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Table 2-1 Sensor specification

Category Type Range Accuracy

Wave probe 1 | Ultrasonic 0-3000mm | 0.1mm

Wave probe 2 | Ultrasonic 0-1000mm | 0.lmm

Loadcell Strain gauge 50N 0.02% Linearity
300N 0.02% Linearity

Inclinometer Static gravitational 360deg 0.02deg

Gyro Gyro-acceleration 360deg 0.1deg

fusion
Scale Strain gauge 1000kg 0.1kg
Potentiometer | Resistive type 359deg 0.1% Linearity
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Fig. 2-4 Flow chart for wave pattern analysis
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Table 2-2 Sensor types for water free surface elevation measurement

Type Free surface interference
Capacitance/Resistance Mid-high
Servo Low-Mid
Photometry None
Ultrasonic None
LIDAR None
Buoy High
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Muti-channel Wave Measurment near Ship Bow
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Table 2-3 Possible outlier types
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W23 74A ZZ(boundary condition; B.C)EZE T4
TAE F= FAHA, AAFA F stuol sdst= A
surface; F.S)¢ AsS F3tA Ao B AFoNA AL @2

Hdy 7]Wk WISH Z 2732 AHE3 539 2 Hulxg

tand

A= Kim and Kim (2009, 2011)& B F#3te] Thdgt =7 F55 o]
A, mG ALPHE FAHS Y AL MNAHE AFH}= Lee, et al

2017)l =5 At

olgfloll= WISH X239 nigo] == o2& A sty

Fluid domain: V¢ =0 (2-17)
Body B.C.: 9% _G.6+2 on Sg (2-18)
on ot
Kinematic F.S.B.C.:[%+V¢-V}[Z—C(X,y,t)]=0 onz=¢(xyt) (2-19)
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%—(U—vcp).vgdz%f(g +&)+ a¢d ~V®-V¢, onz=0

ot
%—(U—Vcb)-wd =—g¢, {U.vq)—%vovq)}—vq).wﬁ, onz=0

(2-23)
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E+£| for j=1,2

[[-8,G"ds _9® where " =T T (2-29)
Sg 1 OX. 1 1 .
J ——— for j=3
r r
oG~ RO .
_ o, ds = for j,k=12,3 2-30
e x o onox, (2-30)

AZIA e olF A EHAAY WX omA £xE
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2
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Res.

40



(2-33)

Xxn

olgfo] YERRAT.

=

=

™, °]

FJ:USBp-nde for j=12,...,6
where (n,n,,n;)=n, (n,,n,n,)

A= 2

9

Hupel 7}

Tz s ® o3 z =
KO = Q X iy ey I o
M m ~ o ~ oy
0 1) ,‘w — Py m
X, J ©
=) o o r _
o= o = o~ >
o R T B o H
M mo G I w
l_l,._ i v )|
op Ik R =
Eo _.5 o :.L O#E —
o E = o wm X a Wm
= T T :
I B T
) — I HL_u AT iy ——
& N oR ~ 2 Mo + o
G g m o = ik
=R w ol Q oW "
,Io_l o o) L
,m_ﬂ .lrL + X ﬁL O_ —— ,mﬂ_
- X < —~ —_
‘ﬂ” 1 ﬂ > N Oﬁ H_wo 1] o
e 2 . * o =  ®
o S i - 2K
xo mw il lV_2 iAW
~ —_ =
o | oo o, &
s o | = v . ~
o M_E i S|& = R T S
H = o o N X M T
Tk B o of B (- =
70 m 1‘Ur| i = ‘mﬂ
~ er = wlu_.ﬂ ol . = WJ_#I
ﬂm]u o S o W my 1dr| (I %
T B g Toom N o

41
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Llnearj_(l) (1) + () +(IV)+(V)+(VI)+(VIT)
= /g j ~(&réy-&0)f i

_pj {u ——vq>j @}{(—(53 +§4y—§5x)}si:la di
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3 A= 24

31 O3 A% R |A4=x4

B Aol AR o A AT EdeERE Al

o3} A 7} 2~ & HHA (S-LNGC; Kim et al., 2017)3 783 o 2

o
13
rlo

o
Lo
i
rr

T4 (modified) Wigley A& (4] (3-1); Kashiwagi et al., 2011) ©]T}.

