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Numerical and Experimental Study on
Motion Response of IMW OTEC Platform

Yong-Ju Kwon, Bo Woo Nam’, Namwoo Kim', Dong-Ho Jung, Sa Young Hong and Hyeon-Ju Kim'
"Korea Research Institute of Ships & Ocean Engineering, KRISO, Daejeon, Korea

IMW OTEC 7229 5 9o tat 54 2 wgAe A7

AEF  due - QY AEE - TAY - PP
A GEDEAT L

KEY WORDS: Ocean thermal energy conversion(OTEC) 8|22 |, Motion response 5 5%, Numerical analysis %] 34,

Experimental study A& a7+

ABSTRACT: The 1MW OTEC (Ocean Thermal Energy Conversion) platform was designed for application in equatorial seas. In this study, the
OTEC platform was investigated using numerical and experimental methods. An octagon-shaped OTEC platform was investigated using the Ocean
Engineering Basin of KRISO. These experiments included various tests of regular waves, irreqular waves and irreqular waves with current
(wave+current). The responses of the platform in regular waves showed good agreement between the numerical and experimental results, including
the motion RAO, wave run up, and mean drift force. The peak period of heave and pitch motions were observed around 0.5 rad/s, and the effect
of the total reflection was found under short wave conditions. The standard deviation (STD) of the platform motion was checked in irreqular waves
of equatorial and Hawaiian seas. The STD of the pitch was less than 4° different from the operability requirement under equatorial conditions and
the surge STD of the wave frequency showed good agreement between the numerical and experimental results. The STD values of the surge and
pitch were increased 66.6% and 92.8% by the current effects in irregular waves, but the pitch STD was less than 4° under equatorial conditions.
This study showed that the STD of the surge was affected by spring effects. Thus, the watch circle of the platform and tension of the mooring lines

must be evaluated for a specific design in the future.

T2 AL AA| 2H 2 AT
E 7IAAR] AUAE HEAA 75 Aikske otk 4
Al 1,000m ©]’de] AZs) o]
9 Ao whel ohFsiAl JERdTh 2] &40
qAE F5T ASTY 2527 AF 20C o) FAIE ok
s, Aol 9 ofdule 223t fAHE 4=
28 #x]o]w(Vega, 2003; Kim et al., 2011), &
oAM= A HEAdo] 22 AHES Zh=t) £ YA 9
Y& A4ty feixe s gAs] A R
TZE AAVE a9t

a2 ArE "Ashs F-i2 2= FEl(Type)=
tlekstAl AAEJT) Ehelo] tietalolAE SMW Pre-commercial

ZANEE Mol 30 Bl Ad FeHE HAISHH 2 (Vega
and Nihous, 1994), 50MW ZEo| thajxE 129HE9] Aut 3
& A A8FS THVega and Michaelis, 2010). SBMAR= A4l &2
o] 10MW F-FAIE AR o, stefe] 9o thekgt o
2HER s £A|FAE FAATHXiang et al, 2013).
Lockheed Martin2 9F 17+=2] Mini-spar &2]2] 2.5MW Pilot -
ZES AASFY 2™ (Lockheed Martin, 2011), 10MW TFZ&&
¢k 209HE2] Semi-submersible F21-E A|QFSIATH Varley et al.,
2011). o] AFolA FEiAe P32 254850 FrREE H
HelA theFstAl ARMEIIeH, FREY] Ve LRANE
gAEle FEIESE AAEHAJT A =

(KRISO)= 958 FZERT Aol f2s Z4dHe] 2q
AL Astdon, IMwW 2 10MW 28 9% Biae A
AE At wok ol AAAL B4 B3 slF2=4
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Fig. 1 The model of IMW OTEC floating body

Table 1 Main dimension of the OTEC floating body

Item Unit Proto Model (1/60)
L [m] 26.00 0.433
B [m] 26.00 0.433
H [m] 15.00 0.250
Freeboard [m] 5.50 0.0917
d [m] 9.50 0.158
Disp. [ton] 6663.00 0.0308
Undamped Fre. - Heave  [rad/s] 0.53 4.14
Undamped Fre. - Pitch  [rad/s] 0.39 3.02
(a) Main dimension
Additional Surge Sway Heave Roll Pitch Yaw
damping [KN/(m/s)] [KN.mv/(rad/s)]
Damping value 500 500 1000 50000 50000 17000
(b) Additional linear damping value
Additional Surge Sway Heave Roll  Pitch Yaw
damping [kN/(m/s)] [kN.m/(rad’s)]

Damping value 1300 1300 800 320000 320000 17000

(c) Additional quadratic damping value
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Table 2 Environmental conditions
Frequency Wave . Current
Wave 1D [rad/s] Height, Fs [m] Period, 7p [s] v [m/s] Remarks
RW-HIm 0.475 ~ 0.70 1.0 8.38 ~ 13.23 - -
RW-H2m 0.50 ~ 0.70 2.0 8.98 ~ 12.57 - -
RW-H3m 0.20 ~ 1.10 3.0 571 ~ 3142 - -
RW-H5m 0.55 ~ 0.70 5.0 898 ~ 11.42 - -
IRWO01 0.637 2.48 9.87 1 - Equator 1 yr
IRWO02 0.509 3.10 12.34 1 - Equator 10 yr
IRWO03 0.425 3.89 14.77 1 - Equator 100 yr
IRW04 0.757 4.20 8.30 1 - Hawaii 10 yr
IRWO05 0.491 10.2 12.8 2 - Hawaii 100 yr
IRWO06 0.637 2.48 9.87 1 1.4 Equator 1 yr
IRWO07 0.509 3.10 12.34 1 1.4 Equator 10 yr
IRWO08 0.425 3.89 14.77 1 1.4 Equator 100 yr
45 PROJECT ID : OTEC IRW03-2[Hs=3.89m,Tp=14.775,G=1.0, H=180deg]W3C
- IRWO1 - OCEAN BASIN, KRISO
- - - - - IRWO02 :
i . IRWO3 ) JONSWAP SPECTRUM
@5k 300 M\ HI/3= 3389 Meters
z:\‘ “F 3| ——MEASURED Tp= 14.77 Seconds
3§§. 3i_ 5 ---THEORETICAL  Gamma = 1
N 250
|>_- i o ! MO  9.60E-01 M**2
o 25F s M1 519601 M**2
Z | Em” M2 3.19E-01  M**2
o oF g M4 1.93E-01  M**2
a2 F 150 Tl 116E+01 S
< =) ec
EasE 3 \ Tz 1.09E401  Sec
S F E 100 Tpeak 1.51E+01  Sec
o 1t P PTS. USED 69632
RO © \ SMOOTHED 7 Points
0sF 050 \ DF  9.90E-03  Rad/s
0 F B = 0.00 j i |
5 1 15 2 0.00 0.50 1.00 1.50 2.00 2.50
FREQUENCY [RAD/S] FREQUENCY [RAD/S]
(a) Wave spectrum in calculation — IRWOI to 03 (b) Matching wave spectrum in experiment — IRW03
Fig. 2 Wave spectrum in calculation and experiment
18

(a) Regular wave test

Fig. 3 Snapshot of the IMW OTEC Platform in model test
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(b) Quadratic damping effects (except linear damping)
Fig. 4 Comparison of surge, heave and pitch RAOs between experiments and calculations
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Fig. 5 Comparison of runup results between experiments and calculations with 3m height regular waves
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Table 3 Comparison of low & wave frequency of Surge STD
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Wave condition Surge STD
Total (Exp.) LF (Exp.) WF (Exp.) WF (Cal._linear damping) =~ WF (Cal._quad. damping)
IRWO1 0.589 0.422 0.418 0.430 0.408
IRW02 0.781 0.486 0.608 0.617 0.587
IRW03 1.040 0.605 0.838 0.829 0.799
IRW04 1.836 1.736 0.645 0.609 0.585
IRWO5 5.095 4.538 2.167 2.107 1.966
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Thermal Analysis of Insulation System for KC-1 Membrane LNG Tank
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KC-1 Membrane LNG B3 @A 280 HaljXo] A3 A+

KEY WORDS: KC-1 membrane LNG tank KC-1 HH#H<Ql AsHd A7k B, Compartment temperature distribution 7883,
Boil-off gas $%712, Cryogenic tank %42 B3, ING H3pd A7k

ABSTRACT: Recently, a new type of LNG membrane Tank called the “KC-1 membrane LNG Tank” was developed by KOGAS (Korean Gas
Corporation). It is necessary to estimate the temperature distribution of the hull structure and insulation system for this new LNG tank, as well
as the BOR (Boil-Off Rate) when exposed to outside temperature conditions to ensure the integrity of the tank structure and limit LNG evaporation,
from a safety evaluation point of view. In this study, temperature distribution calculations for the hull structure and insulation system of the KC1
membrane tank were compared by employing four numerical approaches under the IGC condition. Approaches 1-3 studied 2D simulations and approach
4 used a 3D numerical simulation. Approach 1 was calculated by in-house Excel VBA codes and the three other approaches utilized ANSYS Fluent.
The BOR of approach 4, the 3D simulation case, for the IGC condition was 0.0986%/day.

1. M = gk ] BOGZF HAE 79 Adute] FARE AMEsEAY =
T P HE(Safety valve)E B3l ti71E =AU vt
A5 A A5 2 Zh 9l Liquefied natural gas (LNG) 20153 T&)71 3@ koA L2712 2 743leke AAstaA
= A F95Fo] 20143 FE 20153 7F4] 4.7 million ton(MT)®] = A| S| A7 ] 7H(International  Maritime Organization, IMO)l|l A+
5713 244 8MTE F53FTE o= 2011'd 1 FEFo|HE ING B2 A4 A BOG TAYAG 7158 Zeshs Wiete =
241.5MTE Fold AR QIFoA 4338 T3 oufAde A ZFolt}h wjehx, NG ®39 kAd= ti713d 2 &4
2 22]&aL ) tH(International Gas Union (IGU), 2016) YxH= o =9 HAIE T4 fAs] YelA= B dIAES
2 LNGE A4 FEAE Rkehe o BE ol 428 AFHOo=E rlety, HrbAze] wet HHslE LNG BaE
=, o] 71z 5 ti7Isk 71EeE SARRl -163C Y] Hst A ¢ J=EF I BOGUHS G dEE 5 de
AE 2 "o fUEe] SubEnh 24820 INGE HIE + dF7) FL3it
Astal e TdEA 2 AAY 88 A €3 BRAES LNG ®39 g4d4d% 71ES H719| }— o ojA TdEA 2
FHAZ T Q7] dZoll, B Alolols AARAL e 'S 743 e ASES AR 4 ¢ B3 yEF A
olatE WErhe AL WASA 3] 2=xHo] 7bed 23 o] FijMe o] WA F83Ith 3 HH LNG ®3 e &
H(Cofferdam)©] 42X ]Qoﬂ ok INGH AR =3t gxgde] 1 314 Ak INGAHhelA §82 02 ING BaE AT
e A 71318 o] T 5= Qlom, olh 2] mﬂmﬂ < & 9= H=7} "FckHan et al, 2011). EA, LNG B304 2]
SHAIA &= OJZJ*M FAE L = Aok A= gaAe ATEE GHF EAS I F dE 71ES A
W= INGE| 4& Y7+ Boil-off Gas(BOG)i =43} JJrE 3HH, e 2Rz E ANS 1% 44 A TE=

it
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AARse QAR AFLETHHan, et al, 2006). Wk, 23lE=
IMO 7|58 FZA717] H8lA= LNG B2 AA A AA 4
3 FEA2E FHo & JMEIER A&EH A7t 2

FZ<l LNG B=9] A w20

Transport & Technigaz(GTT) AlollAl 7|dgk Mark-IIT 3 NO96
walo] AREE S 9lom T GTT-CS19] 7|&Z /NEdd 833
ddA "] AT Q= FAoIth GTTAMNA e O
Az"e dd A5s A5y fdl 25 dETER = I
o, N096 2o ddx) AEE F2 Do) E(Perlite)S A+
£33 Qo =3 Mark-III, CS1 WAdlAE w3l Ea 49
&} Z(Reinforced polyurethane foam, R-PUF)= Al&3le] THdA
5& =o|1 AtKGavory and De Seze, 2009). GTTARNA 7Hd:
g GEA e T5eF B A7AES(Heo and Jeon, 1997,
Song et al., 1999; Lee et al., 2004; Han et al., 2006)°l ]3] &2
As AFo] o|FARARL HI SavteFAPE SEHo=E
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E AFolAE SmrtF Aol A g KC-1 WE#H Q] LNG
B0l 2F 90%2] WE|Q)(Methane) 2 TAEHE INGS <5
W E ] (Pure methane) S 2 T<=8}3}31, IGC(International code for
the construction and equipment of ships carrying liquefied gases in
bulk; IMO, 2003) AA ZHolA Th&3 22 HIHOE 2D}
3D g3l AFE FA3IATE 2D LNG B39 F3ljA] Aol
A& (1) Excel VBA ZE=2 ZpAste] F£X|8)14S 2gst H3)
(2) ANSYS FluentE AME-3t] THEA2~H ] dATEE T3
AT, 283 (3) GEAN R AR NE GHERE 7
2t A3 FolA 2EREHAE I YSHATHANSYS, 2009).
3D dallde] A )X Desiet gaA 8 27 43 o)
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YAl =¥, 22 o] ARE d4sh] Yg Alzte]l a7
o} wlgbA, B Aol A &3 KC-1 LNG B2 & »dy}

TTTupmgos

Fig. 1 Dimensions of KC-1 no.3 membrane LNG tank (included
cofferdam) [m)]

Inter-Barrier Spacer

Secondary Barrier

Inner Hull Insulation
Membrane Anchor

Fig. 2 Structure of insulation system for KC-1 (Jin et al., 2015)

FAHHL Fig. 1914 AAG A 30 @At IHAE 7%
o7 dAste] FAAE IPetTh

KC-1 ING ®3x MO AA 7IEA olF XA F=
(Double hull structure)® T3 = ofof Sthe Z& RHEAI7]7] 9
3 A= 2] 2L UFHOuter and inner hull) .= A=) )
(IMO, 2003). 7]¥= ®ash= 2e] Aeds +845 FIAR
shte] dadE FAaEo] & At Aol 5L 1d=
73d Z2]9d"¥ F(High density rigid polyurethane foam,
H-PUF; 110 < H# U= < 118 kgm))E A &3t =A) 7=
< UEIEE AAISMTHLee and Kim, 2014; Lee and Choe,
2015). Egh, AR 9SS 1350 BEAE idE s
dow, Y FE(Compartmentye AZA3I7] $13l Fig. 20l
AAE Y= 90° mAE HFE ARS3HAT

Fig. 264 H-PUF $19¥ olH-2 12mme] FAE 71 &
HPlywood) 2.2 G a1, AZ B GIA=E Alolol&
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Bottom plywood Top plywood
Mastic Secondary membrane barrier

Primary membrane barrier

Outer hull  Inner hull

Compartment

20 3000

Fig. 3 Cross-sectional dimensions of KC-1 insulation system

@2} RS ulAE](Mastic)©] ATHJin et al, 2015). FFAE
(Anchor panel), EE, HE, #|¥& IHLeveling plate) 5] Fig. 2
o AAIE = WEZQA °JF(Membrane anchor) ! UlF- Hj
2]o] 25| o] X(Inter-barrier spacer) 52 B3¢ TIA|~E ] B
T BAAR F45 Jou, B dAFdAe 4 destE
ot olE& B FpeH, A5 o 9 viEe BE
FAE 20 mmE 7HPESFE T

Fig. 3 ING ®3 FANEOZ ddAE 233t z4zto)
THASR o]F% dHIA F£XE AASIAh B3 W 1
2} W HE Q1 W (Primary membrane barrier)2 2A4-22] LNG$F
2% AEFsta glo] Az AHAEES SsA7I7] f8 1A
o HEE Pk J o), MA GHEE Altel vA= Gk
o] A7) wjZol|, Akt H-83kA ATt
np2g2 A9} F717F A FAEE o, #As} 71
53 WE Zd(Parallel model)S -&3t¥oH, mrR =2
DA AAE FAEHE ARE F 1, 220 9EER] PEE
AL A gl tal oha# 2o AlLFsHATHHeo and
Jeon, 1997).

tlo

i+ Vy++fV

fsq:Z:,*l V
t

n-on (1)

A2 fify o fo e TR AREY 244, 1,
Hog AMtd STHEAEAE
=X 7L7bl AHEES, VT Be TEARY AREES |
EH, V=V + Vet 1, 08 AR S7HEA
7 oﬂAiTEi LNG E37b2]¢] @d2S shte] gAY
ﬁ:]z:z:]— o]o.] 51_;13—-6} 1:]-0:1}\]/\51]4 :}L/Hﬁ;(].# x_]-_‘
Wollx &&2og AEgelido] 7hsstes Fdsith

A E3
}o
2=
2.2 S8 &Y

rﬂ—g/\]/\al£ ?—A—]g]_l—_—_ ;(HE
™, °o]&¢] =4

= 3A 7R FAEH 9o
32 Table 19 AAISAT. A5E] UE, <

Table 1 Physical properties of insulation materials (Han et al., 2011;

Jin et al., 2015)
e
[Jkg-C] [W/m-TC]
Membrane barrier  0.0135 8137 460.54 39.000
Steel 0.0200 7833 464.73 15.000
Mastic 0.0100 495 1046.70 0.400
Plywood 0.0120 710  1088.57 0.170
H-PUF 0.2325 120 920.68 0.029

Table 2 Air properties as a functional form of temperature (Miana

et al., 2016)

Temperature Thermal conductivity Specific heat ~ Viscosity
[C] [W/m-TC] [Jkg-C] [x10° kg/m-s]
-20 0.02281 1005.74 1.620

0 0.02436 1005.90 1.722
20 0.02587 1006.36 1.821
27 0.02640 1006.60 1.854
35 0.02699 1006.92 1.893
45 0.02772 1007.39 1.940

9 YAEEE o) YPo] A o} B ATOIME F5k
© 2 714389 thHeo et al., 2003; Jin et al., 2015). T-EolA o
.ﬁ_ﬁ‘:]_)b}% 0&07]_‘: 5'_7]g] %/H (uh: 7&1: 1:11 6‘:]_%:1)_0. Table 2
o Yel} tkMiana et al.,, 2016). 9714, 2= wie} D=9}
Aes AE, € HAFAS Yehi 7] wEel, 35,
Are A% B, d4L RldE 23S o] 88t Alket
Ak

Table 30l 3l 259 Wslo] Mg dAEE, 3%, =
€ 4*(Prandtl number, Pr)& AA8FHTHHeo and Jeon, 1997). <
5 371, sl dFALGAS(h,)E McAdams 2S Z83

)

A E F(Nusselt number, Mu)E ol 2} 2ol A4S thiHolman,
2010).
h L )
N, = —==0.037R"" (Pr)"/? o))

Ky

714, L2 532 0)m)E UehH, B4 ZolE 7Eoz A
AHAT ke FAY dHEEE YRt

Table 3 Water properties as a functional form of temperature (Heo
and Jeon, 1997)

Temperature Thermal conductivity Kinematic viscosity Pr
[C] [W/m-C] [x10° m?s] -]

0 0.02281 1.788 13.60
20 0.02436 1.006 7.02
40 0.02587 0.658 4.34
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2_3 747;”7(74 A—IK‘I

B 37184 &5 AAZRAE 1GC(F7]: 45T, 34 32T7)
2 AA3IA T 1GC Az A 2] FaAde A delolA =
A=A, 5 AT ZdolA FAGATE ALetr] 9
3 A48 36.11km/h(19.5knot) & A 831tk LNG Bl =9] A&
£ 98% HAGE(Filling leve)oll 9] Zh2 283193, TEA
9} Halal Qe LNGE 25E -163C 9] Asgos A9
th LNGE= <5 HlE/le 2 450 Jote 78-S B3l tl7]
& 2HoA REE 425kgm’, FLE 511kI/kg 02 Al4ksth
= HEH 1Y FAGAFE -163C oA 16647W/mt-CE &
2359 THLee et al., 2003).

