Cal by EUT |
® Dynamometer, Amax=3cm —
= QO Dynamometer, Amax=Icm F h 0’ 2 0 -
A  With measured wave, Amax=3cm o) !
B A With measured wave, Amax=Icm O 5 ]
3
ol 10
Q I
C:-]-_-/
':f[: L
(=)
Q. L
~
= e
<
K 5
O \
0.0

N Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University




Unsteady wave: Measured example for Blunt Model

((zy)/A

C(z,y)/A

A=0.01m

Wave in Motion Fre

BRI L =1

DS

Fn=0.2, \/L=0.7, =180 deg.
‘ T

Cos: Measured
Sin: Measured

1 1 1 1

1 1 1 1

3 0 -1 -2 -3 -4 -5
x/(L/2)
Wave in Motion Free{ A=0.03m Frn=0.2, A\ /L=0.7, =180 deg.
= | SN *
I _ Cos: Measured
B )\/ L=070— -+t — "+ —+4 | Sin: Measured
: n ,/'Z?"\‘"\‘ T e
- B\R-——f Nl A Nl
3 0 -1 -2 -3 -4 -5
z/(L/2)

Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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Unsteady wave: Measured example for Blunt Model

A=0.01m

Wave in Motion Fre

(

B

Fn=0.2, \/L=1.1, 3=180 deg.

Fla/L =11

Cos: Measured
Sin: Measured

((z,y)/A

o

3 2 0 -1 -2 -3 -4 -5
2/(L/2)
Wave in Motion Freel A=0.03m Fn=02, A/L=1.1,5=180 deg,
> D - 5
S A / T 10 - Cos: Measured
B O N N T Sin: Measured
< 1
s C . [
/—@: ok =y ;’ -:"( /" s '/.:3'1;-" -\_‘\""\._\ p /::::%
\Ef/ N .'n‘k / \'\ ’,! v-..—-f \.,,\\
o 1 = " v S -
2 - : e e | e e
3 2 1 0 -1 -2 -3 -4
xz/(L/2)

=\

Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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* Linear superposition of unsteady waves A HYUNDAI
I

1 Experimental measurements at various conditions
(0) Motion-free condition (surge, heave, pitch free) in waves

Ce.w)/A, Xi/A, (Xs/A,)(Xs/(koA)) Raw
(1) Motion-fixed (diffraction) candition in *vaves

Cr(z,y)/A| Raw at incident—wa»\e amplitude A = 0.01m

(2) Forced hea\e oscillation in dalm water
€162 y\(X 3 \RAW atl oscillation %mplitude X3 = 0.0lm
(3) Forced pitch o\kgillatibn\in calm water \

§5(x,y)/XBA\(L/2),§&QW at oscillatxon amplitude X; = 1.34deg

=1 Unsteady waves by th)&ear supe%q\mvitto '

(T(w>y) _ C7(337y) & | C3(:c,y)
A | A A X3

Compared with ((z,y)/A measured at the motion-free condition

= Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University
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* Linear superposition of unsteady waves A HYUNDAI
| ,

1 Experimental measurements at various conditions

(0) Motion-free condition (surge, heave, pitch free) in waves

>@y@ X1/A, (Xs/A,)(X5/(koA)) Raw

(1) Motion-fixed (diffraction) condition in waves

C7(z,y)/A| Raw atincident-wave amplitude A = (.01 m

(2) Forced heave oscillation in calm water

(s(z,y)/X3,| Raw at oscillation amplitude X; = 0.01 m

(3) Forced pitch oscillation in calm water

Cs(x,y)/X5(L/2),| Raw at oscillation amplitude X; — 1.34deg

=1 Unsteady waves by Linear superposition

( Cr(z,y) | Co(z,y)| (X3)| Gz, )| [ X5 )| Cs(2, )
L A | A ' Xs ko A X5(L/2)k0(L/2)]