Y =(1-77) (1% (14068 %)+ 27 (1) (1-%) R =x 2y -y

Nst™, L, B, d= 27 43t Aol(LBP), &, E4€ 9 v|gt. 7+
Ao gk F2 AY(Table 3-1) Z tid AP = A&
2RSS gSo| 23U HFig. 3-1 2 Fig. 3-2). 1900d ] Zuk
Wigley7}  AIFg vla A8 AP Wigley 32 Michell
o] 2oy MAA o] E(slender body theory) & A& 7lssE=E,
L/B=10° ©°]Z+& % slenderdt 4 zty Ao B AFolA=
Kashiwagi(2013) 2 Seo(2017) S©°] AF&3+

PN
T
AgsER, ATEA ddolmz MM A AAME EASA

o B S
BT 7€ Wigley A& 33 A Aol o] W g do] ¥
Lz ol FrkE ol 2 3-1)% 2 ux HAA FYE 2@AC
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Table 3-1 Principal dimensions of test model

Unie | modified g iNGe | s-LNGe
Wigley
Scale ) i 1 1/72.5
(full scale) (model)
Length between
perpendiculars m 3.00 290.0 4.000
(L, Lpp, Lbp)
Breadth (B) m 0.60 45.0 0.621
Draft (7) m 021 11.5 0.159
Displacement m’ 0.2407 115578 | 03033
Volume (V)
Block coefficient | 06367 07701 | 07701
() . . .
Radius of gyration
(ke B) - 0.400 0.322 0.322
Radius of gyration
(/L /L) - 0.236 0.233 0.233
Design speed m/s 1.085 10.031 1.178
Froude number - 0.200 0.188 0.188
T4 Wigley A3¥2 L/B=5.0°]H, Cb=0.6364Z 7|= Wigley

[4>~

Foll Hlske] Uuk Aulol

= o =L 2
JHZ, 4 IES

| & e

. Fig. 3-1dl& oA =%
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(a) Line plans for the test model

 —— e ST SN b s O I R, E———

(b) Test model — side view (blue line: still water line)

(c) Test model — front view

Fig. 3-1 Test model (modified Wigley)

Agstog, S49 9% g4 WEe Agstelor Frh B
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mlm

FHH S-LNGC 32 AAl A oz, AsH Zdol(flare)7t
35 A vehva, Auji g w3k o] ko] uhgl wsigith
S-LNGC &2 175Kw A AN} 7F2(Liquefied Natural Gas; LNG)
w0 E AAAFETGANA AFE 30 AP ol (Kim et al, 2017),
A8 By FHY 1725 sFete FAHAE dol(l) 4.0m=E
AZstd e 2 AY-E Table 3-10] e, AZd =@ A
Ao e A A4S Fig 3201 YEATE AeR
A ALzt (entrance angle) ¢F 72552 A HAHREOE o7Fo=
47t o] WY JbeAel Fd, EF YAF¥oE HEFWH Ao

o] 2 HEs= e & g A

(b) Test model — Wetted surface in full load condition

Fig. 3-2 Test model (S-LNGC)
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3.2 E344 4

E344 4LS ITTC HFIALFITTC, 2014b)<
Htg o 2 st o, sl HikS International Organization for
Standardization(ISO)2] Guide to the Expression of Uncertainty in
Measurement(GUM) (JCGM, 2008)<S HIEoZ A EQITh 413
ATE 58I AHF Yum et al. (1993) 5o] Y, FrFA G
#A4H3t] Guo (2011), Park et al. (2014) So] a1, 33 A=}

A3l Guietal. (2001)°] STt

rf

ATFANE 4 (2 ~ 4 G4 ol Z axw=E

Standard uncertainty: u(y) = [ZN: u (@) + ZK: u? JZ (3-2)
i=1 j=1

N-1

1

. . N af 2 N af 2

Combined uncertainty: y_(y) = Z[_J uz(x)+2 Z__ ( . J)
i=1 aXi i=1 j=i+l a OX;

(3-3)

Expanded uncertainty: U =ku (y), (y-U <Y <y+U) (3-4)

o714, uly) & EF B3 A(standard uncertainty)Z type A, B
B84 dola, uly) A A3t ol g 4 HyEEY
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UAE —& 183 2% 23844 (combined uncertainty)-S ] V| gT},

Ues % Eg2AA(expanded uncertainty) 2.2 AlF o] wWE

A# TS oJusi, 95% ATk B, k=29 el AT

BF FHUYAM A& BF g, T2UR s, FF BHEY uE
shejs} ol & % Yot
S T . 2 =S
0==2_0:S =—— 0 —q).,.ulq)=—7= 3-5
SasobSa-ae@e g oo
B oATdM oFE HF ARESE ASEL 2 FES

+ESH, T/HAR, Fa Foin, ol W HoE %ol 27lA

o
i
ot
>
ox,
2
it

A @2-D~2-10)° AYstatt. ol HiEgez 9

Aatol] weh sk okdl 4 (3-6-(3-9)% 2th

uZ (A)=u(A) (%}2 (3-6)
u2(&)=u(&) (2—2}2 +u(A) (z—%jz (3-7)