2.4 BOG 32|

BOG+= LNG B A85-2] dellyz] f{l o= QIgk 7]3}, =24
O 7 Qg IEtE Wl LNG9] ¢+ 3} (Loading & unloading)
AN 2T € 7Y 5 o3 Y. BFHoE 3|
717t % BOGS] ool 7F 2 9FS nX = AL o2 RE
INGHAZ FY=e dolth 0|5 HFH o= 1&shy] HslA
et AE3 dFS 53 BOGE 3HF 71FoE AlXlshe
BORS 3| AXF3 K Zakaria et al., 2013). o] o], I F3 d=ke

RF LNGO| 7 wistel] 281tk 78S S8l vkt o] yEt

g 3l

Qé ak <3600 < 24

BOR= X100 [% kg/day] 3)

PLNGx VENG> A

21 3)olA Q' A5 dBs B3l IAFse TEHWIS
YeEh™, o, 05 INGY UE[kg/m’], V.S LNGS A3
m’], 183 AE INGS| Fd[lkglS UERA

B2 %l?oﬂ/ﬂ—t— EEEH) tiE] 4714 FAEA HIHE A
B3l 2ER IS T 2ol Pk

(1) A= 1: Excel VBAZ ©]&3} 2D d3)4]

) AW 2 HYrdS 58 ALE SUIEAAE F8%
TzxolA2] 2D dafA

(3) AW 3. AA GdgA] F=xo|X 2] 2D FlA

@) A2 4 /4 729 KC-1 83 F2=rdd ik 3D T+
3 g3

AW 1-3 olA= 2D Eslde 98l KC-1 HE Q1 LNG B
39| FWke] I8 o] AL olEte PEE B8 FW
] 12 AFANA HAHAE AASF T ZHHT T Ao
9] GAGL A &gk AW 191A4= Excel VBAE AF
£33t &4 mI=E FAINNY, HIH 242 FgI=Q
ANSYS FluentZ ©]-83}3th LNG &3¢ 7388 A= 9@
W 2 dEA2"E X A5H7] 28] AR A=A Ja, o
£ V|1FeE 78S HIW 1904= 1470, A 2, 3914 671,
pR o 2 2 404 7709 B ¥ (Section compartment)
o7 FEIIY daAE PstAch HH 2404 T3
AANEES MBS Yl dte] HTHAA Y FA

O

w9g Ak BE A2WANH THY exE DA
o, 9% ohrysls A FolAle] ofF g
e Agelgn. Aoy 404 2B 3D DaAlel
B, A3 ARAe AFL BAS) Slstel s A

W
)
o
f
fu)
fu
N ]
M

]
bl
e
e

3. Excel VBAZ O|&6t 2D LsliAM (FZHE 1)

A 12 A =04 9EERE INGRAE Y
ke ol ik A 2E ALE] 918 Excel VBAE
A28k Fig 401]A1—t— 1/2 =719] ILNG #€=9 93-S yet
W ACRE 1-14W FE FEA dHF A2 o] AXiTh
o] u, 4, 5, 1001 H& ?Sﬂ/l T2 A FEY 7dE &
}o 7IRA] gkom @ 2] (9)S o]83t] AR HFho A9
A ALK Fig 49] B3 sldie 4% HHo=

Ro, JRe sehRe] Wi V|FOR 126°F ot
oA YT} Fig. 49 3-4, 5-6, 9-10. 10-11'H F& FIE A}

[ ]

o

O:
Mo @ o mlo

i@

71

\ 11 12 13 14

Fig. 4 1/2 of cross-sectional view of no. 3 of KC-1 membrane

LNG tank for Approach 1

QOI.I( } QOU[ }

hair o1 Ry heompj hiye
Air Compartment LNG
Seawater
hauterhull.j hinnerhuu,j hins,j
Uout.j U inj

Fig. 5 Schematic of simplified KC-1 insulation system
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ol mAE A= 59 Et £A% 1352 AA HUch 7
o] wjXel w2 (5-8)& AHESEAT

e @By YA Adsigor]

Fig. SolAE BaAzEle) P28 1938 =459 198
eIt R A% 918 9 aelA 22ke] R 7o
=2)

&3 T2 AATFO)E LA e

A2 Fol&
Q&) 712 %H*(Gauss elimination method):% o] g3te] 1He
ABE] 1471A] 0] BB 13 OHH e AE Y EHTEr a4

ER R E SRR
2y 7ol @4 )
ANA 917) Wl BA}

m{o BT F

(L ) 74]“47] %H =7 Tp AS v 2=
(T ) 7PSHATE A2 912 2 Uz, 78] 2] &
=3s S8 z‘j%ﬂ]j—(h(omz) J hinnmhuli i Mouternun, j)T‘f Al
Qs AR A AGAF B BB AAAS 0, . U,
£ 7Rt o] o ke 5\—74‘?3* 53 Heat flow(Q)E 74¥3t
o, AE 08 B ARE 7, F HEANIES 2ES
T35t wlle] Y % E WS ALl S8 e

o] 2] (@l erAT

A(TfT.)

n P A— 4
Zj 1 Q Z ZRh ( )
A(T —1T)
n J o J — n —
NS t 1 =2, g4, (T,— T)) =0
_+_j+( ms‘])
o ki \ kg ot ohj

AZIM, A= BB BH, ¢ AR A, b, b2 SF Y
AL @AL Aol ¢, ki, o SEAS] FAIRE %7‘4_:_
quigdtt. 7., 7, R, A4 370 25 T4,
= 93 9 Yge] &5 T8y BE 73 ddA]e] dA g
vepdth 7oA 3719 fr5e AAAFEA T FE,
A Tol aHE. FHEAT(h,)E ALl A8 Mue
AAuFolA #L2] (Rayleigh number, Ra)ZE Z-$-ETh Ra
ol et aeEE 4L o3 2T

o X mlm Az

1 2
h,L 0.387Ra}

Nuy === 0.825+ — Q)

27
0.492 \ 16
{H( Pr ) }

O =% H&
h,L L
u, = ]j =0.54Ra" (B <107, UH, LC) ©)
1
hLL 1/3 7
Nuy = === 0.15Ra (Ra < 10", UH, LC) @)
f
h L 1/4 5 10
Nu, = =0.27R"* (10° < Ra < 10", UC, LH) 8)

O A7 H#

Nu; = Nu, X< gcost ©)

BaNA L] A (6)-(8) FHBRANA Ra 71FOE B Al
o] 25 o], HFA BE 2=E = HR| 1A
et diFAd A Aol ALHH taat 2o

(1) Heated horizontal plate facing upward flow, UH
(2) Heated horizontal plate facing downward flow, LH
(3) Cooled horizontal plate facing downward flow, LC
(4) Cooled horizontal plate facing upward flow, UC

E AToA Y5 ZrVEls AAZRAANAY dFAgATE
%}*ﬂﬁﬂwi/\‘] Ra )4l #lo]&Z= F(Reynolds number, Re)ol mk
2 giAGATE 4 & 53 A4kdtKChurchill and Chu,
1975; Eckert and Drake Jr, 1987; Vargaftik, et al., 1996; Han, et
al., 2006; Holman, 2010).

4. CFD toolZ 0S¢t & shiA BZH(EDZY 2-4)

4.1 =XM% FHZ{(Numerical approach)

ANSYS Fluent= 8202 AM85= CFD ZE=2A], HIH
2-49] X34 Wil tigk elE 2] Aal wE fAedl oiEl
o2 e dEg g 5% 2ES V)R Aoz A

1=8
%-FV(MJ):O (Mass) (10)
L)V (i) == VptV + D+g (Momentum) (1)

7] _ - ~ _ _ -
5(pE)+V c (E)=—V ¢« q=V « (p0)+V ¢ (7o 0)+pv + g

(Energy) (12)

371A, 4 (10914 p= FAle 9%, v SENEHS
A (DA p= B, @2 Tl o AHE S
T 29 GAS e, el SR

29l 2oz AL
=y (w+viﬁ)—§v Y 13)

A7 pe FAY X, I= B9 9AE orgith 4] (12)2
A BRES] g2 e F VHAE Yeied, 9714 EE
@9l AF T T oA o)L, E=eti?/2, e WHF-CLA| o],
22 EAUACIT ZHIL po - g FAEH A8 L&
Uehdth 57 W8 2elA GREAAE BARE] S8 & o
TollAeE 79 W 3719 5= Reynolds-averaged Navier-stokes
(RANS) 7| % Standard k—e turbulence modelS FZIAIZ]

Realizable model AA3IN 1, o] w] AXEHE Folgx $F
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(Reynolds stresses) S Al&ate] thS-3} o] A4kstg]oh

J,

— ou, Buj 2 ouy,
Tpu; Uy =y ot = o kg ij (14)

ox; o 3 o),

(15)

714, §,= =7 @EKKronecker delta)E &JPI3H, 74
| 2~3 TAKBoussinesq approximation)s 7]&-0.2 ZlEhslE 2
otk 2l (1904 HHL HolE= 3F F(Reynolds stress
term)= YEPATHRhee, 2005). 2] (15)9] p+= GF FHE 27
3, 4R 5duA, ket dRA4HE, & B9l Ed"nh
Realizable model>- 2} (15)2] ¢, & WHFE AHESI] FA]8) 40l

Agaly, 1 AL Tew 2o

C=—""+ (16)

U'=1/8,8,+2,0, a7

Q= 2= €0, — 26,0, (18)
A7IM, wE AEE, 0, AEEE 183 3 A Pt
SEE ouisiH g = MPE WA, A= A7 404, 4 =

1]
V6 cosd 2 AAFATE Realizable model-S Standard model 2T} B}
2] f-&(Separation flow)d} B33 o234 s B A AU S
A 3K Cable, 2009).

4.1.1 FAHNA ZAL H ol4ts}

T 2-49) 4% ANSYS Fluent®] 5Y¢ 3 25 A3}
o FX814 Blale] B34S =29tk ING 83 WY IGC
AR Al AR F719F INGE 45C oA -163CE ¢ & 2
ERE 7HAARE 78 W 3719 AAdFRE g 2% WHs)
= &% dFAE oal el AH(Lee et al., 2003; Lee,
2004; Han et al., 2011; Zakaria et al., 2013)5 EO|Z <F 10C U
Z YA wiol, BRA2a ZAE gy on, oS3
22 Ae B3 UEE ALk

oy =p,{1-8(T- 1))} (19

pE Fx UEF 120%gm’S ALt = QAAAS
24 F71e dAAS 0.00348C, 1P TE FE 252
ALE(20C)S 283 tH(Miana et al., 2016). ANSYS Fluent
oA Navier-stokes Wg2S 7] 3l F3 A WH(Finite
volume method, FVM)°] AMEEHI, FEASSTE wiALE=
(Double precision method)E -8t} FX|s)Aol|A] AHEH
G, oY T2 o Zo] EsHATh (1) THelA
3719 GREHE 1= FA EH-S Realizable k—e model

£ AHESHATE o] W, BHA Y dRAEAE aTHsTE BT
4=+ Enhanced wall treatmentS 1183}$1 ™, Thermal effectsS
HFGEATE (2) Solver type ¢E 7R ®E AHA3ATE (3)
Pressure-velocity coupling scheme-> Pressure implicit with splitting
of operator(PISO) ¥12]&S A-&3t5ith (4) alAA=e] F3t
o]4t8l= Least squares cell based o4 <422 Body force
weighted, VA, &5FE 221 HAG=E ALbstAon, dF
+5olUA, dF 44+ Quadratic Upstream interpolation for
convective kinematics(QUICK) schemeE Z}-8-3}3th.

42 WERAS Saff M= STISMRIE AT 7=0|M 2D
T HollM(E2Y 2)

A2 20014E LNG B3E Fig. 601448 HARolA nlgt
A N2 TS ZF B FEolAe] diF 2 W= GHF
< a8t AN F YE2 HASYT) Table 100 A = o]
A= 4 AR EAEEE JYRdS 53 SVELXE 4
3l Fgsignk Wyl Pue ¥xe] AxEs Y 2
8 glo] Table 19] AAE &4 kS Fluent W LNG W<
AAZRAANA A AFIES jEFsEH o, 13.5mme] FAE
7 =5 AAAT

7] |
/ (a) Top

// (b) Top side

PS—

(c) Mid side (air side)

(d) Mid side (seawater side)

(e) Bottom side
(f) Bottom

Fig. 6 Sectional layout of 2D KC-1 membrane LNG tank for
Approach 2 and 3

Fig. 6014 AIAIE Bottom side F-& 782 135° A 3d
< Fig. 79 A% s AAE & 4 A stk Fig 790
A E g ARl BAY dy 543 9 nigiy 2= Qlst
o, AAE F5E u|, AA HAK(Structured mesh)= Tha F-2 4
sttt webA el A ARke] FHE A3k Skewness, Orthogonal
quality, Aspect ratio 5= 1L2lste] A2t 3 APZFE ] HIAIA A
ZHUnstructured mesh)Z A7 3+ th

3719 5ol EAIskE I dEA Y Axe AR 4
g A-gste] AL, FdTE7F B3-S Top side, Bottom
side F- 792 A4 AXE JHFEF St A, AR
g Axke] 747} 15Smm, 20mm #6S H-83FH L, oF 450,00070 =
TERISIATE w1, 4 R oA AS o9 9 i A
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Fig. 7 Enlarged view of unstructured mesh of 135° corner panel
at Bottom side section compartment (Approach 2)

CERE FARE A== A= 42 27] $71H85 1.052
Fol HxHor FARE Z AAE IYA=E AU

£ AF3] A B AFolA A
83 AZE JE V|2 AASA 2, 124912 3 AxE FY
g M m el 247t st 1IGC AAIZRANA AlEH oS
st AlEdolddM =28 47ty AfE A= U
I 73 Ato] F7)e] dFAGAGTE ALtste] vtk H
wAd 71% A ARl 2, 12012 AAF s dgele] A
A= 2H7} 2098, 1.85%= AAH V& Ax=7)7) HAskd

o}

& AT

tlo fo

4.3 A TR F=OAM 2D Lsh AT 2 3)

1%5QF B2 AFAE(Heo and Jeon, 1997; Heo et al., 2003;
Han et al, 2006)> LNG 83 3| we} E3siA 745
DA AHS Teslste] B EAER ghe Alkksle X3
Ao Agstatt 2eiv 74 A5 HEFHoA e A&, 57
=44 2d8 Wl ol wel dagke] zbelrt U] wiie,
AA dEA=HY T2 9 A5 gl A= € oiF D
e BARBIoE & Hado] itk wEkA|, Fig 8ellA&= Fig. 7
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Fig. 8 Enlarged view of unstructured mesh 135° cornel panel at

Bottom side section compartment (Approach 3)

Fig. 9 Structural view of 3D KC-1 membrane LNG tank

(Approach 4)
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Fig. 10 Mesh of 3D KC-1 membrane LNG tank (Approach 4)
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ATl ME LNG B2 UEeke] INGS tiFdade 18skA
21, HTH 1, 2004 AFRE SUEAXE ARl Tl
Zl LNG 83 7Z&E U9 Ui 2 dx dxIvhs a8ste

3D AlEE oIS ZdEsith

Fig. 904 AAH 7|slskd Fxo] FAs14& flal A%
AA= Fig. 100 AASHATE WBEHRD WEoxe] ddSS
asF7] 215 LNGeF FEA| L] Abole} AR 13.5mme]
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Azt AAE A8t AW 40049 F AR oF 48
TR SRR, ] B el A AFEA] ax}i T
A3 =E Sk

I S FAE = A BAES 2o S vt
04 AAA ARE YHSIES SFTE AAl LNG Bae Y

< 7ol B3 5 AGAT)A e, ole A8 sEe] £ 5

Aoz Ax)ech e 2429 INGe| o2 IFe] &%
© °F 40T 2 apsh=d, B8] 2Rl A2348e wAE]
s B=e] 7tdA| 2’lo] FA|E o] Tt Heo(1998), Lee(2004),
Song et al.(1999)= ZHH W 37| 55 5T 1S T
O, &AM 2o o] diRddgS IS =ABYI
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44.43
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(a) Temperature contour: Approach 2

(b) Temperature contour: Approach 3

Q) ZHH] M= 9 BE 5C o nAFe = AASH) =3,
Y} FEo] H3la = HollA 20mm FAE /A= AY
5 AXEY A= dADGS 18359 tHHeo, 1998).

51 IGC AAz=A =2

LNG B39 ddA2ES vste] IGC AAZANA 4 7}
A FAEA HTHE Bl E A7E Ak 2D}
3DEENA 2he] AEAR] HwE 98 2E=REE 2D AlbelA
WA 7}F% T Area-weighted average) 2=, 3D AlAtl A= A4
7533 TH(Volume-weighted average) &2 A3}E =&}k

Fig. 11(a)-(c)= HTH 2, 308 Axkd 73¢ 25 34
(Contour)& YEFACH, Fig. 11(d)-(g)S AW 1-471A] AlArg
2EREZES 7Y UF 2 A YT FHEE IR
o] & Y Fig 11(a), ()= AW 2, 3904 Atd

GEA ] 2EEZE AT 78 R 25 T3S AA
= 371 ulFadel 93l Top

P93 2

Stk 78 e 2R
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o

Temperalture
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2497

(c) Temperature contour of 135°corner at
Bottom side section compartment: Approach 2

1.3 39.07 Bs.6p  36.53
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T . - T . _ 28.54
28.46 27.57 29.96 28.90 28.96 28.12 27.64
30.66 31.16 30.98 30.04
] U U T U ]
(d) Temperature distribution: (e) Temperature distribution: (f) Temperature distribution: (g) Temperature distribution:
Approach 1 Approach 2 Approach 3 Approach 4

Fig. 11 Temperature contour and distribution at steady state (red: temperature of Compartment, black: temperature of Inner hull)



Thermal Analysis of Insulation System for KC-1 Membrane LNG Tank 99

Temperature f Tlezgimlfalure

less cofferdam 2060
4379 38.04
24 26.49
g 2493
708 el
37.04
B30 20.26
3367 18.70

v 17.15
3039 15.59
28.61 14.03
: 12.48

o 10.92
2523 056
2354 9.36
21.86 181
2017 469
18.48 314
16.79 pis

(] ©

(a) Temperature contour less cofferdam
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(e) Cross-sectional view less cofferdam and insulation

Fig. 12 Temperature contour for Approach 4
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Table 4= 15 B2 A7 AE(Heo and Jeon, 1997; Song, et
al., 1999; Lee, 2004; Miana et al., 2016)©] IGC A ZAlA X
&gt 3D EalA AAE YeRd EFo|th NG B3 typeol tisl
AE Mark 119} GT969 #g AFE st om, 22t 83
ZFo| A AAL 34,001-49,391 1B 3L 40,436m° = TS|
T4 o] Atk 53], Song et. al.(1999), Lee et. al.(2004)= B
o] F 2 o T I AAZA] HATGE /S B
V4 37194 3149e AgsigTh TR o] FA1= 0.27-0.55m2)
olF gdilds VA E dEA2ES ST KC-1 B
A2’ T 028mE 7Y, 1UE AAZ s T A

Hyeon-won Jeong et al.

|33t
CFD F =+ In-house®} Excel VBA, ANSYS Fluent & A3}
ST} Table 4014 ATARE 7He] A4 &, @3 W2, AF

o 724 Zo|7} WEstA EAls] Wi, AFHOR 1|
watrlele A E2Asht, B AFelA= 3D A AR
A 2EE AA 7tE Bde EOH T2 FFE H4s3) 3
o AAQ Hlart VMt e s ATE s

Table 5 Table 4] 11]’\]301 2 E ATFAES] 2T EE 4
ZA3E UERA Eo|th Table 59 FiE 78 =24 AT
AE2] Top FE TANAE HI HAa Zol7} 5.82T = Akt
HA, & A7AAe] HugH 1.91%, H49 12.16%2] 4
Qx2 ALFE AT 53], Miana et al. (2016)2] ZA3e} vl 3}
A W 7P 2 oAE FAsAET, ol 7 Wi I3t
& A AR AAEA] e AHE jd‘%%‘:‘r

E AT AMid sides(air and seawater side) F-i —_rLf‘]«] 2=
X AFE 791C AolE Uitk o] & 782 9F
43‘7]/‘11’“ AAZEAC] st e BAHSE, "Ff‘]ﬁﬂ*ju Al
FEe] Ay F2, 255 AL o ddY B3
ko] gk A WY SO E 3 Uit oAE
TFE T Song et al.(1999), Lee(2004), Miana et al.(2016)2] Mid
sides(air and seawater side)F-EolA2] ¥ F7l/E¢ HAAZA
= T8t Uehd 22435 A95kal, Heo and Jeon(1997)
o} M 42 Mid side(air side) F-EoNA 2= 3= 2.85%,
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Table 4 Specification of LNG tank used by authors for IGC condition

Authors Type of tank Tank[ n\s)]lume InsulatioE:n ;hickness Insulatiot[l_]materials CFD code Insf?:;(éﬁlr I::anel
Heo and Jeon.(1997) Mark 111 40,449 0.54 Perlite ANSYS solver Double
Song et al.(1999) Mark IIT 34,001 0.55 Perlite In-house code Double
Lee(2004) GT96 40,436 0.53 Perlite In-house code Double
Miana et al.(2016) Mark IIT 49,391 0.27 R-PUF Fluent Double
Present study KC-1 48,280 0.27 H-PUF Fluent Single
* Heo and Jeon(1997) assumed the temperature within cofferdam is not controlled.
* Song et al.,(1999) and Lee(2004) assumed the inner hull of cofferdam is fixed at 5C.
* The temperatures in Section compartments are based on calculated average value of each authors’ data for comparison.
Table 5 Section compartment and inner hull temperature distribution at IGC condition
Authors Section Top Top side ) Mid side Bottom side Bottom  Cofferdam
Air Sea
Heo and Jeon(1997) Compartment 39.70 39.40 37.50 31.50 29.00 27.70 500
Inner hull 27.80 34.20 31.60 26.20 23.90 23.03
Song et al.(1999) Compartment 38.67 38.90 36.67 29.00 25.84 500
Inner hull 3244 31.24 29.10 2191 20.02
Lee(2004) Compartment 42.17 41.88 39.41 30.49 28.32 500
Inner hull 40.11 39.60 36.90 26.95 25.28
Miana et al.(2016) Compartment 36.35 37.65 30.55 28.62 27.55 o1
(Approach 4) Inner hull 25.90 30.24 25.67 23.15 23.09
Present study Compartment 41.38 41.13 38.6 30.69 30.04 29.77 306
(Approach 4) Inner hull 39.25 39.03 36.53 29.13 28.54 27.64
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Table 6 Result of BOR calculation

Physical properties
v Prop Heat flow BOR

Authors : .
InsulaFlon Air ING [W] [%%/day]
materials  /water

Heo and

Jeon(1997) Const. Const. 130,870  0.1290

Song et

a(lo99)  Const  Const. Const. 18972 0.1003

Miana et

al.(2016) ROMs Const. 104,197  0.0856

present study Const. Const. 117,882  0.0986
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< 23H oM, 48280m’e] #|Ho sl BORS EZ3t9th

o ool A7l wWEel, AW 49 3D ALkl sk BORTH
£ AlLkskaTt A 49] A3 A ol A BOR-2 0.0986%/day =
A on o] KOGASS| LNG ®= oA Hrlr &
0.12%/day & T4 3}3|5h= Fx] 0|t}

6.2 &2

B AFoM= KC-1 BEHQ LNG ®H=oA Excel VBA %
ANSYS FluentE ARS8t g4 AAE vty on, o
Lo HES IS Utk

AW 1-49] thFst FAEAE S AFESE 2, 78 W
A E7stRT gAY 2545t Wi & AS &
g = QAT o= LNG B3 AAle] AAloA LNGe &%
3te]l HX= FEFRT B4HR] V)S(@EF F1 A Fd
A B)E v 1HYPY o= AoHETh wEbA, LING B3 A
A A GEAS Am, 72 AV T8-S AT F AT

IGC AAZZNA T2 Wi 25 Top side F 79
A AL =A A ol uEEY AT7AEY AHEY
AR, 7Y Be 25E Bottom FE FEOA YElUE=
Aoz eIt 2D % 3D g3y Ad} v 3D &
A 71Eo g2 A DA AR A BARGE 2D FallA
o] 2= 2= HU 13.11%E YERgoH, HAE 349%=2
A=At o)l GAAE @slet 3D EalAe] el e ¢
Fe o, dEA " gEES IHHAHoR RIS

KC-1 @Bl 33 LNG B34 2] BORS 0.0986%/day =
A=At} o= IGC A=A £5= KOGASS] BOR ¢HA
4 371 718 0.2%/day S ThA 3S)shE ghe® KC-1 9
Al2=Ele] BORO| A AV &S BHES (HHH o2 FRls)
Ak

£ AFEHE KOGASOIA EAH4Q 71&& AAg KC-1 @
A z="lel] g BOG BAF oSl &89 F dor LNG
B3e] HHg A tig g§Ede o2 AFSHAh
F5 AT, BOG T8 Al F 959 GHYETt ol
2 £24 0= Q1% B3 R FAAS o3 dF= EAl
7] W&ol BOGSt €24& ERH o2 #Xste= 7 A7t
g ety dddn)

Jo o) ©

7|

o

B A7E g 20159 sk Eai) Ao S
A ATAT F UYL WA, AT APo] AP

References
ANSYS, F., 2009. 12.0 Theory Guide. ANSYS Inc, 5.