Compared with ((z,y)/A measured at the motion-free condition
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Measured component waves : \/L = 1.1 Blunt model
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by

Motion-fixed

diffraction

by

Forced heave

oscillation

by
Forced pitch
oscillation

((z,y)/A

Cs(2,y)/ X3

Cs(2,9)/ X5(L/2)

2

Scattering Wave Fn=0.2, A 7L=1.1, =180 deg.
: Cos: Measured |
- Sin: Me ed
: e\ ﬁ R ——
E V
3 2 1 0 -1 -2 -3 -4 -5

x/(L/2)

Heave Radiation Wave

Fn=0.2, KL=12.45, 3=180 deg.

Cos: Measured [

Sin: Measured

w INEEEEEERE LR RER R

Pitch Radiation Wave

/\v/\M\"\_\Ath =
I2I 1 I0I -1IIII—2IIII-3IIII—4IIII-5
z/(L/2)

Fn=0.2, KL=12.45, 3=180 deg.

Cos: Measured [
Sin: Measured

]

w TTT T T[T T Tfr T[T T 7T

-1 e K 4 -5

&/ (L2

€7(JI, y)

C3(«T,y>

X3

C5($7y)
X5(L/2)

=t —
=058
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Measured ship motions in waves: Blunt model

)

=t —
=7\

A

Nondim. Motion Amplitude

Phase (deg.)

1.5

1.0

0.5

0.0

180

90

Heave | X3l/A

Fn=0.2, =180 deg.

=0.2, p=180 deg.

2.0

T

Pitch | Xs|/kyA

Cal by EUT

—— Cal by NSM

--=-- Cal by RPM
O Exp Amax=lcm
® Exp Amax=3cm

1.0

: 180 — -
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Unsteady wave components: \/L = 1.1 Blunt model

.
0

=\

W

A

by

Motion-fixed

diffraction

by

Wave-induced
heave motion

by

Wave-induced

pitch motion

Ca(zy)/A ((zy)/A

CS(way)/A

Scattering Wave Fn=0.2, )\ JL =1.1, *’3.: 180 deg.

: Cos: Measured | |

C Sin: Measured

= V

3 2 1 0 -1 -2 -3 -4 -5
x/(L/2

Heave Radiation Wave Hd2) Fn=0.2, KL=12.45, 5=180 deg.
: Cos: Measured |
r Sin: Measured
= —— e s
- \\"“—"——-—_—/’/

3 2 1 0 -1 -2 -3 -4 -5
. L z/(L/2) ,

Pitch Radiation Wave F'n=0.2, KL=12.45, =180 deg.
: Cos: Measured |
r [{\ Sin: Measured
C N
C / o A i Vg ¥V e i
E V Vg

3 2 1 0 -1 -2 -3 -4 -5
z/(L/2)

§7(£L', y)

C3(I7y)

HYUNDAI
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X5 C5<$7y)

koA Xs5(L/2)

ko(L/2)
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Comparison of superposed and directly measured waves A HYUNDA

‘ [ Superposed Wave Frn=0.2, A ;L=1.1, d: 180 deg. ’

2 F /-\\ Cos: Superposed |~

. - /\A \ Sin: Superposed
Summation of = 1 =y Blunt model
previous three = 0 oo - T AT
components T E \ 7 %
P \
C 1 1 1 1 1 \l U 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 2 1 \-/0 -1 -2 -3 -4 -5
Wave in Motion Free, A=0.01m z/(L/2) Fn=0.2, A !L:l.l, @:180 deg.
2 ; A\ Cos: Measured |

Direct S:“\ 1 ; /A\\ Sin: Measured
measurement /i,. 0 M-_ﬁ = ﬂv//m"(\“‘“\ atntil W’?
atA=0.01m = .f e

M- \\/
5 B s T TR B ¥ W " S 44 T T R T i S S S T B A M T
3 2 1 —"0 A 3 £ -4 5
Wave in Motion Free, A=0.03m z/(L/2) Fn=0.2, A _L: 1.1, ,3:180 deg.
2t —— Cos: Measured [