() -uer (2] e (] (B ew
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(3-9)
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webA, gar 3 BI7EAE 2olE AR w4 B487] fe) vl
EF4AA siAo] Aot S-LNGC AFe disted FXF7]
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&) 53] ek,
Table 3-2 Estimation for uncertainty related to incident wave amplitude
Estimate of uncertainty for wave amplitude
Source of Nominal |Type A Type B Standard Sensitivity (u6/uc)*2 e 02 WA2HA2
uncertainty Value uncertainty |uncertainty |uncertainty (u) |coefficient(0) (%)
ML=0.5
A(m) 1.60E-02 4.68E-05 2.69E-04 2.73E-04 6.25E+01|/m 1.00E+00| 7.47E-08 |3.91E+03 | 2.92E-04
Combined L71E-02
uncertainty (u_c) )
Expanded
uncertatinty (U) 3.42E-02|Y 1.00E+00|U/Y 3.42E-02
WL=1.1
A(m) 1.60E-02 4.91E-05 2.71E-04 2.75E-04 6.25E+01|/m 1.00E+00{ 7.58E-08 |3.91E+03 | 2.96E-04
Combined 172E-02
uncertainty (u_c) )
Expanded 3.44E-02|Y 1.00E+00[UY 344E-02
uncertatinty (U)
NL=2.0
A(m) 1.60E-02 3.81E-05 2.69E-04 2.72E-04 6.25E+01|/m 1.00E+00{ 7.40E-08 |3.91E+03 | 2.89E-04
Combined 170E-02
uncertainty (u_c) )
Expanded 3.40E-02|Y 1.00E+00|U/Y 3.40E-02
uncertatinty (U)



Table 3-3 Estimation for uncertainty related to incident wave length

Estimate of uncertainty for wave length

Source of Nominal |Type A Type B Standard Sensitivity (ub/uc)*2 e o0r2 WAZHA2
uncertainty Value uncertainty |uncertainty |uncertainty (u) |coefficient(8) (%)

NL=0.5
g(m/s™2) 9.80E+00 5.00E-03 5.00E-03 5.10E-02[s"2/m 2.65E-03| 2.50E-05| 2.60E-03| 6.49E-08
o(rad/sec) 6.21E+00 1.06E-03 3.07E-02 3.07E-02 -1.61E-01|sec/rad | 9.95E-01| 9.41E-04| 2.59E-02| 2.44E-05
L(m) 3.20E+00 1.60E-03 1.60E-03 -1.56E-01|/m 2.55E-03| 2.56E-06| 2.44E-02| 6.23E-08
Combined

4.95E-

uncertainty (u_c) 95E-08
Expanded 9.90E03) Y 500801 Uy 1.98E-02
uncertatinty (U)

NML=1.1
g(m/s™2) 9.80E+00 5.00E-03 5.00E-03 1.12E-01{s"2/m 5.80E-03| 2.50E-05| 1.26E-02| 3.14E-07
o(rad/sec) 4.19E+00 5.90E-04 1.39E-02 1.39E-02 -5.25E-01|sec/rad | 9.89E-01| 1.94E-04| 2.76E-01| 5.36E-05
L(m) 3.20E+00 1.60E-03 1.60E-03 -3.43E-01|/m 5.57E-03| 2.56E-06| 1.18E-01| 3.02E-07
Combined 7.36E-03
uncertainty (u_c)
Expanded

ATE- .10E+ .34E-

uncertatinty (U) 1.47E-02 Y 1.10E+00 ury 1.34E-02

NL=2.0
g(m/s™2) 9.80E+00 5.00E-03 5.00E-03 2.04E-01{s"2/m 1.04E-02| 2.50E-05| 4.16E-02| 1.04E-06
o(rad/sec) 3.10E+00 3.49E-04 7.66E-03 7.67E-03 -1.29E+00|sec/rad | 9.80E-01| 5.89E-05| 1.66E+00| 9.76E-05
L(m) 3.20E+00 1.60E-03 1.60E-03 -6.24E-01|/m 1.00E-02| 2.56E-06| 3.90E-01| 9.98E-07
Combined 9.98E-03
uncertainty (u_c)
Expanded
uncertatinty (U) 2.00E-02 Y 2.00E+00 V3% 9.98E-03
Table 3-4 Estimation for uncertainty related to heave motion responses

Estimate of uncertainty for heave motion
Source of Nominal |Type A Type B Standard Sensitivity (ub/uc)*2 un2 0r2 LA2EOAD
uncertainty Value uncertainty |uncertainty |uncertainty (u) |coefficient(6) (%)
H/3=1/100, NVL=1.0
&3(m) 1.03E-02 5.03E-05 2.04E-04 2.10E-04 5.00E+01|/m 6.87E-01| 4.42E-08| 2.50E+03| 1.10E-04
A(m) 2.00E-02 5.74E-05 2.69E-04 2.75E-04 -2.58E+01|/m 3.13E-01| 7.58E-08| 6.64E+02| 5.03E-05!
Combined
) 1.27E-02
uncertainty (u_c)
Expanded 254E-02|Y 5.39E-01|UIY 471E-02
uncertatinty (U)
H/A=1/40, N1L=1.0