Cable, M., 2009. An Evaluation of Turbulence Models for the

Numerical Study of Forced and Natural Convective Flow in



102 Hyeon-won Jeong et al.

Atria. Queen's University Kingston, Ontario, Canada.

Churchill, SW., Chu, HH., 1975. Correlating Equations for Laminar
and Turbulent Free Convection from a Vertical Plate.
International Journal of Heat and Mass Transfer, 18(11),
1323-1329.

Eckert, E.R.G., Drake, RM. Jr., 1987. Analysis of Heat and Mass
Transfer.

Gavory, T., De Seze, P.E., 2009. Sloshing in Membrane LNG Carriers
and its Consequences from a Designer’s Perspective.The
Nineteenth International Offshore and Polar Engineering
Conference.

Han, K.C., Hwang, S.W., Cho, J.R., Kim, J.S., Yoon, JJW., Lim,
0., Lee, S.B., 2011. A Study on the Boil-Off Rate Prediction
of LNG Cargo Containment Filled with Insulation Powders.
Journal of the Computational Structural Engineering Institute
of Korea, 24(2), 193-200.

Han, Y.Y., Kwon, J.C., Kim, W.S., Kim, M.S., Choe, I.H., 2006.
The Development on the 3-Dimensional Calculation Program
of Temperature Distribution for Gas Carriers. Proceedings of
the 2006 Joint Conference on Korean Association of Ocean
Science and Technology Societies(KAOSTS), 504-510.

Heo, J.U,, Lee, Y.J,, Cho, J.R., Ha, M.K,, Lee, J.N., 2003. Heat
Transfer Analysis and BOG Estimation of Membrane-Type LNG
Cargo during Laden Voyage. Transactions of the Korean Society
of Mechanical Engineers A, 27(3), 393-400.

Heo, J.H., 1998. Heat Flux Calculation for Thermal Equilibrium
of Cofferdam in a LNG Carrier. Journal of the Society of Naval
Architects of Korea, 35(1), 98-106.

Heo, J.H., Jeon, Y.H., 1997. Temperature Distribution for a Membrane
type LNGC Cargo Tank. Journal of the Society of Naval
Architects of Korea, 34(4), 108-118.

Holman, J.P., 2010. Heat Transfer., McGraw-Hill.

IMO, 2003. International Code for the Construction and Equipment
of Ships Carrying Liquefied Gases in Bulk (I.G.C code).
International Maritime Organization.

International Gas Union (IGU), 2016. 2016 Edition, World LNG
Report. International Gas Union.

Jin, KK., Yoon, LS., Yang, Y.C., 2015. An Effect of Surface Dashpot
for KC-1 Basic Insulation System Under Sloshing Loads.
Transactions of the KSME C: Industrial Technology and
Innovation, 3(3), 193-199.

Lee, B.J.,, Kim, S.B., 2014. Current State of the Polymer Material
Technology for Cryogenic. Prospectives of Industrial Chemistry,
17(5), 1-11.

Lee, J.H., 2004. Thermal Analysis Comparison of IMO with USCG
Design Condition for the LNGC During the Cool-down Period.
Transactions of the Korean Society of Mechanical Engineers
B, 28(11), 1390-1397.

Lee, J.H., Choi, HK., Choi, S., Oh, C., Kim, M.H., Kim, K.K.,
2004. Thermal Analysis for the GT-96 Membrane Type LNGC
during the Cool-down Period. Proceedings of the Korean Society
of Mechanical Engineers, 1346-1351.

Lee, J.H., Kim, KK., Ro, S.T., Chung, H.S., Kim, S.G., 2003.
A Study on the Thermal Analysis of Spray Cooling for the
Membrane Type LNGC During the Cool-Down Period.
Transactions of the Korean Society of Mechanical Engineers
B, 27(1), 125-134.

Lee, Y.B., Choe, K.H., 2015. Development of Polyurethane Foam
Insulator with High Thermal Insulation Performance for KC-1
LNG Carrier. The Twenty-fifth International Offshore and Polar
Engineering Conference.

Miana, M., Legorburo, R., Diez, D., Hwang, Y.H., 2016. Calculation
of Boil-Off Rate of Liquefied Natural Gas in Mark III Tanks
of Ship Carriers by Numerical Analysis. Applied Thermal
Engineering, 93, 279-296.

Rhee, S.H., 2005. Unstructured Grid Based Reynolds-Averaged
Navier-Stokes Method for Liquid Tank Sloshing. Journal of
Fluids Engineering, 127(3), 572-582.

Song, S.0., Lee, J.H., Jun, H.P., Sung, B.Y., Kim, KK., Kim, S.G,,
1999. A Study on the Three-Dimensional Steady State
Temperature Distributions and BOR Calculation Program
Deveolpment for the Membrane Type LNG Carrier. Journal
of Korean Society of Marine Engineering, 23(2), 140-149.

Vargaftik, N.B., Vinogradov, Y.K., Yargin, V.S., 1996. Handbook
of Physical Properties of Liquids and Gases. Pure Substances
and Mixtures, 663-717.

Zakaria, M.S., Osman, K., Saadun, M.N.A., Manaf, M.Z.A., Hanafi,
M., Hafidzal, M., 2013. Computational Simulation of Boil-Off
Gas Formation inside Liquefied Natural Gas Tank Using
Evaporation Model in ANSYS Fluent. Applied Mechanics and
Materials, 839-844.



ok

3] FFsts] R A31A A2E, pp 103-110, 20173 4€

[ Original Research Article ]

/ ISSN(print) 1225-0767 / 1SSN(online) 2287-6715

Journal of Ocean Engineering and Technology 31(2), 103-110 April, 2017

https://doi.org/10.5574/KSOE.2017.31.2.103

Experimental and Numerical Methods for Thermal Conductivity of
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ABSTRACT: The temperature of subsea pipeline, approximately as high as 100°C, is significantly higher than the temperature of surrounding sea
water and sediment. In this reason, heat can be lost from the subsea pipeline to cause serious operation problem. Therefore it is important that
the subsea pipeline must be designed to ensure that heat loss is small enough. Heat loss of unburied pipeline is higher than buried pipeline. For
that purpose, trenching and backfilling system is a commonly used method for maintaining flow assurance in subsea pipeline installation. For this
commonly used method, knowing thermal conductivity of backfill is essential to protect a heat loss of pipeline. This paper presents thermal
conductivity of backfill soil using laboratory model test and numerical analysis for various backfill. In conclusion, it can be seen that higher the
sand content of the man-made backfill sample, the higher the thermal conductivity. On the other hand, as the water content increases, the thermal

conductivity becomes smaller.
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Table 1 Density and thermal conductivity of pipe

. Density Thermal conductivity
Material [kg/m’] [W/mK]
Steel 7860 60

Table 2 The specifications of thermal imaging camera (T335/FLIR)

Classification

Field of view(FOV)/
Minimum focus

Detail of specification

25°% 19%/ 0.4 m

Thermal sensitivity/
NETD

Focal plane array(FPA)

50 mK @ +30C

Uncooled microbolometer
320 x 240 pixels
7.5 to 12 um
20C ~ +650C
+2C or £2% of reading

5 spotmeters, Sbox area, Auto hot or
cold spotmeter markers within area

IR resolution
Spectral range
Object temperature

Accuracy

Measurement analysis
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A F2 255 24317 9% 2= FLIR AR AlF
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Fig. 4 Thermal images of man-made backfill samples

Fig. 5 Thermal images of boring samples
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Sensitivity Study on SCR Design for Spread-Moored FPSO in West Africa

Kwang-Kyu Yoo and Youngseok Joo
'DSME R&D Institute, Daewoo Shipbuilding & Marine Engineering Co. Ltd., Geoje, Korea

KEY WORDS: Steel catenary riser(SCR), Strength analysis, Fatigue analysis, Sensitivity analysis

ABSTRACT: It is generally acknowledged that the Steel Catenary Riser (SCR) is the most cost-effective riser type for deep-water offshore fields among
various risers, including the SCR, flexible riser, and hybrid riser. However, in West Africa, the SCR type may not be suitable for FPSO systems
because the large vertical motion of the floater brings about a considerable riser dynamic response. In this paper, an SCR system is designed for the
EPSO in the West African field, where the use of a hybrid riser has been preferred. The proposed SCR configuration fulfills the design criteria of
the AP, such as the strength check and fatigue life. Moreover, a sensitivity analysis is also carried out to improve the certainty in the SCR design

of a deep-water FPSO. The parameters affecting the strength and fatigue performance of the SCR are considered.

1. Introduction

The increase in oil & gas field development in West African
deep-waters has caused a quick evolution of the complexity and
variety of production risers from the seabed to an offshore floating
structure. The main design criteria for riser system are their
strength and fatigue life, which are regarded to be the most
difficult aspects of developing deep-water systems. To conform to
the required design conditions, many kinds of risers are available,
including steel catenary riser(SCR), flexible riser and hybrid riser.
The advantages of using SCR are that it has a simple design and
low cost. However, the dynamic response of the riser is sensitive
to floater motion and can be susceptible to insufficient fatigue life
and strength. On the other hands, hybrid riser can reduce the
dynamic responses of the riser and can lead to a remarkable
performance in deep-water fields even though it is much more
expensive than SCR. That is why hybrid riser has been selected for
almost all floating production storage and offloading(FPSO) in
West Africa. From this point of view, design and sensitivity
analysis of SCR which is suitable for FPSO in West Africa need
to be developed in order to reduce the high costs and to address
the difficulty in fabricating and installing a hybrid riser.

A conventional production riser system has been extensively
studied for use in deep waters. Xia, Das and Karunakaran
presented a parametric design study of SCR system for a

semi-submersible or FPSO in the northern North Sea(Xia et al.,
2008). Yang and Li proposed an effective optimization strategy for
the design of a deep-water riser under fatigue life constraints(Yang
2011).
experimental tests for fatigue life estimation of risers(Iranopur et

et al, Iranopur and Taheri conducted a series of
al., 2008). Yang and Li presented the fatigue sensitivity analysis
for deepwater lazy wave steel catenary riser(Yang and Li, 2011).
Yang and Zheng studied design of steel catenary riser under
dynamic environmental loads using a reliability based design
optimization methodology(Yang and Zheng., 2011). Larsen and
Hanson performed optimal design of catenary riser with respect to
criterial function, design requirements in terms of maximum
allowable stress and buckling capacity(Larsen and Hanson, 1999).
Kim evaluated the general and detailed structural performances of
SCR and lazy-wave steel catenary riser(LWSCR) under same storm
and floater conditions(Kim and Kim, 2015). Wang and Duan
proposed a nonlinear model for deep water lazy-wave steel
effect

interaction, current and internal flow(Wang and Duan, 2015). Bai

catenary riser configuration considering of pipe-soil
and Huang established a mathematical model of steel catenary riser
considering the seabed and the influence of the soil-pipe interaction
forces(Bai et al.,, 2015). McGrail and Lim performed a technical
appraisal of hybrid riser and SCR in deep water applications and
established the technical design approach(McGrail and Lim, 2004).

Yue, Campbell and Walters studied the improvement in the
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strength and fatigue performance of dynamic vessel applications
with various kinds of configurations(Yue et al., 2010). Royer and
Power evaluated riser concepts for high-motion vessels(FPSO and
Semi-submersible) operating in waters at up to 10,000 feet in the
Gulf of Mexico(Royer and Power, 2014).

In order to apply SCR to spread-moored FPSO in West African
deep waters, the design of the riser must be conducted for a water
depth of 1400 m. A strength check is conducted to evaluate the
response of the SCR to all possible loading conditions. The fatigue
performance is also assessed to meet a design fatigue life of 30
years. The wave fatigue analysis and the vortex-induced vibration
fatigue analysis were conducted. Finally, the results of a parametric
study were presented to obtain a better understanding of the SCR
behavior and to find the major design parameters that could be
used to optimize the riser configuration. Sensitivity analyses were
carried out for the strength and wave fatigue to determine the
seabed stiffness,
stiffness and insulation thickness in producing the SCR dynamic

influence of the drag -coefficient, flex-joint

response and determining the fatigue life.
2. Design Data and Criteria

The target field for the FPSO was in West Africa, and the
general field layout is shown in Fig. 1. The riser in this paper
consists of an oil production SCR with an outer diameter of 10.75
inches, and the line pipe properties proposed for the SCR are
presented in Table 1.

Table 1 SCR Line Pipe Properties

Parameter Unit Value
Outer diameter mm 273.05
Internal diameter mm 228.6
Wall thickness mm 2223
Material - API 5L X65
Material yield stress MPa 448
True North
4
/’ SL’(%
Tra"SVErsg+ II
I
I
Near ”
Far 7
!
I
Transverse. :’
1, East
Riser
Base

Fig. 1 FPSO Offset Direction Relative SCR Axis

Table 2 Environmental data

Parameter Unit Value
Water depth m 1400
1-Year Hs / Tp m/sec 3.1/ 144
Main
10-Year Hs / Tp m/sec 3.8/ 14.6
Swell
100-Year Hs / Tp m/sec 45/ 150
1-Year Hs / Tp m/sec 1.8/ 123
Secondary 10-Year Hs / Tp m/sec 215/ 122
Swell
100-Year Hs / Tp m/sec 255/ 121
_ 1-Year Hs / Tp m/sec 155/79
Vglezd 10-Year Hs/Tp m/sec 185/ 82
100-Year Hs / Tp m/sec 215/ 84
1-Year m/s 1.70
Surface 10-Year ms 1.85
Current
100-Year m/s 2.00
1-Year m/s 0.24
Sm above seabed
Current 10-Year m/s 0.27
100-Year m/s 0.30
Soil Stiffness kKN/m/m 1067

Table 3 Spread-moored FPSO dimensions

Loading dondition

Parameter Unit

Ballasted Full

Length m 350

Breadth m 70

Depth m 30
Draft (Equivalent) m 13 25

Displacement ton 220000 430000

Longitudinal CoG from stern, LCG  m 165 160
Vertical CoG above keel, VCG m 25 20

The environmental data that are used in this paper are a typical
offshore environment condition in West Africa, and the water
depth for the design is set to 1400 m. The environmental details,
including the wave, current and soil stiffness in this study are
provided in Table 2. The wave data is for three wave partitions -
main swell, secondary swell and wind-sea. The Ochi-Hubble wave
spectra shall be used as applicable to generate irregular waves. 41
design sea states are considered for wave fatigue analysis, and 424
current profiles were applied for vortex-induced vibration fatigue
analysis. A generic FPSO facility with a spread mooring system
was considered in this paper, and the key particulars of the FPSO
are summarized in Table 3.

The design criteria for the riser are determined according to the
design codes made by APL. The minimum pipe wall thickness
required for the SCR should be satisfied according to the burst
condition due to internal pressure and collapse conditions due to
external pressure according to API-RP-2RD and API-RP-1111. To
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check the strength of the riser, the allowable von Mises stress was
calculated according to the API-RP-2RD. The allowable stress was
defined by the design case factor((;), allowable stress factor(C,)
and minimum specified material yield strength(o,) with the

following relationship.

(o )H < C}a 1

P a

where o, is the basic allowable combined stress (C,0,); C, is the

allowable stress factor with a value of 2/3; o, is the material
minimum strength; C; is the design case factor in Table 4; and
(0,), is the extreme von Mises stress in the pipe.

For a plain round pipe, where transverse shear and torsion are
negligible, the three principle stress components of the primary

membrane stress(average stress across pipe wall) are o and

g
pr> Y ph
o,., where r, 6 and z refer to the radial, hoop and axial stress.
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These von Mises equivalent stresses should be less than the
allowable stresses defined in Table 4.

For this study, the design life for the SCR is 30 years, and the
basic fatigue information is given by the S-N curves that are used

to evaluate the riser design life, as shown below.

¢ k
- for t>tref 3)

N=ax[8§%

[scr|

tre/

N=ax(SxSCF)~* for t<tref Y]

where S is the stress range; N is the allowable number of cycles; a
and k are the parameters defining the curves; #., is the reference
thickness; and e is the thickness exponent.

The S-N curve that is to be used in the fatigue analysis is the
DNV E class design curve. The DNV D and F3 class design
curves are also considered to conduct a sensitivity check. The
Palmgren-Miner rule was applied to calculate the fatigue damage

after a dynamic analysis under a long-term sea-state condition.

D=5 5
=2 ®

i

where n; is the number of stress range occurrences; and N; is the
number of stress cycles obtained from the S-N curve for failure.

A stress concentration factor of 1.2 was applied to account for
the stress amplification due to welding misalignment. A safety
factor of 10 is considered based on API-RP-2RD, and the fatigue
life, accounting for damage from waves and vortex-induced
vibration, should exceed the required design life.

3. Analysis Methodology

A non-linear time domain analysis program, OrcaFlex(version
9.8c), was used to perform the riser strength and fatigue analyses.
A strength analysis was conducted to determine the extreme
response of the SCR under specific loading conditions during all
stages of the SCR service life. The load case matrix was
developed according to the API-RP-2RD, as in Table 5. The
analysis includes a range of load cases that are suitable to cover
all of the loading conditions predicted for the SCR. The maximum
von Mises stress, maximum flex-joint rotation angle and effective
tension at critical region were evaluated for each of the load
cases. The SCR shall meet the design acceptance detailed in Table
4 for all load cases.

First and second-order fatigue analyses are conducted to calculate
the fatigue damage that is induced by the wave frequency and low
frequency motion of the FPSO. The first order vessel motions are
represented using the vessel RAOs while the second order vessel
motions are expressed as harmonic motions based on the low
frequency surge and sway amplitudes and drifts periods associated
with each sea-state. The fatigue damage is determined using a
rain-flow counting method, and as can be seen in Table 6, the 41
fatigue cases are also to be considered. A vortex-induced vibration
(VIV) analysis is performed using SHEAR7 to determine the
current-induced fatigue damage on the SCR. The VIV analysis is
conducted for currents flowing in the in-line and transverse
direction relative to the riser plane, and the total fatigue damage
due to VIV is calculated by the sum of the damage factored for
each of the current profiles.

The combined fatigue damage, including VIV and wave fatigue
damages, is given by adding the damage along the riser length
using the following equation.

D, FoS XD

total — wave wave TEOS 1y X Dypy (6)
where, Dy is the factored combined fatigue damage; D, is the
un-factored fatigue damage due to FPSO motions; Dy is the
un-factored fatigue damage due to VIV; FoS is the fatigue safety
factor applied by 10.

The combined fatigue life should exceed a design fatigue life of
30 years.

Table 4 Allowable stress criteria

Design case Design case Allowab@e von mises Stress
factor, Cy to yield Stress ratio
Operating 1.00 0.67
Extreme / Installation 1.20 0.80
Hydrotest 1.35 0.90
Survival 1.50 1.00
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Table 5 Strength Analysis Load Case Matrix
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Load EnVironmeptal Intemal Mooring Vessel Internal FPSO offset

category return period fluid status offset pressure

Installation 1-year Empty Intact 2% WD Atmospheric Near/Far/Transverse

Hydrotest 1-year Seawater Intact 2% WD Hydrotest Near/Far/Transverse

Operating 10-year Oil Intact 4% WD Design Near/Far/Transverse

Extreme 10-year Oil Damaged 7% WD Design Near/Far/Transverse

100-year Oil Intact 7% WD Design Near/Far/Transverse

Survival 100-year Oil Damaged 10% WD Design Near/Far/Transverse

Table 6 Condensed Sea-state Scatter Diagram

Wave incidence angle relative to true north

Hs (Occurrence pobability - %)
S S-SW SW  W-SW W W-NW
Main swell
0.0 - 0.5 037 1164 183 - - -
0.5-1.0 0.88 4141 6.55 0.14 - -
1.0 - 15 0.16 2276 4.08 - - -
1.5-20 - 541  1.96 - - -
20 -25 - 1.27 041 - - -
25 -3.0 - 073 012 - - -
3.0 -35 - 0.10 - - - -
Secondary swell
0.0 - 0.5 - 783 1113 134 101 1.83
05-10 - 20.80 21.49 1.76 - 0.14
1.0-15 - 13.58 10.80  0.56 - -
1.5-20 - 3.25 2.65 - - -
20 -25 - 0.77  0.60 - - -
25 -3.0 - 0.24 - - - -
Wind sea
0.0 -0.5 424  31.06 226 - - -
05-10 541 4850 1.71 - - -
1.0 - 1.5 - 3.99 - - - -
4. Riser Configuration
The SCR configuration that was proposed for this study is
described in Fig. 2 with respect to the FPSO offset.

Water Depth (m)
4
3
8

Horizontal Distance from Hang-Off (m)

===-Near [10% WD] ~=———Mean [0%WD] -::-:+- Far [10% WD]

Fig. 2 SCR Configuration with respect to FPSO offset

5. Strength Analysis

The objectives of the strength assessment are to determine the
following:
* Von Mises

survival and hydrotest design criteria

stresses with operating, extreme/installation,
* Vessel/riser interface loads including effective tensions and
flex-joint rotation angles
* Dynamic tension variation
The results of the dynamic analysis are presented in this section.
The analysis is performed for installation, hydrotest, operating,

extreme and survival conditions. The maximum von Mises stress

von Mises/Yield Stress

o 500 1000 1500 2000 2500
Riser Arc-length from Hang-Off (m)

Installation [LC2] -+++++- Hydrotest [LC6] = - = Operating [LC10] ———Extreme [LC66] === = Survival [LC70]

Fig. 3 SCR Dynamic Stress Distribution along Arc-length

3000

2500

9
8
8

Maximum Effective Tension (kN)
= "
8 8
s s

500

J 400 800 1200 1600 2000 2400 2800
Riser Arc-length from Hang-Off (m)

Installation [LC2] +++++++ Hydrotest [LC6] = - = Operating [LC10] ——— Extreme [LC66] = = Survival [LC70]

Fig. 4 SCR Dynamic Maximum Tension along Arc-length
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Fig. 5 SCR Dynamic Minimum Tension along Arc-length

utilization and effective tension along the arc-length for the critical
load cases are shown in Fig. 3, Fig. 4, and Fig. 5, respectively.
The maximum flex-joint angle is 8.3 degrees in the survival
condition and it is less than the typical flex-joint rotational
capacity of +/-18 degrees, as shown in Fig. 6. The stress utilization
is 0.80, and it occurs at the top of the SCR. The maximum
effective tension at the top of the SCR is 2999 kN, and
compression is not observed along the length of the SCR for all
design cases. The minimum effective tension at the touch-down
zone is 64.6 kKN and remains as a positive tension.