Dll‘ ect < 1 - / \\ Sin: Measured
measurement 3 | : — S S .
atA=0.03m = I = = ==

A 1 u V
2F \
[ 1 \I L1 1 1 L1 L 1
3 2 1 \/0 -1 2 -3 -4 5
P "C/(L/2)
W g
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* Added resistance in waves (Blunt Model)
I

.5 Motion free in waves Fn=0.20, 3=180 deg.
] T T T | T T T T I T T T T I T T T T
|- Cal by EUT L
® Dynamometer, Amax=3cm —
O Dynamometer, Amax=Icm Fn 0' 20
A With measured wave, Amax=3cm o
I\ With measured wave, Amax=Icm @]
| $ With superposed wave, Amax=Icm O
= 10
a~
Ei N
<<
!
Q.
~
=
<q
& 5
0 1 1
0.0

o)
g

W

=25 Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University

A

HYUNDAI

ENGINEERING & CONSTRUCTION

32



* Added resistance in waves (Blunt Model)
I

.
0

W

=\

.5 Motion free in waves Fn=0.20, 3=180 deg.
] T T T I T T T T I T T T T I T T T T
B Cal by EUT i
® Dynamometer, Amax=3cm —
O Dynamometer, Amax=Icm Fn 0' 20
A With measured wave, Amax=3cm o
I\ With measured wave, Amax=Icm @]
| $ With superposed wave, Amax=Icm O
Q 10 { : , —
N I Superposed wave |
<<
!
Q.
~
=
=
& 5
0 1 1
0.0
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Contribution of 2nd-order Wave Component (Blunt model)
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ENGINEERING & CONSTRUCTION

((z,y)/A

¢(z,y)/A

-2

0.4
0.2
0.0
-0.2
-0.4

C(:E;y) Ko

1st-order Wave in Motion Free{ A=0.03m
N—_"

Fn=0.2, \/L=0.6, 3=180 deg.

C — Cos: Measured
r )\/ L =0.6 Sin: Measured
: 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 ] 1 I 1 1 1 1 l 1 1 1 1 | 1 1 1 1
3 2 1 0 -1 -2 -3 -4 -5
z/(L/2
2nd-order Wave /(L/2) Fn=0.2, \ /L=0.6, 3=180 deg.
L — Cos: Measured
- )\/ L =0.6 Sin: Measured |
: 1 1 i 1 l 1 1 1 1 l 1 1 1 1 I 1 L 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1
3 2 1 0 -1 -2 -3 -4 -5
z/(L/2
Oth-order Steady Wave /( % ) Fn:O.Q, A /L=0.6, 3=180 deg.
| ] oo Steady Kelvin wave -
1‘" —— Oth-order steady comp.

3

W

.l'ﬂ".
N
§ oL =

=\

2 1 0 -1 2 3 4 -5
z/(L/2)

¢ (z,y)/A

¢(zy)/A

0.4
0.2
0.0
-0.2
-0.4

((‘Tay) KO

Fn=0.2, \/L=1.1, 3=180 deg.

1st-order Wave in Motion Free{ A=0.03m
\-/

- Cos: Measured
) )‘/ L=1.1 B Sin: Measured
: 1 1 1 1 l | 1 1 1 l 1 1 1 1 l 1 L 1 1 l L L 1 1 l 1 1 1 1 l 1 1 L 1 l L L 1 1
3 2 1 0 -1 -2 -3 -4 -5
z/(L/2
2nd-order Wave /(L/2) Fn=0.2, \/L=1.1, 3=180 deg.
C _ Cos: Measured
- )‘/ L=11 Sin: Measured |
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 ' 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1
3 2 1 0 -1 -2 -3 -4 -5
z/(L/2
Oth-order Steady Wave /(L/2) Fn=0.2, \/L=1.1, 3=180 deg.
[ - Steady Kelvin wave
——— Oth-order steady comp.