&3(m) 2.51E-02 3.14E-05 2.04E-04 2.06E-04 2.00E+01|/m 6.77E-01| 4.26E-08| 4.00E+02| 1.71E-05!
A(m) 5.00E-02 9.24E-05 2.69E-04 2.85E-04 -1.00E+01|/m 3.23E-01| 8.10E-08| 1.01E+02| 8.14E-06!
Combined 5.02E-03
uncertainty (u_c)
Expanded 1.00E-02|Y 5.14E-01|UIY 1.95E-02
uncertatinty (U)



Table 3-5 Estimation for uncertainty related to pitch motion responses

Estimate of uncertainty for pitch motion

Source of Nominal |Type A Type B Standard Sensitivity (ub/uc)*2 un2 or2 WAZHA2
uncertainty Value uncertainty |uncertainty |uncertainty (u) |coefficient(8) (%)

H/3=1/100, L=1.0
&5(rad) 1.01E-02 4.09E-04 4.95E-04 6.42E-04 2.80E+01|/rad 9.45E-01| 4.12E-07| 7.85E+02| 3.23E-04
A(m) 2.00E-02 5.74E-05 2.69E-04 2.75E-04 -1.42E+01|/m 4.45E-02| 7.58E-08| 2.01E+02| 1.52E-05
k(rad/m) 1.79E+00|  5.03E-04|  1.18E-02 1.18E-02 -1.59E-01|m/rad 1.03E-02| 1.39E-04| 2.52E-02| 3.51E-06
Combined
uncertainty (u_c) 185€-02
Expanded 370E-02|Y 5.58E-01|UTY 7.00E-02
uncertatinty (U)

H/2=1/40, NL=1.0
&5(rad) 2.67E-02 9.16E-05 4.95E-04 5.03E-04 1.12E+01|/rad 8.24E-01| 2.53E-07| 1.26E+02| 3.18E-05!
A(m) 5.00E-02 9.24E-05 2.69E-04 2.85E-04 -5.98E+00(/m 7.49E-02| 8.10E-08| 3.57E+01| 2.89E-06!
k(rad/m) 1.79E+00 5.03E-04 1.18E-02 1.18E-02 -1.67E-01|m/rad 1.01E-01| 1.39E-04| 2.80E-02| 3.91E-06
Combined 6.216-03
uncertainty (u_c)
Expanded
uncertatinty (U) 1.24E-02|Y 5.53E-01({U/Y 2.27E-02
Table 3-6 Estimation of uncertainty related to added resistance

Estimate of uncertainty for added resistance

Source of Nominal |Type A Type B Standard Sensitivity (ub/uc)*2 w2 o2 WA2HA2
uncertainty Value uncertainty uncertainty |uncertainty (u) |coefficient(8) (%)

H/3=1/100, /L=1.0
p(kg/m"3) 9.98E+02 4.84E-02 4.84E-02 -8.32E-03[m"3/kg | 1.91E-06| 2.34E-03| 6.92E-05| 1.62E-07
g(m/s"2) 9.80E+00 5.00E-03 5.00E-03 -8.47E-01|s"2/m | 2.12E-04| 2.50E-05| 7.18E-01| 1.79E-05
A(m) 2.00E-02 5.74E-05 2.71E-04 2.77E-04 -8.30E+02|/m 6.23E-01| 7.67E-08| 6.89E+05| 5.28E-02
B(m) 6.20E-01 1.00E-03 1.00E-03 -2.68E+01|/m 8.46E-03| 1.00E-06| 7.17E+02| 7.17E-04
L(m) 4.00E+00 2.00E-03 2.00E-03 2.08E+00|/m 2.03E-04| 4.00E-06| 4.31E+00| 1.72E-05
RO(N) 9.12E+00|  1.46E-02|  3.65E-02 3.93E-02|  -2.66E+00|/N 1.29E-01| 1.54E-03| 7.08E+00| 1.09E-02
R(N) 1.22E+01 3.19E-02 4.30E-02 5.35E-02 2.66E+00|/N 2.39E-01| 2.86E-03| 7.08E+00| 2.03E-02
Combined
uncertainty (u_c) 291801
Expanded 5.826-01|Y 8.91E+00[UIY 6.53E-02
uncertatinty (U)