6. Fatigue Analysis

The objective of the wave fatigue analysis is to evaluate the
fatigue damage of the SCR mainly caused by the vessel motions.
The wave fatigue response of the SCR due to the first-order and
second-order vessel motions is assessed by taking 41 sea-states into

consideration. The fatigue life is calculated using the DNV-E class
design curve with a SCF of 1.2 as a base case, which represents
the girth welds along the SCR. A parametric analysis with the
upper DNV-D and lower DNV-F3 class design curves are also
carried out to check the influence of the fatigue curve selection on
the prediction of the fatigue life.

Table 7 provides the minimum fatigue lives at the hang-off point
of the riser and touch-down zone for the different fatigue curves. The
fatigue life distribution along the SCR arc-length is described in Fig.
7. The fatigue lives that are presented include a safety factor of 10.
A minimum wave fatigue life in the SCR is 143 years and it is found
at the touch-down point region. The fatigue life at the hang-off is
1155 years which is less critical than that at the touch-down zone.
On the other hand, the fatigue life considering the DNV-F3 class design
curve is too conservative to meet the design life.

The purposes of the VIV fatigue analysis are to optimize the
strake length for the SCR and to estimate the VIV fatigue life
along the SCR. The analysis is performed by using 424 long-term
characteristic current profiles, natural frequencies, modal curvatures
and mode shapes. The minimum fatigue lives are presented in
Table 7. The results show that the minimum fatigue life occurs at
the touch-down zone, at a distance of approximately 1868m from
the hang-off location for the in-plane mode VIV. The minimum
VIV fatigue life is determined to be 68 years according to the
DNV-E class design curve.

The combined fatigue lives of the SCR due to the wave motions
and vortex-induced vibrations are presented in Table 8, and the
minimum fatigue life is 46 years at the touch-down zone of the SCR,
which exceeds the design fatigue life of 30 years. The wave motion
fatigue is the major fatigue factor at the first weld below the
hang-off while VIV contributes the most at the touch-down zone.

o

~
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w
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w

Flex-Joint Rotation Angle (deg)

N
|
|

[N

0

N F T+ T N F T+ T N F T+
1yr 1yr 10yr
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Hydrotest Operating

M Rotation Driven Response

1 49‘2 50| 3 |51/ 4|52| 5|53/ 6 |54|7 55| 8 56 9 57105811591260136114621563‘166417‘651866196720682169227023712472

Heave Velocity Driven Response

N F T+ ‘ T N F T+ T N F T+ T
10yr 100yr 100yr

Extreme Survival

Fig. 6 Maximum flex-joint rotation angle for dynamic analysis
note: Near(N), Far(F), T+(Transverse+), T-(Transverse-)
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Table 7 Fatigue analysis results
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Hang-off [Wave/VIV]

Touch down zone [Wave/VIV]

Fatigue curve Factored min fatigue life

Curvilinear distance

Factored min fatigue Life Curvilinear distance

[years] from HO [m] [years] from HO [m]
DNV-D 2568/>100000 7.7 259/96 1867.5
DNV-E 1155/>100000 7.7 143/68 1867.5
DNV-F3 194/>100000 7.7 24/11 1867.5

1.E+09

1E+08

1.E+07

1E+06

1.E+05

1E+04

1.E+03

Fatigue Life (Years)

1E+02

1.E+01

1.E+00

0 200 400 600 800 1000 1200 1400 1600 1800
Riser Arc-length from Hang-Off (m)
= === DNV-D Curve DNV-E Curve  eeeseee DNV-F Curve
Fig. 7 Wave fatigue life along arc-length
Table 8 Combined Fatigue Lives 7. Sensitivity Analysis
Parameter Unit Hang-off TDZ
A sensitivity analysis is conducted to evaluate the influence of
Distance from HO m 7.6 1867.5 the variation in the design parameters on the SCR strength and
FOF and SOF damage 1/year 0.0009 0.0070 wave fatigue response. The reason for selecting design parameters
is that these are directly associated with the amount of project cost
VIV damage Vyear 0.0001 0.0143 which is the most important factor in the EPCIC project.
Combined fatigue damage 1/year 0.0010 0.0218
. . . 7.1 Strength Sensitivity Analysis
Combined fatigue life years 1155 46

Table 9 Strength sensitivity analysis load case matrix

The analysis is performed for only the worst survival loading

Drag coefficient Seabed stiffness

Sensitivity parameter

Flex-joint stiffness Insulation thickness

Taper stress joint

[-] [kN/m/m] (Bend moment) [kN.m] [mm] length [m]
Bare: 1.0 17.8 @ 0.1°
Base case traked: 2.0 1070 2019 @ 3° 63.5 7.62 (25 ft)
. Bare: 0.7
Drasgenzci):i:\flfiicwnt Straked: 1.4 Base case Base case Base case Base case
v (Lower Bound)
Seabed.s.tlfﬁless Base case Rigid seabed Base case Base case Base case
sensitivity
Flex-joint stiffness 70%
sensitivity Base case Base case e i) Base case Base case
Insulation coating 0.0
thickness sensitivity Base case Base case Base case N fosulion) Base case
Taper stress joint Base case Base case Base case Base case 3.048 (10 )

length sensitivity

(Reduced length)
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Table 10 Strength sensitivity analysis results
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Flex-joint rotation

Sensitivi arameter
vP [deg]

Max. vM/Yield stress ratio

Min. effective tension

[kN]

Max. effective tension

[-] [kN]

Loading condition Survival
Base case 83
8.4
Seabed stiffness sensitivity 83
8.9

Insulation thickness sensitivity 8.5

Drag coefficient sensitivity

Flex-joint stiffness sensitivity

Survival

Survival Survival
2675 64.6
2575 101.5
2679 64
2630 63.9

2858 144.8

0.86

0.87

0.86
0.7
0.9

conditions that are defined from the base case of the dynamic
analysis. The loading conditions are those that produce the maximum
flex-joint rotation, the maximum von Mises stress utilization, the
maximum top tension and the minimum tension at the touch-down
zone. The design parameters for the strength sensitivity analysis are
the drag coefficients, seabed stiffness, flex-joint stiffness, insulation
thickness and taper stress joint length, as summarized in Table 9.
The results of the strength sensitivity analysis are presented briefly
in Table 10.

The effects with respect to variation of drag coefficients which
are from 1.0 for upper bound to 0.7 for lower bound on the
flex-joint rotation angle, von Mises stress and top tension are found
to be no greater influence relative to the base case. However, the
minimum tension at the touch-down point with lower drag
coefficients is found to increase considerably from 64.9kN to 88.0
kN, which is an increase in about 36%, as illustrated in Fig. 8.

The SCR strength response is not generally sensitive to the
seabed stiffness except at the touch-down point location as shown
by Table 10. A rigid seabed reduces the minimum tension at the
touch-down point to 64 kN from the approximately 65 kN that is
found with the base case of the seabed stiffness of 1070 kN/m/m.
The seabed stiffness is thus expected to have a more weighty
impact on the fatigue performance of the SCR.

As can be seen from Fig. 9, the flex-joint stiffness that is
assumed in the base case analysis is considered to have a high
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mTS) Stress Utilization Factor Minimum TDZ Effective Tension

Fig. 8 Strength sensitivity result with respect to drag coefficients
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von Mises / Yield Stress
°
&
@
Rotation Angle (deg)

0 0
Base Case Flex-joint 70% Flex-joint 40% No Flex-joint

W TS Stress Utilization Factor Maximum Flexjoint Rotation

Fig. 9 Strength sensitivity result with respect to flex-joint stiffness

capacity. In particular, von Misses stress shows a downward trend
by lower flex-joint capacity whereas rotation angle is an upward
trend because of lower bending moment at hang-off region by
reduced flex-joint stiffness. A reduction of 30% in the flex-joint
stiffness shows that the maximum flex-joint rotation increases by
about 7% from 8.3 degrees to around 9.0 degrees. In case of not
considering the flex-joint, maximum rotation angle rises to about
11 degrees. On the other hand, the increase in the rotational
flexibility decreases the maximum von Mises stress ratio near the
hang-off by about 45%, from 0.86 to 0.47. The riser tension at
hang-off region and touch-down zone is not affected by the
flex-joint stiffness as shown in Table 10.

Fig. 10 shows that the insulation thickness is not important to
the riser stress and flex-joint rotation, respectively. A minor
increase in the maximum top tension was found by the loss of the
up-thrust contribution from the insulation if the insulation layer
was not considered. In addition, the minimum tension at the
touch-down point increases considerably from 64.9 kN to 145.6
kN, and the improved touch-down point tension can be achieved
by lowering the drag loading that results from a smaller effective
pipe diameter.

Fig. 11 describes the influence of taper stress joint length on
riser strength. The reduction of taper stress joint length brings
about increase in von Mises stress and bending moment of
hang-off region. In particular, the maximum bending moment rises

considerably from around 70 kNm at base case to about 200 kNm
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Fig. 10 Strength sensitivity result with respect to insulation coating
thickness

. 100
X 80

. 60

. 40

. 20
° o o — 0

Base Case TS) 20ft Ts) 15ft TS) 10ft

von Mises / Yield Stress
o o © © © o o
@ ® @ = I » B e
BN
g 8 8
Bending Moment (kNm)

°
~

°
i

H HO Stress Utilization Factor Maxmum HO Bending Moment

Fig. 11 Strength sensitivity result with respect to taper stress joint
length

Table 11 Wave fatigue sensitivity analysis load case matrix
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at reduced length case. The von Mises stress at base case also
increases to just under 0.75 at reduced length case. Through this
analysis, it is acknowledged that the taper stress joint provides a
smooth bending stiffness transition between flex-joint and first
welding point of steel catenary riser.

7.2 Wave Fatigue Sensitivity Analysis

The design parameters for the wave fatigue analysis include the
drag coefficients, insulation coating thickness, taper stress joint
length, internal corrosion, FPSO draft and seabed stiffness, as shown
in Table 11. The minimum wave fatigue lives at the top of the riser
and at the touch-down zone for the different sensitivity parameters
are presented in Table 12. The minimum wave fatigue life
distributions at the hang-off region and the touch-down zone for the
different design parameters are shown from Fig. 12 to Fig. 15.

Fig. 12 and Fig. 13 illustrate the influence of design parameters
The
sensitivity check using a higher drag coefficient of 2.0 for the

at hang-off region and touch-down zone, respectively.
strake section shows that the minimum wave fatigue life increases
from 143 years to 152 years at touch-down zone, which is an
improvement of 6%, and also rises from 1155 years to 1253 years
at hang-off region. The increase in the fatigue life can be
attributed to the increase in the damping force on the riser that is
rendered using a higher drag coefficient.

The wave fatigue performance of the SCR is sensitive to the
insulation thickness. The sensitivity check without an insulation
layer shows a significant improvement in the wave fatigue life

along the SCR relative to the base case. The minimum wave

e Drag Insulation coating Taper stress joint Internal Seabed stiffness
Sensitivity parameter coefficient thickness [mm] length [m] corrosion [mm] FPSO draft [kN/m/m]
Base case Straked: 1.4 63.5 nmm 7.62 m 0 Ballasted 1070
Drag coefficient sensitivity ~ Straked: 2.0 Base case Base case Base case Base case Base case
Insulation co:flt.m.g thickness Base case .O'O . Base case Base case Base case Base case
sensitivity (No insulation)
Taper stress joint length 3.048 m (10 ft)
sensitivity Base case Base case (Fivssal i) Base case Base case Base case
Internal corrosion sensitivity =~ Base case Base case Base case 3 mm Base Case Base Case
FPSO draft sensitivity Base case Base case Base case Base case Fully loaded Base Case
Seabed stiffness sensitivity Base case Base case Base case Base case Base case Rigid seabed

Table 12 Wave fatigue sensitivity analysis results

Minimum wave fatigue life [years]

Load case Hang-off Touch-down zone
Base case 1155 143
Drag coefficient sensitivity 1253 152
Insulation coating thickness sensitivity 3411 185
Taper stress joint length sensitivity 20 159
Internal corrosion sensitivity 601 126
FPSO draft sensitivity 704 38
Seabed stiffness sensitivity 1104 88
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Fig. 12 Fatigue sensitivity result with respect to design parameters

at hang-off

Fig. 14 Fatigue sensitivity result of hang-off in case of conservative

design

1E+05

1E+04

1E+03

Fatigue Life (Years)

1E+02

1840 1845 1850 1855 1860 1865 1870

Riser Arc-length from Hang-Off (m)

BaseCase = - Increased Cd  -++++- No Insulation = = Reduced TSJ

1E+05

1E+04

1E+03

Fatigue Life (Years)

1E+02

1E+01

1840 1845 1850 1855 1860 1865 1870

Riser Arc-length from Hang-Off (m)

BaseCase = — Internal Corrosion  +seses Fully Loaded Draft ~ — - Rigid Seabed

Fig. 13 Fatigue sensitivity result with respect to design parameters

at touch-down zone

fatigue life increases by about 30% from 143 years for the base
case to 185 years for the case without an insulation layer at
touch-down zone. The fatigue life at hang-off region rises by over
three times more than base case. This improvement can be
attributed to a reduction of the hydrodynamic loading on the SCR
if an insulation layer is not considered.

The base case of the wave fatigue analysis is applied by a
length of 7.620 m (25 ft) of taper stress joint. The sensitivity
analysis considering a reduced length of 3.048 m (10 ft) of the
taper stress joint shows an early more significant influence on the
wave fatigue life at hang-off region than other design parameter.
The wave fatigue life at hang-off region decreases considerably
from 1155 years in base case to 20 years in the reduced taper
stress joint even though the wave fatigue life at touch-down zone
increases to 159 years. In case of the reduced taper stress joint, the
wave fatigue life is not satisfied with the required design fatigue
life(30 years). This drop can be caused by increased bending stress
and von Mises stress at hang-off region.

As can be seen from Fig. 14 and Fig. 15, sensitivity analysis is
conducted with respect to conservative design condition, such as
internal corrosion, fully loaded FPSO and rigid seabed. In general,
fatigue is a long term consideration and it might be conservative to

Fig. 15 Fatigue sensitivity result of touch-down zone in case of

conservative design

consider completely corrosion on the riser during its whole service
life. A sensitivity check assuming an average wall thickness loss of
3mm around the internal diameter is performed to explain the
potential internal corrosion. It is observed that the minimum wave
fatigue life decreases by about 50% (from 1155 years to 601
years) at hang-off region and also declines by around 12% (from
143 years to 126 years) at touch-down zone.

The base case of the wave fatigue analysis considers a ballasted
FPSO draft condition, and the sensitivity check shows that the
FPSO motions under fully-loaded conditions produce a more severe
riser wave fatigue response. The minimum wave fatigue life
declines by about 73% (from 143 years to 38 years) at touch-down
zone under fully loaded FPSO draft condition.

The wave fatigue response of the SCR at the touch-down point
is particularly sensitive to the seabed stiffness. A rigid seabed is
found to significantly decrease the minimum touch-down point
fatigue life to 88 years relative to the base case fatigue life of 143
years, which is a decrease of approximately 40%. The decrease in
the touch-down point fatigue life with a rigid seabed is estimated
due to the higher riser touch-down point curvature than the elastic
seabed. On the other hand, the wave fatigue life at hang-off region
is not sensitive to seabed stiffness.
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8. Conclusion

A design of SCR for a spread-moored FPSO in West Africa was
carried out to obtain a suitable SCR configuration as an alternative
concept design for hybrid riser. The strength analysis and fatigue
analysis were conducted to evaluate the proposed SCR configuration.
Finally, the sensitivity analysis with respect to the variation in the
design parameters is conducted to assess the influences of variation
in the design parameters.

The configuration of proposed SCR is satisfied with design
requirements in terms of strength and fatigue life. This proposed
SCR can be a suitable alternative option of hybrid riser applied to
FPSO in West Africa.

The responses of the SCR strength are examined with respect to
the variation in the design parameters. As can be seen from the
strength analysis results, capacity of flex-joint stiffness and length
of taper stress joint affect a huge increase of rotation angle(7%)
and bending moment(180%), respectively. These components are
essential for SCR design with respect to project cost as well as
structure safety. Therefore, low level of optimal design for
flex-joint and taper stress joint should be conducted to avoid
excessive conservative design.

The influence of the wave fatigue life depending on the design
variables is studied. Through the result of the wave fatigue
analysis, it is true that insulation thickness, internal corrosion and
taper stress joint have a great portion of wave fatigue life. In
particular, reduced taper stress joint and full internal corrosion
show a dramatic decrease of fatigue life, which represent 98% and
48%, respectively. The optimal length of taper stress joint should
be obtained by riser design whereas internal corrosion can be
anticipated by flow assurance analysis, which is considered at the
stage of field development.
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KEY WORDS: Tsunami-vegetation interaction 22Ubm]-2]4 S 2+, Vegetation drag #1483, Tsunami waveform 2247 318, Wave
energy dissipation &A1 74], Navier-Stoeks solver UH|o-2~52 42 w9

ABSTRACT: The present study numerically investigated the influence of the waveform distribution on the tsunami-vegetation interaction using a
non-reflected wave generation system for various tsunami waveforms in a two-dimensional numerical wave tank. First, it was possible to determine
the wave attenuation mechanism due to the tsunami-vegetation interaction from the spatial waveform, flow field, vorticity field, and wave height
distribution. The combination of fluid resistance in the vegetation and a large gap and creates a vortex according to the flow velocity difference in
and out of the vegetation zone. Thus, the energy of a tsunami was increasingly reduced, resulting in a gradual reduction in wave height. Compared
fo existing approximation theories, the double volumetric ratio of the waveform increased the reflection coefficient of the tsunami-vegetation interaction
by 34%, while decreasing the transfer coefficient and energy attenuation coefficient by 25% and 13%, respectively. Therefore, the hydraulic
characteristics of a tsunami is highly likely to be underestimated if the solitary wave of the approximation theory is applied for the tsunami.

& A4 wa} ope}, AAAWL A F57H
gk wa AX s %a@ 289 F7k A7) whel A4
3 e 15¢ o7l A2 Sk %ok

o3l WsAR, AABA g
oA AghgRle] Ao ALkl

1o
B 2z %&1 %—z:, ek B3, sjerdy B o
[

A2 slekgsiel
AT wARE Qukel sunls FAxee AW ojg walo] nEw T glom, 4 Fai Hs A
$7) EE WGl 710 AANUATE Feo ofs) 2B AR FHOE LT Yok Tew AAe FHH P

A& A EA vl wE S dubEn mebs AFo] of  Fof Hls] AHT wuk oz}, Mo| AiolA S sk o4
B BR oplz}, S dAEHEE AvEErt e @ S vk oY olfllA ml=e HIET AN A=
2 tiosly] wf- ofHotk ofoll 2ubrle] g Fol e A A ABAY HFHOR AAE oXEe TAITA Ao
e TFI Fa7h ofuiglt WAl Zebo] AMHAT. o Iy fElugtelMe 4R A7AEe] Al B4
Arikawa et al.(2012)°] WER, o|tE|F Fiupo ARk A Ho] 2 JPAAL 9IS W, AR A A7V IAFHL A Gtk
A8ty A= Qlske] 2011'd FAE thA|Z] w o) 2] oo Me TP e o] s FEEENA ot
a7t AAHENT. 2y 2umE dhldk 94 FxEE AATES 2ARRL olAS RAYste] £ R o] §stal

Received 25 January 2017, revised 10 March 2017, accepted 20 April 2017
Corresponding author Dong-Soo Hur: +82-55-641-3150, dshur@gnu.ac.kr

(© 2017, The Korean Society of Ocean Engineers
This is an open access article distributed under the terms of the creative commons attribution non-commercial license (http://creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

121



122 Woo-Dong Lee et al.

dk Agd ATEAME I (Kobayashi et al, 1993;
Blackmar et al., 2014) 18] 3. 73432 A (Sugahara and Nagai, 1994;
Wu and Cox, 2015) I8]al AAL} FAREE 2A(Maza et al,
2015b; Lara et al., 2016)= &-8-3F ol A gedha], 2Agae,
FEEE 58 SAG a8l AdAae 7|23t 2%
HAG7F AJX= A THDubi and Torum, 1994; Anderson et al.,
2011). Yo7t R Rl A4 58S T9lste] 28 o
53 I F5H HIE B39 T Asano et al., 1992; Augustin
et al., 2009; limura and Tanaka, 2012; Ma et al., 2013). TH3E2{<l
TR 2D Z A= 2008'd Deltaresll 4] Mendez and Losada(2004)2]
24 ogt A4S -85t SWAN-VEGE 733
o}, Suzuki(2011)= A A3 &EATE VOF(Volume of fluid)H 719t
2] CADMAS-SURF/3D®l| =3t} X 2dS /M3t

2|24 s 7ol #HE AT-EE A= Huang et al.(2011)
& FEAEs WY FAl9 BoussinesqgZ2 ol Tanino and
Nepf(2008)¢] AFTZ2ES GO = Atg JEATE 483t
o Ao ot 2un| 4 EdS & AFSH T I8]3 Maza
et al.(2015a)> OpenFOAM"-S E-8-3}4] Huang et al.2011)] 4=
gl A wxg AN AEVE 2 mdYPsle] 22 A
=2 AgA7E Rttt 2k e AAs 2 mdd
si7lele AlLHs) ulg- 23, AP FRE Hold Afde
SFEE AMEAS7E dAFUDE o)RE FE3] Y8t Park
et al.(2017) A HE shte] mjA = 7}g gk 23+ N-S(Navier-
Stokes)'}g 2ol 7128 FX|H-sr2E NLSHATE EJF Lee et
al.(2017)2 A A m A ] 32144 v o)] WE 9tg 9 S8R E
FxHo 7 1AETh

o}z Aol I FUATE SIS AAFHT YA &EA
g YROAN FES| AT7EAE RuET Utk APH ATE
£ Kim(2008)°] 249l W wo] wE w4 Lee et al
(2009)°] 2]A4e] A2 IX &3 Lee et al.(2012)0] AF21A2]
ZulE AZaze] #3244 FEAE-S FAsGTh 18
FH A ATEL AFHREDE o] 83}e] Yang(2008)0] &
W2yl o3k 9lEPAE, Lee(2007)7} AT FAO| TS B
o3kt &4 229 CADMAS-SURFREES 83t sfetdd
o] WA EAS B3I THLee and Kim, 2014). Lee(2016)+=
Ao gt #F FEHE-S 1P HE] Asano
(2006)2] HHARDS o] g3ty A PdS ZARSFATE Lee
and Hur(2016)- Huang et al.(2011)2] 2] d g Az}e}lo] wul -
A4S EdE2 2uu) A4 Jaatgoe)] og R aikEs A
A BYE § & 3AY FAFsTRE MLk

3 FE/FAAREAAE 2UnE 29317 ste] 19
T ZA]EE] FE o] &HI Utk TV g uke] FAbg
g2 A Ygs 22um]ol vls)] o) FTHQu et al., 2017). 1
HEZ FlAFolA 2UrE Adslr] f8te 237]e ~E
239} o]l 5&EEE Z-(Park et al, 2013), 533K Nouri et al.,
2010; Liu et al, 2014) Za ¢=F7ld 93 Zapdy
(Rossetto et al., 2011)= ©]&3l7|= gt} I&w) Qi) 3] 2.9]
oAl SAfe] o] kR EX| grom, ARl TRiutEge] 2
Ur & AyAdskE 2ol ul$- FET) olol Lee et al.(2016)2 7]
= 1Yy} ZALO] 2(Grimshaw, 1971; Fenton, 1972; Goring, 1978;

Dean and Dalrymple, 1984)0l 7]Z3to] Thekst g9ty 22u4w]
£ FaFAdsrRodA HHoR 29 ¢ Qe
AlkstiTt.