PR ST TN TR A TR SR TR W AT TN SR T S Y S

3 2 1 0 -1 -2 -3 -4 -5
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* Video at resonant wavelength \/L = 1.1 A HYUNoAI
| |

2 Blunt modified Wigley model, Motion free at A = 3.0 cm
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* Video at resonant wavelength )\/L — 1.1
:

=1 Blunt modified Wigley model, Motion free at

The motion amplitude is relatively small, and waves are not largely broken.
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* Added resistance in short waves (Blunt Model)
I

.
0

=\

15

Motion free in waves

Fn

=0.20, =180 deg.

Cal by EUT

@ Dynamometer, Amax=3cm

QO Dynamometer, Amax=Icm

A With measured wave, Amax=3cm
/\  With measured wave, Amax=Icm
@ With superposed wave, Amax=Icm

Motion free

W
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* Added resistance in short waves (Blunt Model) A HYUNDAI
I

Motion fix: Diffraction Fn=0.20, =180 deg.
1 0 1 1 T 1 I I 1 L] L] 1 1 1 1 I I 1
I Cal by EUT Diffraction
® Dynamometer, Amax=3cm (2010)
i O Dynamometer, Amax=Icm 4
A With measured wave, Amax=3cm
. i A With measured wave, Amax=Icm )
Q 5 @® Dynamometer, Amax=3cm (2011)
2 -
< I -
>
Q s -
g 22 2 e 2 2 P18
= O
=X @]
&0 o
I ©) -
_5 1 1 1 1 L L 1 1 1 1 L 1 1 L L 1
0.0 0.5 1.0 1.5 2.0
\/L

Ir*‘l
? \\/.
v 38
NZ
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* Tested models & conditions in measurement A HYUNoDAI
|

=1 Experiment with Slender modified Wigley model

n=(1-¢)1-)1+028)+1-¢%)(1 -

=2 p=2 == _
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* Added resistance in short waves (Slender Model) A HYUNDAI
| ,

1 Motion free in waves Fn=0.20, 8=180 deg.
5 T T T T T T T T T T T T : T T T
[ I T ! '
Cal by EUT | — .
® Dyna.:mmeter, Amax=2.5cm g Motion _ﬁ' ee

QO Dynamometer, Amax=I.0cm
A With measured wave, Amax=2.5cm
A\ With measured wave, Amax=1.0cm
$ With superposed wave, Amax=Icm

E)/ B
‘l'l\-q I
[}
Y B
~
E E
<
g 5
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* Added resistance in short waves (Slender Model) A HYUNDAI
| ,

Motion fix: Diffraction Fn=0.20, =180 deg.
Cal by EUT . R
® Dynamometer, Amax=2.5cm D l_ﬂ‘r action

O Dynamometer, Amax=1.0cm i
A With measured wave, Amax=2.5cm
A With measured wave, Amax=1.0cm

®]

>
» ©
PO
®
PO
o)
e
> 0574
°
g
(@]
N>
olep-

_5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0
A/L
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* Conclusions A HYUNDAI
|

[ 1] When ship motions become large, nonlinearity in ship-generated unsteady waves
becomes prominent at the fore-front part of the wave, wave breaking may occur.
Consequently the added resistance obtained from the waves measured at larger
amplitude of incident wave becomes much smaller than those obtained from
superposed linear waves and measured directly by a dynamometer.

[ 2] The added resistance evaluated using superposed linear waves in terms of the data
with small amplitudes is in good agreement with the result computed with the
potential-flow theory over the range of wavelength tested.

[ 31 At short incident waves, there was a prominent difference in the added resistance on
the blunt modified Wigley model between the direct measurement and the unsteady
wave analysis. However, this difference is reduced in the diffraction problem where

ship motions are completely fixed.
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