H/A=1/40, J1L=1.0
p(kg/m"3) 9.98E+02 4.84E-02 4.84E-02 -6.43E-03[m"3/kg | 1.14E-06| 2.34E-03| 4.14E-05| 9.68E-08!
g(m/s"2) 9.80E+00 5.00E-03 5.00E-03 -6.55E-01|s"2/m | 1.26E-04| 2.50E-05| 4.29E-01| 1.07E-05
A(m) 5.00E-02|  9.24E-05|  2.71E-04 2.86E-04|  -2.57E+02|/m 6.37E-02| 8.19E-08| 6.59E+04| 5.40E-03
B(m) 6.20E-01 1.00E-03 1.00E-03 -2.07E+01|/m 5.06E-03| 1.00E-06| 4.29E+02| 4.29E-04
L(m) 4.00E+00 2.00E-03 2.00E-03 1.60E+00|/m 1.21E-04| 4.00E-06| 2.57E+00| 1.03E-05
RO(N) 9.12E+00 1.46E-02 3.65E-02 3.93E-02 -4.26E-01|/N 3.30E-03| 1.54E-03| 1.81E-01| 2.80E-04
R(N) 2.42E+01 7.67E-02 4.30E-02 8.79E-02 4.26E-01|/N 1.65E-02| 7.73E-03| 1.81E-01| 1.40E-03
Combined 8.68E-02
uncertainty (u_c)
Expanded

x + 2

uncertatinty (U) 1.74E-01|Y 6.63E+00(U/Y 2.62E-02
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Fig. 3-3 Uncertainty level for motion RAOs
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Fig. 3-4 Uncertainty level for added resistance
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Fig. 3-5 Fast Fourier transform for incident wave amplitude (A/L=0.4)
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Fig. 3-6 Fast Fourier transform for incident wave amplitude (H/A=1/40)

60

gl




15—

° AL=1.0,WaveAmplitude(linear)
<
\gl 8 o 0 ¢ o 8 8 o
N
0.5

0 0005 001 0015 002 0.025 0.03

H/L
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Incident Wave Amplitude (Fixed)

(a) Incident wave elevation at fixed point near wave maker

Incident Wave Amplitude (Moving)

(b) Incident wave elevation at 1L front from model forward perpendicular
(wave probes moving with towing carriage)

Fig. 3-8 Incident wave amplitude modulation
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Fig. 3-9 Reconstructed time series of 1% harmonic wave elevations based on

14 repeated tests using 9 wave probes ({(t) [mm]; Fn=0.2, H/A=1/40, A/L=0.4;

‘A’: incident wave elevation, ‘S1~S8’: disturbed wave elevation)
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Fig. 3-10 Normalized wave amplitude ({i/Agarth-fixed VS. {i/Acarriage) and
standard deviation (o) for 1% harmonic wave component based on 14 repeated
tests (Fn=0.2, H/A=1/40, A/L=0.4; ‘SensorID 1~8’: disturbed wave elevation,
AEarth-fixed: Wave amplitude measured at fixed point near wave maker, Acariage:

wave amplitude measured in front of the moving carriage)
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Fig. 3-11 Motion RAOs results with reference data (OU: Kashiwagi, 2013;
Fn=0.2, p=180deg, Modified Wigley))
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Fig. 3-12 Added resistance results with reference data (OU: Kashiwagi, 2013;
Fn=0.2, f=180deg, Modified Wigley)
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Fig. 3-13 Zeroth order wave cut comparison on y/(B/2)=1.4 (Fn=0.2,
B=180deg, Modified Wigley)
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Fig. 3-14 First harmonic instantaneous wave cut comparison on y/L=0.13,

0.135, 0.14 (Fn=0.2, p=180deg, M/L=0.4, H/A=1/26.5, Modified Wigley)
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Fig. 3-15 Motion RAOs results with reference data
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Fig. 3-16 Added resistance results with reference data
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Table 4-1 Test condition for modified Wigley model

ltem ‘ Unit | Condition
Calm water
Froude number
(Fn) - 0.20
Head waves
Fn - 0.20 0.15
ML - 0.3 0.4 0.5 0.6 0.4
0.013
H/A - | 0.025 | 0.025(D) | 0.025 | 0.025 | 0.025
0.038
0.039
kA - 0.079 0.079 0.079 | 0.079 | 0.079
0.118
0.005
H/L - 0.008 0.010 0.013 | 0.015 | 0.010
0.015

(*1. Underline condition means that the measurement coverage includes full

bow and stern part; otherwise, measurement covers bow part.)
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Incident wave crest in FP at t

FP
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Fig. 4-3 Instantaneous wave elevation (({o+Ci+ O+ §)(6) [mm], ti: wave crest
at FP; Fn=0.2, p=180deg, A/L=0.4; upper: measured, lower: photometry)

79




04 o],

H] H/A=1/40, 3}#4] ML

al

= A=

(Fn=0.15)<]

k=

st

3

2=
T

I tH(Fig. 4-4~ Fig. 4-7). 3% 5 ot o] AIZF 3 Fgh(Fig.

A=PAES

b

o
A%

o]

el T 9l

=
=

4-4)8) 7, Aol we} w2 ol

o
prsel

el
<

S

T wgo] WA

wK
~~

5

S
=
o
s

o

o
A

X

A

P Aol =

wK

3r

Y
o

= Axolt (Fig. 4-8

ok
=)

57} HolA

| —
) .