2 AFolME 2y o mE Ao A iatE 5
AH oz HAES 7] A3t Lee et al(2016)0] A|FeF 2
< Park et al(2017)¢] 23} RISz ZEeto] 2]
Hgol wE Ao oA aite ROt 2unAY FT
Zhgol o3k darghs S olslstr] sl dFE=E, 7,
45H, HuRZE PAZoR nACL I8y PRI
o o] wkAL B3t olUAFH S-S AFHCR £Y
sto] ggo] oA|atel] mA|= Gl thel =2l it

2. TR =2E

B AFA s 2un- A4 vdE Fsagol o duA| 4
A& AR 18T 4 = Park et al.(2017)0] ASHEE 2-D NWT
(Numerical wave tank)E ©]-83%tc} o] 4% 522 PBM(Porous
body model)¥ VOF& EthZ 3+ 730143 N-S solvero| ™, 24
of 9% nHute] vl A, ANUAZAHE FH o LU
18] 3L Huang et al.(2011)9] A& 7e] vl - AF-& T3l Bl
A fFaAo] FRIEAT S 181 heFtt 1y o] 2t
u 2 z98l7] 95t Lee et al.(2016)°] A|QFe Z3HE-S Park
et al.(2017)2] NWTell 283}

2.1 XA

HIYSA - A FACNA B BES FRAR 88T 5

e A5 () ARl 7 FAAG
5T WA 2 785 Atk

olyy)
w_ 0
a(yuvi) B(Vivivl)
ot ox
_ Y ap 3(71VTDU) N _p_ _
- pa:c.,+ or, ST @A @

S O A~ K e -
A7VA v, =z, 2F FF, ¢ & 220 FEFEE, 5, AF
FTFE, v v, Y WA FFE = 4 2

A3, RE MG % SAXT, o5 FENEEY
= gege] U] HaiFolch

A% A (1ol WS4 fAlo) thd 713 pBMe] 72
OFFH2 28314, 2] (37 o] fAl BEFH o= 1}

—=Fyq 3



Effects of Tsunami Waveform on Energy Dissipation of Aquatic Vegetation 123

A7M = 2 AR A FA7F ARG RAL Q= A A Rlo|t

22 AMEE

214 &g FAANR)S A @ 2, FEAE A4
gxgo g FRAT
1 ov; v; v;
:ECU‘WH/U: +vj+67u(1*'\/1,,) EJrU,B—xiJrvj%j 4

A71A o= AADEC|T ¢, FEAIS|™, Chen and Nguyen
(2011)2] AFA (5)ZEHE] A EE IHEASG ¢, Sakakiyama
and Kajima(1992)7} A|Fg 1,55 Z-g3ch

N

50 Re
= o 0 7{ exp( 15000)} ©)

i
A71M Rt Reynoldsi(= - a= Al4e] Sdolelch

2.3 Mujo| =}

Brorsen and Larsen(1987)°] AQFgE FHIAL A= AlAFE S
FEFHx o AP OE o] AGHOE 2 (6)F 2ol
AT & 7Kt 83 YA Rhabalee] 39 A
%, FEIES AUsA /‘3"40}7]7]' oHth 12|22 Ohyama

oz Lo

n+h

U+h

©)

%
T

N Ol
ot
o

SHRIZSE R ERBER ISL - EEY T
ARAHON A +o 2 QG| wiel 44 27}
of = AR 2A SEe) 18T AR 5
7} Epiy,

NWTE Qe AxAA Azdlow FEE0] 7] wzo]
2 ()3 ol ZAAH | ARAT (Aol TE BE(g)e] DT

3 =
984
A9

T

7

=

mlm
N

Table 1 Incident tsunami conditions used in this study

2 oIl SIstel FFEE 48 Aeunh

. {q(y,z,t)/Azs x=ux %)

q 0 T FT

Lee et al(2016)E 7]& ZAMO|E B2 torst 1y
o 2UnE Zush] flste BEAIT 7PFTAATE Al
FelEth 2 Ao NWTolXE 2unlg A7 98k
Dean and Dalrymple(1984)2] 13} ZAo|2S EUIZ /&3t
tho] 3y AR ®)F % A (9)F ol &gth

—sea?| )2 —a 8
n=11;S¢€ 4 (/),h)g (Is ) ( )
T T
TN 2 “Aa 1 ©)
A7NA pe IPISFAAIS, B YA, hie $4, O Dean
and Dalrymple(1984)7]- Aekst 5= Vgh (1 (1+H/2h)), A= 2

@®)ZHE Ak FHu 9} °‘AML9H Hl(=n/H), e= Y
Amael alshe] W= #/h), 2, = SRR AR} 54
o] Hl(=2/h; z& BFSGORHRE] SRR AR Aol

3. TX|Al=2l|o|M

INE =T
) Rz WE AUARHEAE BAs] sl
24 $AEEEE TV, gl 3

Z(Sponge layer) S W X|3}a, FX4F2] F& AAE
Z1(Open boundary)= &L F4l(h) 25cme] 314 °4°:‘°1]E
E(B) 1L, =°] 25em®] AQUE WA A7A 1=
Dean and Dalrymple(1984)7} AQFst faubgo =2 4 (11)3
2o, A2 2] 95%0l Bk

Vegetation zone Tsunami
Width (B) Hight (7/h) Density (¢) Hight (#,/h) Volume (V/ V)
1 0 0.1 0.1, 0.2, 0.3 0.63-2
e 500 sl 500 5l
< < > .
wave source — o — unit: cm
> t B f‘ >
2 - — S
E o | = E
2 vegetation 3
< | sponge layer 25 sponge layer | <2
g zone S
o v &

Fig. 1 Definition sketch of a numerical water tank including vegetation zone



124 Woo-Dong Lee et al.

Hih=0.2
VIV, =1 (p=1)

0 150 300 450
tigh)”

Fig. 2 Waveform characteristics of incident tsunami due to the
virtual depth factor(3)

4.24h

Le/j = \/]_m (11

2uju| o] QAT A Z-S Table 19 YERATE 7] A
F/h=02 F,=0cmZA 2Avnpet Aol 2o 4 /he A
ool FAlFke] nloltk v/ v & Z1Egdol s AAnE Y
ERl L, 7HFAAIGH(8) o whE I EE= Fig 294 2t Fig
20014 FeA g8 =124 Dean and Dalrymple(1984)2] A}
o3} a1, 2] g o] AF sl tigk 7110l |k
714 71EF(1) iyl g1 WS 9, <1 F 3
< 247 o,

22+ FA ez ALY Y-S Fig 13 23, 8
ARNAAE Ar=lcm, Az=0.5cmZ SEI st} %7
Z(A)S 1x10°%0] 3L, A4kl =

2ol o3t 2upn] A AL olafshr] flste] Fig 40l
A4 FH Al - F29HY, Fig, 5ol 3Hso] AAid) Fdol
AAG W o] 5 Ede 27 YeRATth Fig 4014 242}
9] FE-2 0.25s HAolth Fig. 5014 95 (w,.)= Raffel et
al.(1998)%} Raffel et al.(2007)] A|<HEH 2] (12)-(16)F ©]-&3hH,
=AY Jde Fig 33 Atk o474 u93A Ad e
FHDH #o= WAA W g Ad SEE 59 @S
2 AAGE =5 47 Y3t

& oofy

(‘QA +42 790790)

w.rz = 4AIAZ (12)
1

2, :Em(“rf—l,k—l +2u; 5 T U my) 13)
1

QB*EAZ(ML+1,k—1+2w1+1,k-+“’i+1,k+1) (14)
1

QU:EAl'(“iH.kﬂ+2“i,k+1+“i—1,k+1) 15

1
‘QDZEAZ(wf’I:kJrI+2wl*|.k+wi,—l,k71) (16)

i-1 i i+1
O «—— O «—— O k#1

l LTk
w| | T

O —> O — O k1

—

AX
Fig. 3 Conceptual diagram of the circulation calculation for estimating

vorticity at a point

£

o S

——

Vegetation zone

-1 0.5 0 0.5 1 15 2
XLy

Fig. 4 Temporal and spatial distribution of free surface elevations
by a tsunami around the vegetation zone for H/h = 0.2

clockwise anticlockwise

B e e e

W, 8 .75 .7 65 6 55 5 45 4 35 3 25.2 151 050 05 1 15 2 25 3[¥d

02

20cmis

01 |

of
- ceececoaa
R comoooesn 000 g
o

02 [

Y3

'
1

i

g

:

J
A
0

Fig. 5 Flow and vortex fields in the upper section of the
vegetation zone for 7Z/h = 0.2

Fig 4256 AWgEOR Qo] Aun] HeolA s 4
Sagol WAYSHE, Aurael Babyg T uls) v Aok
T3 AT SRR Astel e FAAEE FUY wg
b wAekA ok ol RISk 2 Faby FaBol M
FIEOl 2 By ol fANT BET} k5] RO o
slch 1 A, A4tE Sashs sune szt AA3)
Zassta, A4l o) Rgust 24 4o & 5 Ak

Fig 4004 =913 wazha@age A4 fAAR W
Fig 5o A8 oh5ol o3 o ibo] 703 Yglow
Wtk Fig. SERE A G ) 44T el 4ol
Aol wet ok 9ise] fAtolk AXA ek o] e
e A vk Aol AAYEF OSEE B
of s} AugHe ANTE FHshs sunle] oS
AAAA, Sz B o el B,

Fig. 690413 2xubale] Qabshast alzhe] vl /nol whe

A At o

O



Effects of Tsunami Waveform on Energy Dissipation of Aquatic Vegetation 125

1.25

1 + Hih=04
—A— Hih=02
+ Hih=03

No vegetation

s |- S S S RO S

ima /H;

I [N SRR AUUU SRR N s
T

D S N S O A S S S SR SR
e

,,,,,,,,,,,,,,,,,,,,,,,

S S
' ' ! | Vegetation zone |

4 075 05 025 0 025 05 075 1 125 15 175 2
Loy

Fig. 6 Distribution of the tsunami heights around the vegetation
zone due to H/h

A FHe] MIREES UehiIth o7]AM se (@)
H/h=0.1, MM AP (A)S H/h=02, AFY PR
H/h=02, 72 AH(—)& 2] EABA &+ H/h=0.29]
7855 27t UERiT,

Fig. 49} 50l 4 ARk 213} o] 24t oM 2] 9]
vy 25 st AAUE FHstEA sk MAE Fof
B @S ARG 5 ok A4 wjFolld s g vt
T2 FAEEA AaEs 2le 5 ATk AT A e
WL FVAYE B/ eSS A oA H/n7t TS
iAo o] A7) wlol] FHAFL] Fgol kst T
she Ao R At 3 At wWie2 AEss vas

H/h7} 255 ZolA s A3E Bolu, F/h=09] 2 x7000A

= H/h=02%} H/h=032] Aol= A4 STt FH Jro.Z 4]
EZ% Huang et al.2011)9] AFA A = 7/holl BE A
o] 3% AFES Ho|r|= gl

3.3 Mujn| ool e osE K%

Fig. 78 593 QA 2(H/h=02)004 2xvm] 5130
W2 A FHe 5 9 §5AolH, (b)E Dean and
Dalrymple(l984)~/] ZALO| 2o oJd I -HIN 1/ V,=1)7F W53}
= A% (s AR F2 331/ 1,=0.65), (hE EQ’Q‘
.eraﬂ(WV—z)«l A5 44 vEhIt o7]A -457“4

Lo AT Q8lS A (a/L,, =0)lH 7P =
14—\5}1/}—: F=tol T,

Fig. 7914 V/V,7} 2% 3083} fEEE7) 5 By
ofel, AAAR frol Atk A& A} o] frdo] FF
E Aol ggo] SolEAl Atk Y f§59 FAEE
HoE AL gulsk 329 X&A|7ke] dojx|7] wE
7t FoRdh, A BR JhEErh ARl BAA e
HA ZolA A fok wEtA v/ 17 45 A8
20157] ol 22um| o) oA o] Fopd Zom
=, o]Zel thal] they TElellA AE =oE oloiith

«]7}

E3

zlh

Hi/h=0.2
VIV,=0.65

—
20cm/s

Vegetation zone

-0.5 ]

0.5 1

X/Lest
@ V/V, = 0.65

—
20cm/s

Vegetation zone

0.5 1

X/Lett

) Vv, =

Hi/h=0.2 20cmis
VIVe=2.0

Vegetation zone

-0.5 [

0.5 1

X/Left

© Vv, =2

Fig. 7 Spatial distributions of wave and flow fields by a tsunami for #/h = 0.2



126 Woo-Dong Lee et al.

3.4 Ao M=o AlZhtd

Fig. 82 UIEZ OS2 [ /h=039] YAFLZANA 22140] 5}
o) wE A o] ARtE-S vEeRd g zo|th Fig. 8
AA (aF z=-5m AFWGHY A, bE z=5m AH
(WG2)9] ARHES 242 YehdTHFig. | #2). o714 w7}
Al 242 Dean and Dalrymple(1984)2] AR E(V/V,=1)9] il
Hago|th

. «—incident

0.8

06 [----------

n IH;

04 f----------

Reflected |
0.2 !

t(gh)"2

(@) WGl

A

0 5 10 15 20 25
t (gh)"2

(b) WG2

n IH;

0.2

-0.2

Fig. 8 Time-series of free surface elevation by a tsunami in the
front and rear of vegetation zone for H/h = 0.3

Fig. 8(a) 25 oF 62 F-ollA thafdh 24w o] A&
AT 9, oF 153 F2ollA Aol oJg wiabgol
ehdtt. o71M 1V 7F 255 st ke AEE B
ol FEHE WL WV 7F 255 WAl §ldo] W]
3, st golint o] @ v/ v 7h E55 o] dojA
2l A FEH o] AjRfo] WhebAan, M AIRRe AofA] 7]

wolth. Fig. §(0)2FE V1 7} S7Hdes A4 ie=
AgEE 2u)e) syt J3, 9de] man, ojze A&
sieh 2kl v/, 7k 5 A4l 27 ol A|axdto] 2tobaf A
@otart AA L, Aol ofgh frdzhart Zoba o] wet
Ae Aoz olsjdtt. ol HFFEI}F AUE FHdh= 2
tnle) WAl A, duA el B AFH #4e os o
FollA Fyshr)= drt

3.5 ML{O|Q| HEAL FE, OfL4X[ 24

Fig. 9% Fig. 8ollA st A0 AFe] A7talsg o 2 HE
HAM (), A HY), AEHI(H)E 2 (17)-(19)°] o
Jated Nz WHAAIG(K,), HBAIGH(K,), ANARZLEASF
(B)E ARV vy)ell whek YeRR 1 zolth Fig. 9914 (a)=
H/h=0.1, (b)= H/h=02, (c)E H/h=039] 355 7 HoFE

o o714 254 U@ WA, Tk nEn( ey T
A%, Wb AR IR ASE A2 ofv)

HH

Kp=— 17
H,

Kp=— (18)

E, =\1-K,— K> (19)

| ——@— Reflection coefficient (Kg)
1 . T 0 ——4@—— Transmission coefficient (Ky)
| | | ——W—— Energy dissipation coefficient (E;)

Kg, Ky, E,

0.2

0.5 0.75 1 1.25 1.5 1.75 2 225
VIV,

(@ H/h =0.1

——@— Reflection coefficient (Kg)
1 ; ; - ——4— Transmission coefficient (K7)
! | | ——W—— Energy dissipation coefficient (E;)

K, K1, E,

0.5 0.75 1 1.25 1.5 1.75 2 225
VIV,

() H/h =02

——@— Reflection coefficient (Kg)
1 ; ; - ——4—— Transmission coefficient (K7)
. } | ——W—— Energy dissipation coefficient (E;)

K, Ky, E,

0.5 0.75 1 1.25 1.5 1.75 2 225
VIV,

(©) H/h =03

Fig. 9 Characteristics of the reflection, transmission, and energy
dissipation coefficients due to the tsunami waveform



Effects of Tsunami Waveform on Energy Dissipation of Aquatic Vegetation 127

1.5

[ ] H;/h=0.1
* H;1h=0.2
A H;h=0.3
Fitline

-
N
o

-

Changing rate of Kz

o
93
a

I I
I |
A |
‘ | I
I I
I |
I |
0.5 ‘ !
0.5 0.75 1 1.25 1.5 1.75 2
VIV,
(a) Reflection coefficient
15
®  Hilh=04 !
&  Hilh=02 | 1
A Him=03 4 A

Fitline N

Changing rate of Kr

ViV,

(b) Transmission coefficients

1.5

[ ] H;/h=0.1

* H;h=0.2

A H;/h=0.3
Fitline

Changing rate of E,.

0.5
0.5 0.75 1 1.25 1.5 1.75 2
ViV,

(c) Energy dissipation coefficient

Fig. 10 Changing rates of the reflection, transmission, and energy
dissipation coefficients due to the tsunami waveform

Fig. 925 V171 AdSTE A8FgE e FgFo] o7
wjZoll 22U K= FA FUVekaL, B = 3A A4S 1
g 20 AA FETH AlRte] dojR R e K&
&aFd MRS & 5 Ak o] A B/n7F VSR VT,
Shol| whE AH A 2upv] AFWAsE 37 wWEol BS 5
ZA%S Jelt) Fig 9a) H/h=0.1914% V/V,>1.25 7
K,7} 37}, E, 9| Aaske Aol A 39t} o]A e
H/nAste] M2 AdAQ0 Auvm) o] A Amstel #io]
, H/h7Y 25 v/ v iste] o Al sl 3}71
wolth. BAAAE THEE, 2o Fio] Hojds
(V/V,7F A-FE) o)Fshe fAlZe] $7183 B Eo] v#%_‘—
Z7F ol o2 Aol g fAIA e FFFo] FoETE O
A3, v/v, 7t E5 249 k7t S8t B v AAsheE
AgE Yty 2813 K5 V7 55 24e A
S AEATe] dojR o g Frkshe AdS Jehdth

Fig. 10 Fig. 914 =9=Ad /1,0l & 2umle] i,
K;, E,2] W34S Dean and Dalrymple(1984)2] AR}E S 7]
FHV/ V=)o 2 YERAY. Fig 10914 () &, ¥3L, (b)
v K9 H3kE, oF £ ¥WsES 47 Jehith o7)A
ARA A(@)2 1/h=0.1, TN vE (@)= H/h=02, Bt
A A7 (A)S H/h=032] AFE 77t BojFE,

Fig. 102 25F IJFELZ(1/7)l wWE AHANE o=
2l o] gL e oA é—% olefd & Aok /1
7V VT E K% kv 37) B2 aske AEE UER
H, ggo] 7 wWe v/ v,=29 A% 1—t— V/ V=18t Hi
K, £ 006 37}, K, 013 37} B, 011 Z4ast. 18
Aol Iy uty tiv] WEleS AR, AAn) 7t 269l A
HVI V=2l e Ky 34% B7Y, Kp© 25%, B, 13% ZH4ast
= Ao = Yehsith

ool FRAFH] TASH Aol TYIAF R 1ol
HE Afole A o3t AR R} Aol o R K,
7} F7khe o2 Yelgth A 87t 2Ad 2un e
1Y ZASYPRT Yo BEE s Q7] Wi ] FAR
ool Aol BS Agste 2AUmE AT 7ol HAaTt
2 57 Utk

Mu
rO
_(?L
2

o jo m 2 rsh

éierzi—{oﬂril'
_ELrQL'

4 22 o 2E

E ATolAe 2y gFo] 2umAA) FGeakgel] &
FEEA PXE FFS BAE7] 98t Park et al.(2017)°]
A

P%E} “L‘rul SR I e

(1) Lee et a1.(2016)°l A ket thekgt g ut o] 2| 23
WS Park et al(2017)9] 234 FX| 3500 =YSHATH

(2) 2424 s ARgol % FagHHAUES ol
T ANeH, FAG FHEEe] e FAAH FREHR Z

2 F3o] 2 At Ar A vise] shs@al e



128 Woo-Dong Lee et al.

3 AZ1ARI Hugta|7E AT IR st 2] Bl%
o] 2wl gL FA W3R v s ERIT F AT

(3) V7t 275 A8 Y 9 FTo] FolEaL, 2|2
Farde] A&AZre] dojF oz Bl wAAsE &
7FstaTt. 2218 2um|e] oA AlE Hashs AS
& T AT

4) DAl IHIAF(V/ V=1 tiEl 1/ 1V,=29] ASolAE
WA 7} 34% F7Y, ABAIT7E 25% F7F, NURZEA A7
13% Z+23kiTh

o) ide] Aol TATI AA BT Aujus ZAl| R
IPFF R} HI] dfEe] ZA|EE FHE3 2] RojE
g Zol| oA HAF/ME V) Atk aEE A
o] FEEA Ao 1T ZAo|EE HE3l FARAE
Y A Lee et al(2016)F Zo] W& uRP9EH 2ynE
o7 AT F Qe 2RSS 287U, A LAY
gk 2ol By 3 vlwste] AHRle] wE 7EXE 1Est
= o] §EE Aoz getdAr

7|

ol

o] =2 20168 AR (LS9 Ao = dTAf e
A L& wol FaE 7] =ATAF] Y(NRF-2016R1A2B4015419).

References

Anderson, M.E., Smith, J.M., McKay, S.K., 2011. Wave Dissipation
by Vegetation. U.S. Army Engineer Research and Development
Center. ERDC/CHL CHETN-I-82, 22.

Arikawa, T., Sato, M., Shimosako, K.I., Tomita, T., Tatsumi, D.,
Yeom, G.S., Takahashi, K., 2012. Investigation of the Failure
Mechanism of Kamaishi Breakwaters due to Tsunami; Initial
Report Focusing on Hydraulic Characteristics. Technical Note
of the Port and Airport Research Institute, Japan, 1251, 52.

Asano, T., Deguchi, H., Kobayashi, N., 1992. Interactions between
Water Waves and Vegetation.” Proceeding of the 23rd
International Conference on Coastal Engineering, ASCE,
2710-2723.