3}

et

A -0 A

=
=

)

=0.2)

+ AA £= (Fn

=54

s

A9

A

A5t @l

).

ATt (Fig. 4-8 =}

PN
T

7

AeFol A WAL w7h A

[e)
73

v 3-9]

she] &

= B T UThFig. 4-5).

A

HA AU =

Zo)

Fed AR dpazel] H

Q13

=

o2 yEhdth 23

I

H

st Aol o

K 5espel] W

80



233 AP YR P BT M wy B2elA T

EAskaL, AdrERos JPsHEA Ha AW Ae & F

e

minm
cooor
WwWwww

.0E+00

ONUOIWOWUINOJ T
nmmm
[ejeX]
Www

GodPRorNwe

.0E-03

Fig. 4-4 Mean wave elevation pattern ({o/A; Fn=0.15, 0.2, f=180deg,
H/A=1/40, }/L=0.4)
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Fig. 4-5 First harmonic wave amplitude pattern (8i/A; Fn=0.15, 0.2, f=180deg,
H/A=1/40, \/L=0.4)
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Fig. 4-6 Second harmonic wave amplitude pattern ({/A; Fn=0.15, 0.2,
B=180deg, H/A=1/40, A/L=0.4)

0.2

y/L

-0.2

Fig. 4-7 Third harmonic wave amplitude pattern ({3/A; Fn=0.15, 0.2,
B=180deg, H/A=1/40, W/L=0.4)
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Fig. 4-8 Photometry for bow waves in steady condition (calm water) (left:

Fn=0.15, right: Fn=0.2; both in calm water condition)
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Fig. 4-9 Steady wave pattern and mean component of unsteady wave

amplitude for different incident wave slopes ({o/L)
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Fig. 4-10 Mean wave elevation for different incident wave slopes (o/L)
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CJ/A: 30 -15 00 15 3.0

(a) H/A=1/80

LTI

CJA: 30 -15 00 15 30

(b) H/A=1/40

_ LI

CfA: 30 -15 00 15 30

(c) H/A=1/26.5
Fig. 4-12 Mean wave elevation for different incident wave slopes ({o/A,

WL=0.4)
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CJ/A: 30 -15 00 15 3.0
Fig. 4-13 Mean wave elevation for different wave periods ({o/A, H/A=1/40)
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C/A: 00 04 08 1.2 1.6 2.0

(a) H/A=1/80

C/A: 00 05 1.0 15 20

(b) H/A=1/40

CJ/A: 0.0 04 08 1.2 16 2.0

(c) H/A=1/26.5
Fig. 4-14 First harmonic amplitude for different wave slopes ({i/A, A/L=0.4)
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CJ/A: 0003071.0131720

CJ/A: 0003071.0131720
Fig. 4-15 First harmonic amplitude for different wave period ((i/A, H/A=1/40)
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C,/A: 0.00 0.09 0.18 0.26

C,/A: 000 0.09 018 0.26

(b) H/A=1/40

C,/A: 0.00 0.08 017 0.25

(c) H/A=1/26.5
Fig. 4-16 Second harmonic amplitude for different wave slopes ({/A, WL=0.4)
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C,/A: 0.00 0.09 0.18 0.26

C,/A: 0.00 0.09 0.18 0.26

C,/A: 0.00 009 018 0.26 il

Fig. 4-17 Second harmonic amplitude for different wave period (&/A,
H/A=1/40)
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C,/A: 0.00 0.0 0.20 0.30

(a) H/A=1/80

I

C/A: 0.00 0.0 0.20 0.30

(b) H/A=1/40

C,/A: 0.00 0.0 0.20 0.30

(c) H/A=1/26.5

Fig. 4-18 Third harmonic amplitude for different wave slopes ((3/A, MVL=0.4)
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I
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I

C,/A: 0.00 010 020 0.30

Fig. 4-19 Third harmonic amplitude for different wave periods ({3/A,
H/A=1/40)
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0.6
AML=0.4 0
|
=
%2
(G+C)IA: 3.0 -1.0 1.0 3.0 "

(c) H/A=1/26.5
Fig. 4-20 Combination of mean and 1% order amplitude (({o+Ci)/A, AWL=0.4)
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Fig. 4-21 Combination of mean and 1st order amplitude (({0+{1)/A, H/A=1/40)
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4.1.2 S-LNGC A3

B HoA= S-LNGC A g ts u9g A= 235 EX43ATH
B Hdge 320/ AAHANAY AZFES o|8Fe 3y €S
YERA T S-LNGC A& st 43s 2P AH Z71-& Table

4-20] YERH AT

Table 4-2 Test condition for S-LNGC model

ltem Unit Condition
Calm water
Froude number, Fn - 0.188
Head waves
Froude number, Fn - 0.188
ML - 0.3 0.4 0.5
0.013
H/\ - 0.025 0.025 0.025
0.038
0.039
kA - 0.079 0.079 0.079
0.118
0.005
H/L - 0.008 0.010 0.013
0.015
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Fig. 4-22 Steady wave elevation ({o [mm]; Fn=0.188, calm water)
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,/A: -1.0-05 0.0 0.5 1.0

(a) H/A=1/80

L/A: -1.0-05 0.0 0.5 1.0

(b) H/A=1/40

_ I

C/A: -1.0-0.5 0.0 0.5 1.0

(c) HA=1/26.5

Fig. 4-24 Mean wave elevation for different wave slopes ({o/A)
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C/A: -1.0-0.5 0.0 0.5 1.0

(c) ML=0.5
Fig. 4-25 Mean wave elevation for different wave periods ({o/A, H/A=1/40)
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C/A: 000408121620

(a) H/A=1/80

C,/A: 0.00.4081.21.620

(b) H/A=1/40

CllA: 0.00.4081216 2.0

(c) H/A=1/26.5
Fig. 4-26 First harmonic amplitude for different wave amplitudes ({i/A,
ML=0.4)
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C,/A: 0.00.4081.21.620

(b) WL=0.4

CllA: 0.0051.01.520

(c) ML=0.5
Fig. 4-27 First harmonic amplitude for different wave periods ({i/A,
H/A=1/40)
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C,/A: 0.00 0.10 0.20 0.30

(a) H/A=1/80

N

C,/A: 0.00 0.10 0.20 0.30

(b) H/A=1/40

1
T T S
i

_ BN

C,/A: 0.00 0.10 0.20 0.30

(c) H/A=1/26.5

Fig. 4-28 Second harmonic amplitude for different wave amplitudes ({/A)
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C,/A: 0.00 0.10 0.20 0.30

(a) MVL=0.3

C,/A: 0.00 0.10 0.20 0.30

(b) WL=0.4

C,/A: 0.00 0.10 0.20 0.30

(c) ML=0.5
Fig. 4-29 Second harmonic amplitude for different wave periods ({/A)
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C,/A: 0.000.070.150.230.30

(a) H/A=1/80

C3/A: 0.000.070.150.230.30

(b) H/A=1/40

N

C,/A: 0.000.070.150.230.30

(c) H/A=1/26.5
Fig. 4-30 Third harmonic amplitude for different wave amplitudes ((3/A)
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C,/A: 0.000.070.150.230.30

(a) MVL=0.3

C3/A: 0.000.070.150.230.30

(b) ML=0.4

N

C,/A: 0.000.070.150.230.30

(c) ML=0.5
Fig. 4-31 Third harmonic amplitude for different wave periods ({3/A)
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(Q+gyAzob05101520

(a) H/A=1/80

I

(Q+QyAzob05101520

(b) H/A=1/40

I

(Q+QVA:0b05101520

(c) H/A=1/26.5
Fig. 4-32 Combination of mean and 1% order amplitude for different wave

slopes ((Got+C 1)/A)
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Fig. 4-33 Combination of mean and 1% order amplitude for different wave

periods ((§ot+C 1)/A)
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1.1

Fig. 4-34 Steady wave elevation for two different hull forms ({o/A;
Fn=0.188(S-LNGC, upper), 0.2(Modified Wigley, lower), calm water

condition; green dotted line: longitudinal wave cut reference line)
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Fig. 4-35 Longitudinal steady wave cut for two different hull forms ({o/L;
Fn=0.188(S-LNGC, red), 0.2(Modified Wigley, black), calm water condition)
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Fig. 4-36 First harmonic wave amplitude for two different hull forms (Ci/A;
Fn=0.188(S-LNGC, upper), 0.2(Modified Wigley, lower), B=180deg, A/L=0.4,

H/A=1/80; green dotted line: longitudinal wave cut reference line)
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Fig. 4-37 Longitudinal first harmonic wave amplitude cut for two different
hull forms ({o/L; Fn=0.188(S-LNGC, red), 0.2(Modified Wigley, black),
B=180deg, A/L=0.4, H/A=1/80)
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Fig. 4-38 Steady wave elevation based on experiment (upper) and linear

Rankine panel calculation (lower) ({o/L; Fn=0.2, calm water)
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Fig. 4-39 First harmonic component: instantaneous wave elevation for
experiment (upper) and linear Rankine panel calculation (lower) (C 1(t)/A; ti:
wave crest at FP Fn=0.2, f=180deg, H/A=1/80, A/L=0.4)

127



°o]oJ A Fig. 4-409& HA=1/265, V=04 ZAo| thsled, & F7]