Asano, T. 2006. Wave Attenuation and Sediment Deposition due
to Coastal Vegetation, Journal of Global Environment
Engineering, 11, 29-44.

Augustin, LN., Irish, J.L., Lynett. P., 2009. Laboratory and Numerical
Studies of Wave Damping by Emergent and Near-Emergent
Wetland Vegetation. Coastal Engineering, 56, 332-340.

Blackmar, P., Cox, D., Wu, W. 2014. Laboratory Observations and
Numerical Simulations of Wave Height Attenuation in
Heterogeneous Vegetation. Journal of Waterway, Port, Coastal,
and Ocean Engineering, ASCE, 140, 56-65.

Brackbill, J.U., Kothe, D.B., Zemach, C., 1992. A Continuum Model
for Modeling Surface Tension. Journal of Computational
Physics, 100, 335-354.

Brorsen, M., Larsen, J., 1987. Source Generation of Nonlinear Gravity
Waves with the Boundary Integral Equation Method. Coastal
Engineering, 11, 93-113.

Cheng, N., Nguyen, H., 2011. Hydraulic Radius for Evaluating
Resistance Induced by Simulated Emergent Vegetation in
Open-Channel Flows. Journal of Hydraulic Engineering, 137,
995-1004.

Dean, R.G., Dalrymple, R.A., 1984. Water Wave Mechanics for
Engineers and Scientists. Prentice-Hall, Englewood Cliffs, New
Jersey, 353.

Dubi, A., Torum, A., 1994. Wave Damping by Kelp Vegetation.
Proceeding of th 24th International Conference on Coastal
Engineering, ASCE, 142-156.

Fenton, J., 1972. A Ninth-Order Solution for the Solitary Wave:
Part2. Journal of Fluid Mechanics, 53, 257-271.

Goring, D.G., 1978. Tsunamis-The Propagation of Long Waves
onto a Shelf. Report KH-R-38, California Institute of
Technology, 314.

Grimshaw, R., 1971. The Solitary Wave in Water of Variable Depth:
Part 2. Journal of Fluid Mechanics, 46, 611-622.

Huang, Z., Yao, Y. Sim, S.Y., Yao, Y., 2011. Interaction of Solitary
Waves with Emergent, Rigid Vegetation. Ocean Engineering.
38, 1080-1088.

limura, K., Tanaka, N., 2012. Numerical Simulation Estimating the
Effects of Tree Density Distribution in Coastal Forest on Tsunami
Mitigation. Ocean Engineering, 54, 223-232.

Kim, W.G., 2008. An Experimental Study for Wave Energy
Attenuation by Vegetation Density” Master's Thesis, Gyeongsang
National University, 40.

Kobayashi, N., Raichle, A.W., Asano, T., 1993. Wave Attenuation
by Vegetation. Journal of Waterway, Port, Coastal, and Ocean
Engineering, ASCE, 119, 30-48.

Lara, J.L., Maza, M., Ondiviela, B., Trinogga, J., Losada, LJ., Bouma,
T.J., Gordejuela, N., 2016. Large-Scale 3-D Experiments of
Wave and Current Interaction with Real Vegetation. Part 1:
Guidelines for Physical Modeling. Coastal Engineering, 107,
70-83.

Lee, S.D., 2007. Numerical Analysis for Wave Propagation and
Sediment Transport with Coastal Vegetation. Journal of Ocean
Engineering and Technology, 21, 18-24.

Lee, S.D., Kim, M.J., 2014. Effects of Disaster Prevention of a
Coastal Forest Considering Wave Attenuation Ability. Journal
of the Korean Society of Hazard Mitigation, 14, 381-388.

Lee, S.D., Kim, S.D.,, Kim, LH., 2012. Reduction Effect for Deposition
in Navigation Channel with Vegetation Model. Journal of
Navigation and Port Research, 36, 659-664.

Lee, S.D., Park, J.C., Hong, C.B., 2009. Hydraulic experiment on
the effects of beach erosion prevention with flexible coastal
vegetation. Journal of Ocean Engineering and Technology, 23,
31-37.



Effects of Tsunami Waveform on Energy Dissipation of Aquatic Vegetation 129

Lee, S.D., 2016. Characteristics of Wave Attenuation with Coastal
Wetland Vegetation. Journal of Wetlands Research, 18(1),
84-93.

Lee, W.D., Cox, D.T., Hur, D.S.,, 2017. A Numerical Model Study
on the Wave and Current Control by Coastal Vegetation. Journal
of Coastal Research, Special Issue, 79, 219-223.

Lee, W.D., Hur, D.S., 2016. Application of 3-D Numerical Wave
Tank for Dynamic Analysis of Nonlinear Interaction between
Tsunami and Vegetation. Journal of the Korean Society of
Civil Engineers, 36(5), 831-838.

Lee, W.D., Park, J,R., Jeon, H.S., Hur, D.S., 2016. A Study on
Stable Generation of Tsunami in Hydraulic/Numerical Wave
Tank. Journal of the Korean Society of Civil Engineers, 36(5),
805-817(in Korean).

Liu, H., Sakashita, T., Sato, S., 2014. An Experimental Study on
the Tsunami Boulder Movement. Proceedings of the 34th
International Conference on Coastal Engineering, ASCE, Seoul,
Korea.

Ma, G., Kirby, J.T., Su, S.F., Figlus, J., Shi, F., 2013. Numerical
Study of Turbulence and Wave Damping Induced by Vegetation
Canopies. Coastal Engineering, 80, 68-78.

Maza, M., Lara, J.L., Losada, 1.J., 2015a. Tsunami Wave Interaction
with Mangrove Forests: A 3-D Numerical Approach. Coastal
Engineering, 98, 33-54.

Maza, M., Lara, J.L., Losada, LJ., Ondiviela, B., Trinogga, J., Bouma,
TJ., 2015b. Large-Scale 3-D Experiments of Wave and Current
Interaction with Real Vegetation. Part 2: Experimental Analysis.
Coastal Engineering, 106, 73-86.

Mendez, F.M., Losada, 1.J., 2004. An Empirical Model to Estimate
the Propagation of Random Breaking and Nonbreaking Waves
over Vegetation Fields. Coastal Engineering, 51, 103-118.

Nouri, Y., Nistor, 1., Palermo, D., 2010. Experimental Investigation
of Tsunami Impact on Free Standing Structures. Coastal
Engineering Journal, JSCE, 52(1), 43-70.

Ohyama, T., Nadaoka, K., 1991. Development of a Numerical Wave
Tank for Analysis of Non-linear and Irregular Wave Field.
Fluid Dynamics Research, 8, 231-251.

Park, H.S., Cox, T.D., Lynett, P.J., Wiebe, D.M., Shin, S.W., 2013.
Tsunami Inundation Modeling in Constructed Environments:
A Physical and Numerical Comparison of Free-Surface
Elevation, Velocity, and Momentum Flux. Coastal Engineering,
79, 9-21.

Park, J.R., Jeon, H.S., Jeong, Y.M., Hur, D.S., 2017. Numerical
Analysis on Energy Dissipation of Tsunami through Vegetation
Zone. Journal of Coastal Research, Special Issue, 79, 194-198.

Qu, K., Ren, X\Y., Kraatz, S., 2017. Numerical Investigation of
Tsunami-Like Wave Hydrodynamic Characteristics and Its
Comparison with Solitary Wave. Applied Ocean Research, 63,
36-48.

Raffel, M., Willert, C.E., Kompenhans, J., 1998. Particle Image
Velocimetry: A Practical Guide. Springer Verlag, Berlin, 253.

Raffel, M., Willert, C.E., Wereley, S.T., Kompenhans, J., 2007.
Particle Image Velocimetry. Springer Verlag, Berlin, 448.

Rossetto, T., Allsop, W., Charvet, 1., Robinson, D., 2011. Physical
Modelling of Tsunami using a New Pneumatic Wave Generator.”
Coastal Engineering, 58, 517-527.

Sakakiyama, T., Kajima, R., 1992. Numerical Simulation of Nonlinear
Wave Interacting with Permeable Breakwater. Proceeding of
the 23rd International Conference Coastal Engineering, ASCE,
1517-1530.

Sugahara, K., Nagai, T., 1994. Hydraulic Model Experiment on
the Artificial Seaweed against Scouring and Beach Erosion.
Technical Note of the Port and Airport Research Institute(PARI),
771, 39(in Japanese).

Suzuki, T., 2011. Wave Dissipation over Vegetation Fields. Ph.D.
Thesis, University of Technology Delft, the Nederlands, 175.

Tanino, Y., Nepf, H.M., 2008. Laboratory Investigation of Mean
Drag in a Random Array of Rigid, Emergent Cylinders. Journal
of Hydraulic Engineering, 134, 34-41.

Yang, J.Y., 2008. Wave Propagation with Vegetated Coastal Area.
Master's Thesis, University of Ulsan, 45.

Wu, W.C,, Cox, D.T., 2015. Effects of Wave Steepness and Relative
Water Depth on Wave Attenuation by Emergent Vegetation.
Estuarine, Coastal and Shelf Science, 164, 443-450.



ok

=8| ¥33t3] 2] A31AH A28, pp 130-140, 20173 4€¥ / ISSN(print) 1225-0767 / ISSN(online) 2287-6715

[Original Research Article] Journal of Ocean Engineering and Technology 31(2), 130-140 April, 2017
https://doi.org/10.5574/KSOE.2017.31.2.130

Development of New Type of Submerged Breakwater for
Reducing Mean Water Level behind Structure

Dong-Soo Hur, Woo-Dong Lee”, Nam-Heon Goo, Ho-Seong Jeon” and Yeon-Myeong Jeong

"Department of Ocean Civil Engineering, Gyeongsang National University, Tongyeong, Korea
“Institute of Marine Industry, Gyeongsang National University, Tongyeong, Korea
“LNG/Plant Civil Department, Dasan Consultants Co. Ltd., Seoul, Korea
""Hydro science and Engineering Research Institute, Korea Institute of Civil Engineering and Building Technology, Goyang, Korea

W49 AanE 71 Ao 2Ae)

o O 1o
S S ES )
"ERAd s s AT A

E E

() THEARE B4l R
TR ST FAY FAATL

KEY WORDS: New-type submerged breakwater 41715 %A, Drainage channel ¥+=, Wave attenuation 17}4], Reduction efficiency
of mean water level B¢ #7+& 7, Wave breaking 4|3}

ABSTRACT: Typically, a submerged breakwater is one of the good scene-friendly coastal structures used to reduce wave energy and coastal erosion.
However, sometimes, a submerged breakwater also has a negative aspect in that a strong rip current occurring around an open inlet due to a difference
in mean water levels on the front and rear sides of the structure leads to scouring. Such scouring has a bad effect on its stability. In order to eliminate
this kind of demerit, this study investigated four new types of submerged breakwaters with drainage channels. First, hydraulic experiments were
performed the typical and new structures. Then, the wave height and mean water level distributions around the structures were examined using the
experimental results. Finally, it was revealed that the new type of submerged breakwater could efficiently reduce the mean water level on its rear
side. In particular, in the case of new-type submerged breakwater 2, an average reduction efficiency of 71.2% for the difference between the mean
water levels at the front and rear sides was shown in comparison with the typical one.

4 s Y Bejo] 7)5E FYstet 4T
g RS F= A3 sk Atk ol Hur et al(2013)2

FEIA|ol8l, FAE olbA|et 2] WIkA| nlErt & A 2l FE3 T8N dFRAE T3 ANTR
A ofefol] fX|Et7] W&ol v HE 5T dFudte] bt E wAUe 28 TRE goetde Byl ohye, 3akd
3, FE AAATE JUE /X = 9 EjZ ol ¢YoKEwiniar) W<
Akl WAl 2 A9 A FHY vla, HEd, HERF 22l TR o
E A upRollA A ZERE T3 B TR AEFdEAdS 243

1. M =

for

ATAAN HAFAUAE FEANE g BHOE BAHT  oldd BAFCl tehtn JLNE FA B ATEL
otk AT A ke gle] Aol A MF] HaFee  ohni Aol Jlse] FHL T2 ATHd Angremond et al,

e Aol NTRE Tl JE WA= A 1996; Seabrook and Hall, 1998; Calabrese et al., 2002; van der
BEo] A=} TR FHY Mg BT FHE ¢ Meer et al., 2005; Goda and Ahrens, 2008). <&l S A =3
Aotk ES o] oAl L] Mo AAlS) /Bl 2 o] 3EEAS mokelE e ATEC] IYHL AT, A 23}

Received 30 December 2016, revised 8 April 2017, accepted 20 April 2017
Corresponding author Woo-Dong Lee: +82-55-641-3150, leewoodong@gnu.ac.kr

(© 2017, The Korean Society of Ocean Engineers
This is an open access article distributed under the terms of the creative commons attribution non-commercial license (http://creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

130



Development of New Type of Submerged Breakwater for Reducing Mean Water Level behind Structure 131

LA AF-E(Hur and Kim, 2003; Garcia et al., 2004; Hsu et al., B AFAM = ZA Hﬂ—r-/] HAFHIE A7) fE &

2004; Chen et al, 2010; Hur et al, 2011)°o]A:, HW 23194 27} AXE 275 ZAA gl AAE Fgste] Fajngal
A-E(Johnson et al., 2005; Zysermana et al., 2005; Johnson, & AN J8lu ASE AREZHE I A giv] 4l

2006; Zanuttigh, 2007; Zhang et al., 2013)°] TiE-Eoltk HZo] 715 A Hie WHIEAS Fefdth tFo= ol

obA 3AHQ AF7L FHH T YA WA FHe E2EH BEFS] AT FA AN o)¢tRE AT FH BF
o T3t AF= o}z mFslth B3 &A HjEe Sitso] BA WA= T tiE AES F, HFHOE ARG 41V]

MR o] 5224 nAE G tslxE A =] T WAL A B3 =efshe Ale HHeR .

= Ho] gl AAo|tHHur, 2004; Kramer et al., 2005; Caceres

et al,, 2008; Hur et al, 2012a; Hur et al, 2012b; Sharifahmadian 2. TEEgAY

and Simons, 2014). ©]l Hur et al.(2010)2 FX|J-5FZolA T

g HAlo dAehs HZ] Ao WE o - alle] oA 2.1 2R FE[2 L '.3:.4—?5 el 7.§.U<1IE64

H3lE AEsQ o, U - 9] £t FoldLE TR Ws AL SaA WSl mE wFaee 2dade

WA Rs 550] FiAE e Felstsih vpetsr] §lske] w23k PP AN S8

120

wave
absorber

|
I 825 50 150 50 1 175 ' 500 I

Unit: cm

|
100 !

3500

(a) New-type submerged breakwater 1

50 50 50
> >y

3
A A

(b) New-type submerged breakwater 2

50 10 40 50
e

(c) New-type submerged breakwater 3

50 50 50

I
I
|
I

(d) New-type submerged breakwater 4
50 50 50

|l »le »le

A

3

Fig. 2 New-type submerged breakwaters used in hydraulic experiments

(e) Typical submerged breakwater A9 94 v s



132 Dong-Soo Hur et al.

m, = 0.5m, =9| 12m4 sz A 23
HAHA }1254 3} S| A A S A=) 5}
APH S 7}{1 ﬁ7lb ﬂzﬂﬁ ARk 1

JH XH HJAHE— FA87] 8 2
EXA f‘%‘*ﬁ]" %?%?ﬂ *ﬁlo}‘}iE} Ao o] &g Zirze|
A 2 A" HaAe $IXE Fig 19 JERATE
Zprzol| A RaA e fXE 23] AHlA 12m Eolxl
3ol YA =48 93 SuAE ARSI, JHA Fe 15
A A 30cmiFA o2 SAIAE BX|FtY FAHET ARE
FHAHFE | FR). FASAHAE AEA 30eme] &34
1A 671F o] &3FAth BE S-S Azt sty 5713}
317] {3l A No. 05 g3k, Y A] 5719 daAE o]
S8l 39l AA =gk a8la vRESAel 2em(h
=27cm)$! 7A-¢-ol= Al No. 73 No. 97} B #7]A] ke
57t wAste] FEg S48 st FEolskAl FarA|g
AXZ ol =&t FA No. 72 ZA| ulFo] Fobol X3
3314 No. 8ollA4 Al AHZ S0cm 123 No. 9% FalA
No. 8ollA ZA] WjlE=0 =2 40cm x| A8 1 Hho
FaiAl 9] 2FA-L 30cmeH, RE FaAAME 25Hz (HEH O R
1,024711] SHRS] A5 A%ﬁ}ﬁﬂ
A AHRE FA RES <
Az A7 Aol gy *J—S— Fig. 20| ek
2ol F 4719 Z¥(Fig. 2 (a)(d)° B
2ol A wjFe] 97} dsdtH %.Pxﬂ—g— B3t
550l 5T & YRR FHARE XA 1
Fig. 2 (@< (o A $FH9 $HARE A==
= ‘1&501 A v 9o FHdEE o] FRAAR
% < FE3tes T8kt =3 Fig. 2 ()%
(D= THAR Aol w2 A 5o} sl gd= <l
s HAS] wEhs Haslsh] flete £3e A
AstR o, 271%E Aokl HwE I3t Fig. 2(e)oll Y}
Wi e A Zo] dRbEQl AltelE Aol tiEiA= A
dqe @_Alé}%‘\t} E3 HARE T 55| /MEE H8HH
T8t 23 WA F 9ol JHE o
& A TS B2 YFEI JIAE FYsta HiYi et
FES 30fpsE HFstPon,
o1& o] &3t 7} itz wek A wiFold REE F

E
u
o
o9
Y
o
r{rréobo
Re S )
b o W 9

>
oy g
[o

2
22

]

N

Y

oy
ol |
® M

I‘>

22 A=A

FERgAHANA FEg FA(h)S 27cm, 33eme]Tth o714
ZHAl 2] npFEEo]7} 25em?] A& 7RSI, vfEEA(R)S 22t
2em®} 8cmO|th. YA R=2cm®} R=8cme| F7-S 7Ieks}a]
A o] npRol A Bl gl A 3t Tk HAE 9
I(H)E 4Tem, F7)(T) 1-1.852] &5 Table 13} 2ol
39T Table 19 AH=AEF 571X A 28-S 317
o F 607HA 9 FEAEES FAsHATH

L
A T

AR
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experiments
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Table 2 Mean water level difference between front and rear sides of submerged breakwaters

Depth Wave CA MW.L. [mm] M.W.L. difference
Submerged breakwater ) ) _
[cm] H [em] 7 [s] SE Rear side Front side An [mm] Rate [%)]
1.8 1 A 1.779 A 0.174 1.605 48
33 7 1.5 2 A 2.739 A 0.516 2.223 50
e — 1.0 3 A 1571 A 1292 0.279 84
1.8 7 A 3.793 v 0.716 4.509 62
New-type 1 27 7 1.5 8§ A 3.426 A 0.340 3.086 73
1.0 9 A 2.242 A 0.389 1.853 76
Average value 2.259 65.5
1.8 1 A 1.821 A 0.406 1.415 54
33 7 1.5 2 A 2.673 A 0.843 1.831 59
— 1.0 3 A 153 A 1393 0.143 92
1.8 7 A 3.389 v 0.404 3.793 68
New-type 2 27 7 1.5 8 A 3.533 A 0.557 2.976 77
1.0 9 A 2.543 A 0.823 1.720 77
Average value 1.980 71.2
1.8 1 A 2.506 A 0.194 2.312 26
33 7 1.5 2 A 3.973 A 0.960 3.013 33
e — 1.0 3 A 2103 A 1188 0.915 47
1.8 7 A 4.817 v 0.754 5.571 53
New-type 3 27 7 1.5 8§ A 4.304 A 0.696 3.608 69
1.0 9 A 2.874 A 0.191 2.683 65
Average value 3.017 48.8
1.8 1 A 2.367 A 0.291 2.076 33
33 7 1.5 2 A 3.673 A 0.731 2.941 34
= 1.0 3 A 2.074 A 1.185 0.888 48
1.8 7 A 4.504 v 0.699 5.204 56
New-type 4 27 7 1.5 8 A 4.278 A 0.377 3.901 66
1.0 9 A 2.965 A 0.184 2.782 63
Average value 2.965 50.0
1.8 1 A 2.682 v 0.426 3.108
33 7 1.5 2 A 4512 A 0.023 4.489
1.0 3 A 2.401 A 0.679 1.722
Typical SB. 1.8 7 A 8.767 v 3.182 11.949 )
27 7 1.5 8 A 10194 V 1.430 11.624
1.0 9 A 5.546 v 2.089 7.635
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Scanned Drawing-based Production Management System
for Deckhouse Floor Outfitting

In-Chang Kang and Chang-Yong Song~
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KEY WORDS: Scanned drawing 2~71%%, Deckhouse floor outfitting 41418}=h2)%, Production daily report 44U R, Scanned
drawing-based production management (SDPM) system A= 7]4F AJ4tde] A|=H)

ABSTRACT: A production management system is developed to enhance both the information and productivity of ship and offshore plant deckhouse
floor outfitting. The functions of the production management system for the deckhouse floor outfitting were reviewed based on a literature survey
of several production management systems with respect to the ship building and architecture fields. This study investigated numerous daily production
reports and their application to actual work places to utilize the system development. The developed scanned drawing-based production management
(SDPM) system minimizes any loss andfor distortion of work information between the workshop and management office when applying a scanned
production drawing to the daily report. The SDPM system increases the data objectivity, as well as intuitiveness of the information generation by
adopting an efficient user interface, which makes it possible to perform image annotations on the scanned drawing for the daily production report
while simultaneously interacting with the production management database. Applying the system operation to actual deckhouse floor covering work
verified that it was feasible to use the SDPM system for production management in the ship outfitting work process.
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Table 1 Input and output information of daily work reports
) . Input information Output information
Company Type of daily Person in R ) R ) Purpose of use
report charge Information eporting Information eporting
method method
Work report, Work content(today), . Process schedule Reporting,
Production Work schedule(tomorrow), Documentation No. of labourers, ; .
. Work table, Evidentiary
A daily report, Involved worker status, form/ Total manhour, . .
leader .. Progress rate(%), material for claim,
Labourer Plan per work process/output (%), handwriting  Progress rate(%o) o .
. Computerization System operation
daily report etc.
Work content in process,
Involved worker status, . Completion status,
. . Documentation Computer
Production ~ Work Involved equipment status, Work resources, . .
B . . form/ application Reporting
daily report engineer  Process name, Progress rate, .. Progress rate of
. . handwriting . system
Involved material & equipment main work
status
Reporting,
Production & Work content(today/tomorrow), . Separated work Human resource
. Work Involved worker status, Information ~ Progress rate of .
C safety daily . . . system input &  management,
engineer Involved material & equipment system labourer(%o)
report output Separated work
status, etc. .
system operation
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49 AHER FRY 5 ek B AT old@ A 2H74S 2 3 BeAel AYEPAG o TR
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LRkskete] Table 29+ 2] A2 siith 5 "3t AREAdEe @Fd ¥ FARA A

Table 2 Generalized information contents for daily work report

Work execution General contents

Detailed contents

. Worker information,
Person in charge

Day & time Monthly process plan

Ship yard, Ship number,

Location & spot Deck, Space/Arca

Process & content

No. of labourers per process

Master schedule, Working schedule,

Work type, Work process, Unit work

Worker name, working status,
commuting time

Day, weather
1% work start/finish time

n" work start/finish time

1* ship number for work
1¥ accommodation deck for work
1 space/area for work

n™ ship number for work

n™ accommodation deck for work

n" space/area for work

1* work name/quarter/progress rate

n™ work name/quarter/progress rate
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Table 3 Information components and data acquisition in deckhouse floor outfitting

Content Information component

Acquisition method

Worker information

Commuting time
Unit work time Working time to unit work
Historical output Daily work output

Productivity condition

Worker information to working site and unit work

Commuting time to working site

Influencing factor to unit work

Worker information to unit work (personnel record)
Commuting time of worker (commuting check system)

Start and finish work time of worker
(production daily report)

Output at work finish time (production daily report)

Influencing factor to work at finish time
(production daily report)
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1
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Work plan
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Production daily report
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B Scheduled output *
Work output Daily work output progress rate(%)
Unit work Daily work output Unit 7
productivity per MH M-H
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Fig. 1 Flow chart and contents of SDPM system
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Self-leveling covering Name Combination [~ " Corc>
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Primer covering + Plastering z - -
SELF-LEVELING 1 100 Self-leveling covering
Top coating
— - - 1 70 Primer covering + Plastering
Silica-board installation 1 3COAT
Tiling 2nd 30 Top coating
Masonry joint A0 HTB 1 45 Silica-board installation
Marking for rubber pad (HTB: High Temperature ond 35 Primer covering + Plastering
calcium silicate Board) ” ;
Rubber pad attaching 3 20 Top coating
co?fijiljlg CAMBER 1= 100 Perlite covering
CAMBER(BLOCK) 1 100 Block + Perlite covering
1 35 Epoxy painting on bottom layer
EPOXY PAINT nd 25 Epoxy painting on middle layer
31 30 Epoxy painting on top layer
1 30 Epoxy painting on top layer
URETHANE PAINT
2nd 70 \, Rubber pad attaching
A

Fig. 2 Unit work combination in SDPM system
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Ship No. Work process No. of worker M/H Plan Output Prg,‘:“i‘mni)ty V(\::;hjl:igd Ir’;ct)gr&s)s Remark
SELF LEVELING 102 867 457 347 0.40 2.50 76 [ ]
A TILE 72 612 56 48 0.08 12.75 86 [ ]
3COAT 85 765 128 128 0.17 5.98 100 [ ]
Sum 259 2244 641 523 0.23 4.29 82 (]
B URETHAN 26 210 24 24 0.1 8.75 100 O
CAMBER(CEMENT) 2 319 35 35 0.11 9.11 100 [¢]
Sum 68 529 59 59 0.11 8.97 100 [
SELF LEVELING 95 788.5 324 284 0.36 2.78 88 [ ]
C TILE 85 765 72 23 0.03 33.26 32 ]
FLOATING FLOOR 214 1926 245 185 0.10 1041 76 [ ]
Sum 394 3479.5 641 492 0.14 7.07 i, [ ]

Fig. 13 Productivity analysis results in SDPM system
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ABSTRACT: Submerged bodies moving underwater behave differently based on their type and assigned mission. This paper describes the dynamic
characteristics, including the stability, turning ability, and operational ability, of submerged bodies in relation to design parameters such as the tail
cone angle, shape of the control plate, and length of the parallel middle body. A submerged body operated in other countries is adopted as a reference
for the dynamic characteristics, its principal dimensions and the shape of the bare hull and appendages are used for comparison. This paper suggests
a few candidate hull forms based on changes in the typical design parameters. Finally, the dynamic characteristics for these candidate hull forms are
defined.
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Table 2 Operating time of candidate hull forms

Hull Operating time [s] Reduction ratio
Target 51.09 0.00
UVl 47.88 (-) 6.28
Uv2 49.92 (-) 229
Uv3 50.84 (-) 0.49
UV3_MODI 4829 (-) 548
UV3_MOD2 47.27 (-) 748
UV3_MOD3 45.57 (-) 10.80
UV3_MOD2 LDl 51.10 (+) 0.02
UV3_MOD2_LD2 62.08 (+) 21.51
UV3_MOD2 LD3 80.64 (+) 57.84
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Ring Laser GyroE ©]-&3F ARSe| #3F A7

KEY WORDS: Ring laser gyroscope & #|0]A Apo]2 2253 Attitude reference system A4 3L A28, Extended Kalman filter €%+
Z7t I, Inertial navigation system ¥R, IMU #AAA A

ABSTRACT: Studies were performed on an ARS using SDINS’s RLG and the geomatic sensor. To develop the ARS, experiments were performed
to determine the characteristics of the RLG and geomatic sensor. Based on the results, to reduce the angular position errors of the RLG, which
accumulate from the angular velocity data, an algorithm was studied that uses the Extended Kalman filter (EKF) to compensate the RLG data and
geomatic sensor data.

To verify the performance of the developed algorithm for reducing the cumulative angular errors, experiments that included the developed EKF were
performed. Through these, it was shown that a drastic reduction in the angular errors of the RLG were achieved.

1. M = 22 GPS(Global positioning system)t HE]E. #ojH] f= 5ol
ok »AgLg Hsl AMRskE Aol REo|tKGarg, et al, 1978).
ga7), Auk g8l1 5 mA 29 9% W AMARE £ =wol4= SDINS®| RLG(Ring laser gyro) 7|8k ARS
743 A A X (Inertial navigation system, INS)E E3)] FSHc)  (Attitude reference system)°l] tsf A7
FRFARAR = 3719 7T A 9} zfo] 2z o] Fo)F FAAA g Alzge] 2l ARSS] A HZ oA THEAE A

‘& X|(Inertial measurement unit, IMU)E Local-level frame(LLF)ol| A71AxE HebH o S ARPIEE AHESte] RLG] @4
gelA UA AHNE SXFEE s 728 BAepRgx = BT ARSS F AIMQl RLGY eaHE Eole A¥e
(Gimbaled INS, GINS)S &-&4)2] EAo] ¢4 wAste] g T30 Heading #HA|S) WgE = & Sl= SHF Hols FE
= ~EATSH(Stap down INS, SDINS)®] Fejz} girp AU EAE Aste] HAGEIE 229 e ARSI E
(Britting, 1971; Park et al., 1998). < ASHAT =T olF AR AL HlolEE

DGR A 2B Fa3h 2], Al Sof Aatete] zp o] 9% EINE FRAE ARSSHE d BE PO AIA
7e] AAE A BAANA fEslr] G AAolek. 5 FOIEAR AR A AAs.
AdEe Ao|ZaEAN THEEE T HEE 28 T
313, £58 ARl o]53 AE Pk Aotk e 9 2. ARS(Attitude reference system)
9 RS Qs olFlE A1 flAeh 28 4 AL
& shora = ok ofHF A Wl dFE A guth 21 ARS £ 24
T ARE 7HAAR 2 AE o)Fdhd 2t FAE AR ARSE Ao|2Alx e} 7= MA A A7) AAE g8kl 2
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w3 2ol TSk i AlzElolA 2 Ant HE o e
FE r=[¢ 0 v]"2 JERAUTE 283 Al2E mEe go]
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(Chung, et al., 1991).
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8l Sensor fusion AlA 3t

ABSTRACT: In this paper, we propose an underwater localization scheme through the fusion of an inertial navigation system (INS) and the received
signal strength (RSS) of electromagnetic (EM) wave sensors to guarantee precise localization performance with high sampling rates. In this localization
scheme, the INS predicts the pose of the unmanned underwater vehicle (UUV) by dead reckoning at every step, and the RF sensors corrects the ULV
position functions using the Earth-fixed reference when the UUV is located in underwater wireless sensor networks (UWSN). The localization scheme
and state modeling were conducted in the extended Kalman filter framework, and UUV localization experiments were conducted in a basin
environment. The scheme achieved reliable localization accuracy during long-term navigation, demonstrating the feasibility of exploiting EM wave

attenuation as Earth-fixed reference sensors.

1. M =
AL 75 7= 9 Jed IR Jsto, FxeA
(UUV, Unmanned underwater vehicle)2 4~ &3l ¥#qto] oz}
T TEREY 8 9 B A0 ol2E Y YFE T
5HA HA} olo] met FIFEe FxSME T BE% &
Froll Aol FAZEY o F Fd = Aoet Ax] 4 7lEe] &
3

THh ARE 75 FRskE A FARE A =4 A4
TS AR AL e oAHE doltkPaull et al, 2014
Marani and Choi, 2010).

FE AR FAANZRL TA F1 A Wi A
A)2~El(Inertial navigation system)s ©]-83F 91X FHHA|~EF
GPS(Global positioning system)2} T2 <A 2jFol] AX]= Al
A8 o]83t 91X 4 AlHl(Earth-fixed reference frame) 2.2
Uz 5 Atk kAN BA33PH A 2’1 9] -9 Dead-reckoning 2

i}

2k g w2 H(Drift) & Jste] AL o8 Al FARA
AAF7e] A=t DojThLi et al,, 2013b; Karimi et al,
2013). °ol& SH3L7] 98t &F 91A] F4 Al2"S A
T o, GPSe] A, FEolA Al ale] Erkssh] WE
o Mother shipel\t} 2Ee| FAto] Fasty, AuUE o8&
Based line system®] 73 =@ A&z th5AlEF IHMulti-
path effect) Wizoll TZ28H FbollA AE3F7] o HTH(Kinsey
et al., 2005; Akyildiz et al., 2005; Elibol et al., 2016).

HlellA AF3 EAES A7) flsto, el Al o
& gty AsHAHE ol&std AdE FAskE W
(Range estimation scheme using received signal strength of
electromagnetic wave)= A|AsIATE o] WAL F7] T2 94
FAES 98t gol AHgE ol e Fig 13 o] 59
Aol Aol mE FA4% A& 4 ol FFollA AREEA
BT BHARE 5 S o] HArve 37 T3 28 F
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EM wave attenuation along the distance
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Fig. 1 Plot of RSS values according to the distance (10 mW and
420 MHz)
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0]-83} & AZ7 Lo (Sampling rate)S 7FA]7] wj ol B3}
““}“* =AY AR FAl Agksttial & 4 UTHPark et al,, 2016b).

T A WA ASAHE o] &8 X FHE A

°]'°:] ARz oA e M| 74 §AS E4skar A
o ME AAr|T 4] =S A S H(Park et al., 2016a;
Park et al, 2013), T35 342 5 T4 AAUES] A
(Underwater wireless sensor network)E ©]-8-3}] 2 AlA] AR
Hole} AlA 28 FE-A(Signal source identification problem)Z- 3f
A3ttt ol& olg3sted F&7 A RF(Radio frequency) Al

A7 W23 AEskA 1A 435 AS I & AT
(Park et al., 2015; Park et al., 2012).
B ERolAE AT 28 o83 ANSH A

p i =
9z =AHA2EHIY 7= BAREA ] TAPTHHA| AES %d—
g AAFAGH AA 5l APE alskaAl AtkFig 2). F-9
Aol AT HA L AAZA A X (Inertial  measurement
unit), AHRS(Attitude and heading reference system), Z1©]4lA] Bl
DVL(Doppler velocity log) 522 o] FoJX]A Hm, AojA]= 7}
&5 ARE o]fste FAFA 9A F AAE
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&z 2

dd;, =4 99, 8 /\]/S%"Zr )
TF FAAUES ZE F530a1, 1 ‘jf]r 201]/\19} 71‘=}O] _EILCI)_].;\{:!—
Fo] RF AlA = Q& A5 91X BAE gith o]k ¢
2 =3} E@ S EKF(Extended Kalman filter) 7-22 F-A%<-
234 OJC_L ]-ix% o7 x]sgqlq:}. ] 3}04 no]xv\;a o
SasE BN T3 glol 917 o] e,
2 mRolAE RF AMS BHBUNZDE B o] 854
Rz 0H 2AL FARATE 2RNAE A -
Z A FAA "ol tis|A] ZA|SHA] Lol 37 el Al AF
|3 AlA 2 AT A3 T disiA AR 4
AolAe A3 9 Aol tis|A olokr] e, Ao s
5ol M= 8ok 9 ARo 2 g5 weke A ASHA .
2. RF MA2} BERIANAYE 083!
|

=]
SIx| 5 Al2E

2.1 3Rk ==A H AMMER Fo

Al2~8l Aol kAl 32+ FEAI(BD coordinate) 7 ol 4 2]
ARt AAARE Aofstarat o). FAFtFA o] 33 FF
oA 82 o, 229 X A E el =2 A
A|(Global state) HE] g2} 22 A}FA|(Local state) HE] b= 33}
A FEYYer FZHAM L] th 15 (Three-dimensional euclidean
group: E(3))°llAl 2@ th(Thurston and Levy, 1997). AIZF ¢ol A
o] 2 AAE 9A FES Ueilie 93 dH ok 298
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Fig. 2 The overall process of proposed localization scheme.
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A o, AAp7|ake] FAAMZIRSS)E oWt =3 o)+ ¥
A TAE =9} Zukd =& Abo]9] 35z (Elevation angle)<
oJu|3hH, 2pFol| AA Ba gl {fEG ATE FRI=T AN
FtHPark et al., 2016a).

SR|Z=A A|AH

Dol ] BAGNAZET RF M) A4S 9
stof, &% AWy 7o s 93] FAHAN2ES AAS .

ZUEE = o S7H(Prediction phase)2} A 7-7HCorrection or
update phase)o 2 TEEM, T TS AIREY &8l ot v
Broz APFoam, Tl Al YXS 24 4 9ot

A SN A FA™FA L X2 A Fh(Position probability)
nr, 3} 24| ©] F7 ZH(Orientation probability) "4, < F-2174 W
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al., 2005; Djugash et al., 2006, Menegatti et al., 2009).
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2 HIFA A Y A ARE AR FHITE =3 749 =
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T2 AA7|EE S48k, = =
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Al o)H Bl YIXAHEE o] &ste] e 14E ==
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beam width) BT} 22 Zvhs 912 FAol| AREgiTh =nuid
EEE 9A ARE dHlE

olFAl LolA= AT A} Al A ol o, 22t
IAE = rvieh Bkl k= 3t dojA= MRy ghe] 44l
AI71 RmsSj= AA BdE Tt AT AR 42 WIS F 3l
th2.54). ojwll BHIY === FRlE dAA|ue] FaeE §
sto] o= uAHH E2RE A57F FAHAEA FRlshH,
olFA dojAl= A ARES AHSHFE o] &t Eud
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Table 1 UWSN based update step
Algorithm 1 UWSN based update step
Data: "r,, RSS!, "N'=" frequencies f'
HPBW, sensing range RSS, ;.
Result: updated position "r,

n

', sensor model,

function Position n,r,t( ny,;, RSStl ..... n, n,Nl,...,n’ fl"”’",
HPBW)
for i<—1 to n do

sensor model,

Receive EM waves signal at frequency f'
Calculate ©; between AN’ and MN using "rz and N
if (RSS! > RSS,,;,) and (©) < HPBW/2) then
Compute distance d; using 6, N' and sensor model

end if

end for

if rLum(d;) >3 then
Compute "r, and sets of d using the EKF

end if

retum "r,

2.5. 2| MM

AA719e] AT A7) & o] g8t ==Xt APE FAs]
A E FAFoNA dojAe HAAT AZIE AR AR=
Hgstoiof it} E7] FollAe] Aol mE AAprIa A7l

Friis 2% &2|(Friis transmission formula)S ©]-&3}o] Wgtal 4=
A TH(Friis and Rumson, 1971). 344k o] Ag] 2dle wjdo]
T EE gl Fohe 371E 7Hds] wiiel &3 ol A
ig] % 9 A7 F oA e ol A8 5 itk 1
FolA AT 74 REE A7) YA M2
7%3 E‘?—l‘”] 3 gsit
ol8 SIA Ax= 71E9 Friis A% 2T udedA 9]
Maxwell Z+4] “d<(Maxwell’s attenuation constant formula)< ©]
g3t B ujdoA Y Aol e 24 2Es AASANA
THBalanis, 2012; Park et al., 2016a). ©] 2JollA, A7k v 1 A4H
=& %] Aol e FA AAZIS A7)(RSS)E 4
F(a)E ]85t oot o] yERd & UTh

RSS] =—20log, ,d; —20d; alog,,e+I' [dBm] (6)

S71A e AE 2 A 54 Aglel Aglel Qe
o W70 Sla AAHE A o= A9l S ekt
rie olglsh 2ol vekd 5 ok,

= 10log, , PLE + 20log,,——— = f +10log,, Gy @)

+10log, , G, +w

A7\ PLEE 7+ QHEURES] #3326, FRRFEY ol&
(Gain), G,< FAIREIUGS] o5, f& T3 (Frequency), n<
=78 &(Refractive index), wie AR &2 F7H4Q1 744 8l
(P BAZ, FEA01E &4 5)E Yehdth(Park et al.,

2012).
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AZ 8m, Zo] 6me| W& FX)o Fig 49 2 A9 34S
TE3TE AU E IE 712 2.5m, A2 3mell 24E =&
DRAE FAFNCH, &FrF ZHYS o8ty 72t = &=E
< AU 249 18" =EES -’F% T ES
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Fig. 4 The experimental condition for localization system verification

Table 2 Anchor node information

71 180mm( W)x180mm(L)x500mm( H)olth. SHelvte] A 1

Node No. INode position [m] Frequency - N _ o
Node 1 [3.54, 2.00, 1.15 433.90 MHz A2 AR, F48 Ashel 27 2= Rubber join)
ode 4, 2.00, 1.13] ' 2 78] Y(Grease)E ©]-830th 3|2 2 2E-2 RadiomatrixAH2]
Node 2 [3:54, 500, 1.15] 433.95 MHz USX2E AHESIA.0m, A9 QHEIURE 3dBi AEEA 48 ok
Node 3 [1.00, 2.00, 1.15] 434.00 MHz HUS A5t AAE A Aleke & 23 2o}
Node 4 [1.00, 5.00, 1.15] 434.05 MHz AMel 9% AL Selsy] s, wuld
Node 5 [3.54, 2.00, 2.15] 434.20 MHz National InstrumentsAte] Signal analyzer®} &=#olES
Node 6 [3.54, 5.00, 2.15] 434.25 MHz o AFsFTE FEFACIELS AYE 5AE o] &35k
Node 7 [1.00, 2.00, 2.15] 434.30 MHz g stolem, RAldEs 1kHzo| S 7712 149
Node 8 [1.00, 5.00, 2.15] 434.35 MHz 2HH AEE Al 2220 AR S
Node 9 [3.54, 2.00, 3.15] 434,50 MHz I
3 72| MMz
Node 10 [3.54, 5.00, 3.15] 434,55 MHz 3‘:;; L!ij;fjow AR5 A ese] A ANE
AL = p= < Al 2 =
Node 11 [1.00, 2.00, 3.15] 434.60 MHz o T ] AR
Q7] A&A, AAk= 2.5404 T A AARDS AEEA
Node 12 [1.00, 5.00, 3.15] 434.65 MHz

T= T
At gA, ofFfjet &2 AP ARES d&

*J(Omni-directional) A58 FA317] fl5te] Aol F4L

oA HF3ATh A ALg-H 34 Alg F <Y AR
= Table 39} 2t} AA= Table 39 74 ASFE 2 (6), ()l

Fig. 5 Sensor device for an anchor node

Dipole antenna
Case cover Table 3 Experimental parameters
Characteristics Values
Circuit board with modem —
Conductivity (o) 0.075 [S/m]
Battery Medium Permeability (1) 1.3566 <10~ [H/m]
Permittivity (&) 7.2797 %107 1% [F/m]
Rubber square joint Refractive Index 8.8
Antenna gain (G, Gy,) 3 [dBi]
Case Antenna  Transmission Power (S, ) 10 [mW]
Operation frequency (f) 400—450 [MIz]
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Bias Estimation of Magnetic Field Measurement by AHRS Using UKF
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= S o = Hxl =
UKFE AF83F AHRSS] A7) =7 #x}p 23
A s A 0 & - R A G - e L LR 2
‘At AAEsk
")y A YZAEATL
TFAEHANS AAEE
KEY WORDS: AHRS #HA] W$] %], Unscented Kalman filter 58 Z5 EE|, Bias ¥%}, Estimation 5%, Underwater %

ABSTRACT: This paper describes an unscented Kalman filter approach to estimate the bias in magnetic field measurements. A microelectromechanical
systems attitude heading reference system (MEMS AHRS) was used to measure the magnetic field, together with the acceleration and angular rate.
A magnetic field is usually used for yaw detection, while the acceleration serves to detect the roll and pitch. Magnetic field measurements are vulnerable
to distortion due to hard-iron effect and soft-iron effect. The bias in the measurement accounts for the hard-iron effect, and this paper focuses on
an approach to estimate this bias. The proposed method is compared with other methods through experiments that implement the navigation of an
underwater robot using an AHRS and Doppler velocity log. The results verify that the compensation of the bias by the proposed method improves
the navigation petformance more than or comparable to the compensation by other methods.

1. 2
FFAMY A FAdE FelMes 2 537
(Landmark T Feature)o| #|3H2] 0.2 ALgHT) 0|23 o] fF =2
ez A 9] 2A A, ERAS BEAOT o|fEy &%

ZAAE AH8shE 553 H(Dead reckoning)©] 71 Bol A
r4—(Ko and Kuc, 2015; Ko et al, 2015). =39S o]-83F 94| &+
2 AA RO FFE TA| Y] w7l AA F4 gl
3?} 842 ZLETHKo et al., 2016a; Ko and Jeong, 2016).
AME 7R A4S SAst AETFssi, AA 4
W2 AR A E ARt 4 dEiweE 2Rtk A
717 #& Fgkel HAPF F7iE o] SHETE AApF 23E A
71 S-S AMEsle] AlLHE yawgko]l BAATGA A ALEE
o I8 EE F o A3 AAFAE st SAHE A7
A AXE BAF yawZhs A4stedor dthKo et al.,
2016c). yawz+o] S4 a7t HojA A FAE = YawZte| 24}

==

=

K3
T

= oA Ha, o] we} A== RollF Pitchgke] &4
L . & HA LS Sl 2L A5E I AA S
Aol 7VsstA =, ol 912 49 Aeg A= =

(e}

£o] FtKKo et al., 2016b).