Fe] ol tiF wns e, AP At A mE A
sz FAYSFE 12 RS Ui, o714 AL dste
AE e viEes sgloms, go] w vtaudxel Hlus}
TLY Astolth. YAtgte] stmrh AR wpEshs E=3koA 9
g 3 Al A3E Fig 4-40 ()0 UERAT. A 2o de
golxl x/L=0.6~07 TXH& AWEHH, 3 J)27|)7F 2 AF-lMe
AZANME A AR JAsrE vnd & AFE Ae @
e dhal 2309t vRZEAR ST S vk @, RFAR
Ads A4 Favth Eobye wa, Fadstd 38 %
e AT F AL, A we Faei |
Aol FEE A7) Aols EAAE W, w2 dadAs st

73

o Qlste] FAR FEol AFghe welm Ut

o

>
¢ 1o

rlo
fat)
Y

>~
2

rr
Y

MR OOooOoRrEN
oOoOoONOR~ROPR~PONO O

02 03 04 05 0607
xIL
(a)t=t1
128
6 o
I A2



NERrOSoooRrREN
oooONOPR~ROPRPRONOO

|

02 03 04 05 06 07
x/L

(b) t = t1+To/4

EFD| |

C,(0/A

NPPOOOOOREN
cCoNvORORDNOO

x/L

() t=t+T/2
Fig. 4-40 First harmonic component: instantaneous wave elevation for
experiment (upper) and linear Rankine panel calculation (lower) (C 1(t)/A;
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Fig. 4-41 First harmonic component: instantaneous wave elevation for

experimental wave pattern measurement (upper) and linear Rankine panel

calculation (lower) ({ 1/A; Fn=0.2, p=180deg, /L=0.4, H/A=1/80~1/26.5)
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Fig. 4-42 Maximum wave elevation between experimental wave pattern
measurement (upper) and linear Rankine panel calculation (lower) (C 1/A;

Fn=0.2, =180deg, A/L=0.3~0.6, H/A=1/40)
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Fig. 4-52 Linear amplitude of heave and pitch motion (S-LNGC, p=180deg,
Fn=0.188, A/L=1.0)

6 I I I I I I ] 0.006

= Exp(S-LNGC),Sinkage,A/L=1.0 |
N Exp(S-LNGC), Trim,A/L=1.0 ]

4 0.004
o) A ] E
g 2 P 70.0022

£0 44 0 3
o T R B o
N calm water| ]
-2 // «#——-0.002
N A - T TR OO O OO0 I
g o g g0y
-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03
H/A

Fig. 4-53 Mean of dynamic trim and sinkage (S-LNGC, B=180deg, Fn=0.188,
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Fig. 4-59 Bow wetted surface for different incident wave slope (Modified
Wigley, p=180deg, Fn=0.2, A/L=1.1, upper: H/A=1/83, lower: H/A=1/55)
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Abstract

Towing Test and Wave Pattern
Analysis for Prediction of Added
Resistance on Ships in Waves

Jaehoon Lee

Department of Naval Architecture and Ocean
Engineering

College of Engineering

Seoul National University

Nonlinear unsteady wave pattern is one of the key characteristics in ship
hydrodynamics. Based on the non-contact wave measurement technique,
instantaneous free surface near the ship model is obtained during the wave
added resistance test in regular head waves. One of the main purpose is the
construction of the fine-quality validation database. Therefore, the uncertainty
analysis is adopted for the added resistance test, and the sensitivity analysis is
conducted for the repeated unsteady wave-field measurement. During the
measurement, ship motion is free in the vertical plane, which includes surge,
pitch, and heave. Added resistance and motion responses are validated with
published data, and shows reasonable agreement.

Wave-fields are measured with ultra-sonic wave probes with repeated runs to
cover the large measurement area. Field domain can cover the whole wave

field near the ship model. Instantaneous free surface elevation is obtained on
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equi-spaced Cartesian grid with up to 820 discrete points. Signals on various
locations are analysed based on discrete Fourier transform; majority of the
frequency components lies on the zero frequency and on the multiples of the
wave encounter frequencies. Therefore, Fourier series up to 3 order with
basis of encounter frequency are applied for the each free surface elevation
data. Analysed results includes the comparison of the unsteady wave pattern
for different hull forms, wave periods, and wave amplitudes. Distinct
characteristics can be discovered between various conditions, and nonlinear
characteristics are clearly shown.

For the validation purpose, linear calculations with Rankine panel method
are compared with experimental data sets including time instant snapshots and
maximum amplitude plots. Overall trend shows reasonable agreement
between numerical and experimental results; however, some nonlinearity and
differences are shown in local points.

Based on repeat tests for various incident wave amplitudes, relation of the
motion responses and added resistance on the incident wave amplitudes are
analyzed. Wave amplitude differences induce changes both in motion
responses and added resistance. In the short wavelength condition, motion
responses show low nonlinerity; in the meanwhile, added resistance shows
differences and wave pattern shows corresponding trend.

From above results, unsteady wave field measurement and its applicability is
verified, and related characteristics and further possible investigations are

contained.

Keywords: Added resistance in waves, Wave field measurment, Bow
wave, Towing test, Nonlinearity on wave amplitude
Student Number: 2012-30289
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