AH83l= AlAE F AHRS(Attitude and heading reference
system)®] 2717 AAE 7P & FA, 2 A4, ES HE
£ 879t T8y AR AT AFA1RE AESHA &

AR Z3THKim et al, 2006). Y] 2= Hard iron &7}, Soft
iron 3, 3 HAIG=2 2 (scale factor error), =3 = HEAE

o] Jlem & AFolMs IFolA 7P E A= Agsh=
Hard iron &30 o]3)] WAYsl= HALE FATICh

712 AR F4 -2 Twostep, Centering, & A, &8 2
9t HE(Extended Kalman filter)E©] $1THTroni and Whitcomb, 2013).
Twostep WH-2 5742 7152 B 7|Hho = S4 Hal 4
HA Ao EM HAXE AA 3K Hashmall and Deutschmann,
1996). & A7ollA = 712 W thal 7 2t FE(Unscented
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Fig. 1 Test tank for experiment and trajectory of robot navigation
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Table 2 Specification of AHRS measurement

Attitude heading range 360 ° about all 3 axes

Accelerometer range +5¢ standard
Gyroscope range +300° /sec standard
Data output rate up to 1000 Hz

Filtering sensors sampled at 30 kHz
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Fig. 2 Measured magnetic field in each axis and the estimated bias

Table 3 Specification of DVL measurement

Frequency 600 kHz
Accuracy 1%+1 mm/s
Maximum altitude 110 m
Minimum altitude 03 m
Standard eepth 800 m
Maximum ping rate 5 / second
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Fig. 3 Estimated bias in time

Table 4 Average of bias in magnetic field measurement

Average of result

Estimated b,,, 0.0237 (G)
Estimated b,,, -0.0295 (G)
Estimated b,,, 0.5251 (G)

Table 5 Comparison of world magnetic model (WMM) and the measured
magnetic field, and bias in z directional magnetic field

WMM Measurement
Magnetic_field xyz 0.46575 (G) 0.4821 (G)
Magnetic field xy 0.24044 (G) 0.2724 (G)
Bias z 0.0799 (G)
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(a) Calibrated magnetic field measurement

(b) Raw magnetic field measurement

Fig. 5 Comparison of the trajectories estimated using the calibrated magnetic field measurement and raw magnetic field measurement

Table 6 Comparison of estimation error in position

Calibrated magnetic Raw magnetic field

field measurement measurement
Distance between 1.6530 3.5329
two points 1 meters
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these in the manuscript. If the work involves the use of animal or human
subjects, the author should ensure that the manuscript contains a statement
that all procedures were performed in compliance with relevant laws and
institutional guidelines and that the appropriate institutional committee(s)
has approved them. Authors should include a statement in the manuscript
that informed consent was obtained for experimentation with human
subjects. The privacy rights of human subjects must always be observed.

Fundamental errors in published works

When an author discovers a significant error or inaccuracy in his/her own
published work, it is the author’s obligation to promptly notify the journal
editor or publisher and cooperate with the editor to retract or correct
the paper. If the editor or the publisher learns from a third party that
a published work contains a significant error, it is the obligation of the
author to promptly retract or correct the paper or provide evidence to
the editor of the correctness of the original paper.

Article structure

Manuscript must consist of as follow : (1)Title, (2)Author’s name, (3)Key
word, (4)Abstract, (5)Nomenclature description, (6)Introduction, (7)Body
(analysis, test, results and discussion, (8)Conclusion, (9)Acknowledgements,
(10)Reference, (11)Appendix, etc.

Abstract

A concise and factual abstract is required. The abstract should state briefly
the purpose of the research, the principal results and major conclusions.
An abstract should be written in around 300 words and is often presented
separately from the article, so it must be able to stand alone. For this
reason, References should be avoided, but if essential, then cite the
author(s) and year(s). Also, non-standard or uncommon abbreviations
should be avoided, but if essential they must be defined at their first
mention in the abstract itself.

Keywords

Immediately after the abstract, provide a maximum of 5 or 6 keywords.

Unit
Use the international system units(SI). If other units are mentioned, please
give their equivalent in SL

Equations

All mathematical equations should be clearly printed/typed using well
accepted explanation. Superscripts and subscripts should be typed clearly
above or below the base line. Equation numbers should be given in Arabic
numerals enclosed in parentheses on the right-hand margin. They should
be cited in the text as, for example, Eq. (1), or Egs. (1)-(3).

Tables

Tables should be numbered consecutively with Arabic numerals. Each



table should be typed on a separate sheet of paper and be fully titled.
All tables should be referred to in the text.

Figures

All the illustrations should be of high quality meeting with the publishing
requirement with legible symbols and legends. In preparing the
illustrations, authors should consider a size reduction during the printing
process to have acceptable line clarity and character sizes. All figures
should have captions which should be supplied on a separate sheet. They
should be referred to in the text as, for example, Fig. 1, or Figs. 1-3.

Reference
All references should be listed at the end of the manuscripts, arranged
in order. The exemplary form of listed references is as follows :

1) Single author : (Kim, 1998)

2 )Two authors: (Kim and Lee, 2000)

3) Three or more authors: (Kim et al., 1997)

4) Two or more paper: (Lee, 1995; Ryu et al., 1998)
References, including those pending publications in well-known journals
or pertaining to private communications, not readily available to referees
and readers will not be acceptable if the understanding of any part of
any part of the submitted paper is dependent upon them. Single or two
authors can be referred in the text; three or more authors should be
shortened to the last name of the first author, like smith et al.

Examples:

Reference to a journal publication:

Cho, LH. and Kim, M.H., 1998. Interactions of a Horizontal Flexible
Membrane with Oblique Waves. Journal of Fluid Mechanics, 356(4),
139-161.

Van der Geer, J., Hanraads, J.A.J., and Lupton, R.A., 2010. The Art of
Writing a Scientific Article. Journal of Science Communcation. 163,
51-59.

Reference to a book:

Strunk, W. and White, E.B., 2000. The Elements of Style,
4"Edition, Longman,New York.

Schlichting, H., 1968. Boundary Layer Theory. 6th Edition, McGraw-Hill,
New York.

Reference to a proceeding:

Aoki, S., Liu, H. and Sawaragi, T., 1994. Wave Transformation and Wave
Forces on Submerged Vertical Membrane. Proceedings of International
Symposium Waves - Physical and Numerical Modeling, Vancouver
Canada, 1287-1296.

Reference to a website:

International Association of Classification Societies (IACS), 2010a.
Common Structural Rules for Bulk Carriers. [Online] (Updated July 2010)
Available at: http://www.iacs-data.org.uk/ [Accessed August 2010].

Journal abbreviations
Journal names should not be abbreviated.

Revised manuscripts

Manuscripts reviewed that require revision should be revised and uploaded
with a response to the reviewer's comment at JOET editorial manger
within two months. Otherwise, the manuscript will be considered as a

new manuscript when and if it is resubmitted.

Proofs and reprints

Galley proofs will be provided as a PDF file to the author with reprint
order and copyright transfer form. The author should return the corrected
galley proofs within a week with the signed reprint order and copyright
transfer form. Attention of the authors is directed to the instructions which
accompany the proof, especially the requirement that all corrections,
revisions, and additions be entered on the proofs and not on the
manuscripts. Proofs should be carefully checked and returned to the JOET
editorial office by e-mail if the changes are minimal. If the changes are
extensive, proofs should be returned by fax only. Substantial changes
in an article at this stage may be made at the author's expense. The reprint
request form must be returned with the proof. Reprints should be made
at the author's expense.

Peer review

Every manuscript received is circulated to three peer reviewers. The
author's name and affiliation is not disclosed during review process to
reviewers. The review process can be repeated till three times if the request
of revision is suggested by reviewers. If the re-review is repeated more
than three times, it may not be considered for publication. If two reviewers
do not agree to accept the journal, it may not be also considered for
publication. Usually the first review process ends within one month.
Statistical Review: If there are any complicated statistical analyses in the
manuscript, it may be reviewed by statistical editor.

Manuscript Editing: The finally accepted manuscript will be reviewed
by manuscript editor for the consistency of the format and the
completeness of references. The manuscript may be revised according
to the opinion of the manuscript editor.

Page charge

The charge per a paper for the publication is 150,000KRW(Express review
service : 300,000KRW) up to 6 pages. Extra rate, 30,000KRW per page,
will be charged for more than 6 pages. Page charge include forty copies
of offprints. Offprints in color pages or extra copies of offprints will
require actual expenses. The charge per a paper for the paper review
is 40,000KRW. Rate for the express review service is 240,000KRW.

Editing checklist
See ‘Authors' checklist’ for details.

Transfer of copyright
Transfer of copyright can be found in submission hompage
(http://www.joet.org).



Authors’ Checklist

The following list will be useful during the final checking of an article prior to sending it to the journal for review.
Please submit this checklist to the KSOE when you submit your article.

< Editing checklist >

I checked my manuscript has been ‘spell-checked’ and ‘grammar-checked’.
vhol o] ek W BEH 9R/b A Shelstgisy .

One author has been designated as the corresponding author with contact details such as
- E-mail address
- Phone numbers

g Fe) A BAAE QYo o Azt

ol R

- A3 W

F

71 A5

I checked abstract 1) stated briefly the purpose of the research, the principal results and major conclusions, 2) was
written in around 300 words, and 3) did not contain references (but if essential, then cite the author(s) and year(s)).

O e 250] 1) 128 A9 74, 38 23 9 222 238kl &S st on, 2) 30050} 1 2]o]
ol TAE LS Belstglon], 3) FuEHE ZeHA A $eS SItASUTH (B Lol Py
3 Al 7).

I provided 5 or 6 keywords.
e 56709 A1 YES AgskS T

I checked manuscript consisted of as follow: 1) Title, 2) Author’s name, 3) Key word, 4) Abstract, 5) Nomenclature

description, 6) Introduction, 7) Body (analysis, test, results and discussion), 8) Conclusion, 9) Acknowledgements,
0 10) Reference, 11) Appendix, etc.

Ue dart g9 AR AR NEE FAstdsUTh D AlE, 2) AR, 3) 7195, 4) 25, 5) 715,

6) A&, 7) 2 G4, A, AYh A=), 8) 28, 9) F7IAHD, 10) FAIZ, 1) #5855

I checked color figures were clearly marked as being intended for color reproduction on the Web and in print,
or to be reproduced in color on the Web and in black-and-white in print.

5 s mE e 2%l de) flo] i Hel(EE Ju) 4B 2 deRd & RS A9E 198 A8oie
&2 skt gy

0O I checked all table and figure captions were written in English.
Ut 930 BE E ABT a7 ARe GRo A4S AstdaUtt

0O I checked all table and figure numbered consecutively in accordance with their appearance in the text.

B BERAA et SANE E WE 9 7 MEs A3E9eS Selstag

I checked abbreviations were defined at their first mention there and used with consistency throughout the article.
O s 9% o2 9ue] 3 ) Agel A goatgon], olF UnelHt AT A2 AEHALS
solatod ST,

I checked that references were in the correct format for the journal (See ‘Guide for Authors’ for details).
Ues B2 Faede] £ A Faedd #7IHAA 7hol= x)ol mebA 2= a5 Shelstdsyth

I checked all references mentioned in the Reference list were cited in the text, and vice versa.
0 Y= ‘References’o] EA|st= HE FIAEHS Y1 oA dAgEon, vitj2 93 2Eo AFH
= FAEFS ‘References’ o] E7]%SS 2elstGUTh



O

I checked I used the international system units (SI) or Sl-equivalent engineering units.
U ST R ER Betdom guoll WeAS AestaeS Slstaayth

< Submission checklist >

O

I checked the work described has not been published previously (except in the form of an abstract or as part
of a published lecture or academic thesis).
U B 9130 vhgo] 22, Tl sl 50 Aofat e A Sof Al ARlo] g Selsiy

i)

Y.

I checked when the work described has been published previously in other proceedings without copyright, it has
clearly noted in the text.
LR 2 flme) yigol o] g eAge] AN B ol AnelAl HAskESS Helste

ji)d

U,

I checked permission has been obtained for use of copyrighted material from other sources (including the Web)
U e m@ste] wlo] Uk AR A 57HE SUYh

I have processed Plasgiarism Prevention Check through reliable web sites such as www.kci.go.kr,
http://www.ithenticate.com/, or https://www.copykiller.org/ for my submission.
Loy w4 fAE A4 v F Rustasyc

1 agree that final decision for my final manuscript can be changed according to results of Plasgiarism Prevention
Check by JOET administrator.

U] HFi w=2of tiek JOET AA| ARl =it 4 A A= Aato] upet 2F wo] ¥Ad 4= Atk
ApALe] ol g,

ol

I checked minimum one author is member of the Korean Society of Ocean Engineers.
L AR 190 o)yl gEslorEtelel Blude Selstagyth

I agreed all policies related to ‘Ethical Code of Research’ and ‘Research and Publication Ethics’ of the Korean
Society of Ocean Engineers.

U A48 daedat S Fddlen, e e Aok

I agreed to transfer copyright to the publisher as part of a journal publishing agreement and this article will not
be published elsewhere including electronically in the same form, in English or in any other language, without
the written consent of the copyright-holder.

Ue s daetxe] Az Aol Fofsi, Axd HATAAE AEsHlsYTh

I made a payment for reviewing of the manuscript, and I will make a payment for publication on acceptance of
the article.

U AMRE dstgon, BB A B33 & AYRES gsasyt,

I have read and agree to the terms of Author’s Checklist.
< AR AT AE Be 23S dESIROH, Be 230 stk

Title of article

Date of submission : DDIMM/YYYY

Corresponding author : signature

Email address

% Print and sign completed form. Fax(+82 51 759 0657) or E-mail scanned file to ksoehj@ksoe.or.kr



Research and Publication Ethics

Authorship of the paper

Authorship should be limited to those who have made a significant contribution to the conception, design, execution,
or interpretation of the reported study. All those who have made significant contributions should be listed as co-authors.
Where there are others who have participated in certain substantive aspects of the research project, they should be
acknowledged or listed as contributors.

The corresponding author should ensure that all appropriate co-authors and no inappropriate co-authors are included on
the paper, and that all co-authors have seen and approved the final version of the paper and have agreed to its
submission for publication.

Hazards and human or animal subjects

If the work involves chemicals, procedures or equipment that have any unusual hazards inherent in their use, the author
must clearly identify these in the manuscript. If the work involves the use of animal or human subjects, the author
should ensure that the manuscript contains a statement that all procedures were performed in compliance with relevant
laws and institutional guidelines and that the appropriate institutional committee(s) has approved them. Authors should
include a statement in the manuscript that informed consent was obtained for experimentation with human subjects. The
privacy rights of human subjects must always be observed.

Fundamental errors in published works

When an author discovers a significant error or inaccuracy in his/her own published work, it is the author’s obligation
to promptly notify the journal editor or publisher and cooperate with the editor to retract or correct the paper. If the
editor or the publisher learns from a third party that a published work contains a significant error, it is the obligation
of the author to promptly retract or correct the paper or provide evidence to the editor of the correctness of the original
paper.

Ethical Codes of Research

for The Korean Society of Ocean Engineers [1, Nov. 2008 amended]

All members of The Korean Society of Ocean Engineers, by observing the following codes of conduct and regulations
regarding research in the field, will contribute to the development of ocean engineering and the security and prosperity
of the society and the nation, thus holding our honesty, reputation and authority in the highest standards.

A. Foundational Spirit
1. We make a contribution to mutual prosperity of mankind through ocean development, using the knowledge and
technique in the field of ocean engineering.
2. We contribute to fostering the good spirit of citizenship by conducting responsible research.

3. We make efforts to enhance our authority and competitiveness as experts in ocean engineering.

B. Fundamental Canons
1. We consider the public security and welfare as a top priority and conform to the principle of sustainable use of
ocean in conducting our research.
2. We promote professional development through performing proper research and provide young researchers with the
opportunities to develop professionally.



3. We respect the public values such as honesty, accuracy, efficiency and objectivity in offering services such as
providing expertise or disclosing research results.

4. We do not have unfair competitions with others and solve problems with objective information and processes
when there is a clash of interests.

5. We raise common issues only through objective and fair methods.

C. Practical Platforms
1. We consider the public security and welfare as a top priority and conform to the principle of sustainable use of
ocean in conducting our research.

(a) We must acknowledge the fact that the life, security, health and welfare of the public have an absolute
reliance over our products such as structures, equipments and machines that are given thought to and made
into decision by engineers.

(b) We must not propose or approve research plans which cause harm to the public health and welfare.

(c) We must conform to the principle of sustainable use of ocean to enhance the quality of the public life and
endeavor to improve the ocean environment.

2. We promote professional development through performing proper research and provide young researchers with the

opportunities to develop professionally.

(a) As we build our career, we must continue to acquire new knowledge and promote intellectual development
by keeping track of research results, organizing research methods and raising necessary issues voluntarily.

(b) We must be thoroughly honest to the contributions from cooperators, competitors and predecessors and utilize
them for our professional development.

(c) We, as administrators, must supervise young researchers in a fair manner and, as their advisors, must assist
them sincerely to grow into socially recognized members.

3. We respect the public values such as honesty, accuracy, efficiency and objectivity in offering services such as
providing expertise or disclosing research results.

(a) When we offer service under our responsibility that involves providing professional knowledge, we must act
according to professionalism as a commissioner, trying to prevent waste of resources and reporting objective
facts, trustworthy data and accurate research results.

(b) We prohibit any fraudulent acts in conducting research such as fabrications, forgeries and plagiarism.

(c) We must admit our mistakes or errors when they are verified and must not try to justify them by distorting
facts or data.

4. We do not have unfair competitions with others and solve problems with objective information and processes
when there is a clash of interests.

(a) We must not distort the professional, academical qualifications of ourselves and coworkers. We must not
fabricate or exaggerate our positions or authorities of the past achievements.

(b) Our papers must contain facts and no exaggeration that are contributed to media sources. When publishing
a paper or a report which involves multiple researchers, we must allocate authors based on their levels of
contributions and mention every person and institution that is concerned and provided assistance.

(¢) We must not criticise others' achievements in an irresponsible manner by intentionally distorting their
professional reputation, prospects and character in both direct and indirect ways.

(d) When a clash of interests occur, we must organize a committee composed of authoritative experts in the field
and fairly solve the problem based on objective facts and data.

5. We raise common issues only through objective and fair methods.
(a) We must be thoroughly objective and honest when submitting expert reports or policy proposals and include
relevant, sufficient and appropriate information.



(b) When addressing public issues through open debates or forums, we must provide opinions based on objective
facts and data and must not cause harm to the public interest by making groundless argument or being
involved in private interests with others.

(c) We must be honest when explaining our business and its advantages, and must not try to meet our interests
by damaging professional honor and coordination with coworkers.

6. All members of The Korean Society of Ocean Engineers must abide by the ethical codes of research stated

above.

. The Scope of Manuscript

L.

Manuscripts include papers, technical reports and commentaries, and papers must be the ones that are not released
in other journals.

. “Journals” are the ones that have an appropriate screening of submitted theses and that are published on a regular

basis.

. All manuscripts other than the ones stated in the previous clause can be submitted such as conference papers,

research reports, diploma papers and academic articles, provided that their sources are stated according to the 3rd
clause of The Regulations on Paper Submission in The Journal of the Korean Society of Ocean Engineers.

. The Definitions and Types of Fraudulent Acts in Research

1.

“Fraudulent acts in research” include all affairs that violates ethical codes of research: fabrications, forgeries,
plagiarism, overlapping publications and unfair marking of writers which may occur in every phase of research
process, such as in a proposal, conducting, a report or presentation of research results.

. “Fabrication and forgeries” refers to an act of distorting the content or outcome of research by making up false

data or results.

. “Plagiarism” refers to an act of unfairly employing all research results, such as others' publications, research

proposals, ideas, hypotheses and theories, without a fair approval or quotation.

. “Overlapping publications” refers to two writings published in different media sources that are totally identical in

their contents or share the major contents. It is also the case of overlapping publication where the paper published
later contains a slightly different viewpoint, yet contains the same or slightly different analysis on the same data
from the previous paper.

. “Unfair marking of writers” refers to an act of unfairly gaining reputation by pretending to be a real author of

a paper without any participation in research.

. Fraudulent acts also include a behavior of intentionally disturbing investigations regarding assumed misconducts

in research or inflicting an injury on an informant.

. “Other fraudulent acts in research” refers to all affairs that are generally accepted as the violations to ethical

codes of research in the academia.

. Screening System, Processing Criteria and Procedure

L.

Screening System

(a) Authors must submit a “consent form of delegation of copyright” which necessitates an author's confirmation
on any violations to ethical codes of research.

(b) When inspectors raise question on any violations to ethical codes of research, The Committee of Ethical
Codes of Research determines its/their compliance to the regulations after examining all materials concerned
and giving the contributor a chance to defend him/herself.

(c) When any violations to ethical codes of research are found while screening or editing (after the insertion of
a paper in an academic magazine), The Committee of Ethical Codes of Research determines its/their
compliance to the regulations after giving the contributor a chance to defend himv/herself.

(d) When any violations to ethical codes of research are called into question after a paper is published, The
Committee of Ethical Codes of Research determines its/their compliance to the regulations after giving the



contributor a chance to defend him/herself.
2. Processing Criteria
(a) All processing criteria regarding fraudulent acts in research follow the regulations and detailed rules for
operation of The Committee of Ethical Codes of Research of this society.

3. Processing Procedure
(a) When any affair is determined as a violation to the ethical codes of research in the phase of submission or
screening, The Editing Commission should report it to The Committee of Ethical Codes of Research.
(b) When any affair is determined as a violation to the ethical codes of research after the insertions of a paper
in an academic magazine, The Committee of Ethical Codes of Research should immediately cancel its

publication and notify the cancellation to the author/s

G. Ethical codes of Editing
1. The editor must a strong sense of ethics regarding the codes of conduct in research and in publication. Also,
he/she must not have any personal interests with others in the process of edition.
2. The editor must thoroughly keep security in all matters related to the contribution of manuscripts, screening and
publication.
3. The editor must be well-informed about the violations to ethical codes of research and make a neutral and

impersonal judgement when he/she found any violations.

Supplementary Provisions

1. Regulations stated above are enacted after 1 Nov. 2008. For the manuscripts contributed in academic magazines
before 1, Nov. 2008, the 3rd clause in “D” is not applied. Also, they are not interpreted as violations to the ethical
codes of research even if they did not stated their source in the journal of this society.

2. Also, for the papers applicable to the clause “D” or “E”, the writer/s can take measures such as ‘“cancellation of a
paper” based on their judgement, or “rejection of screening” if the paper is under screening.

1, Nov. 2008

The Korean Society of Ocean Engineers
[31, May 2007 enacted]

[1, Nov. 2008 amended]
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