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Experimental Study on Variations in Behavior of Green Water and Flow
Kinematics on Deck with Various Flare Angles
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KEY WORDS: Green water 35873, FPSO #-4] 9441431} 491], Flare angle E#]°] 7+, Bubble image velocimetry 7134
$4Z74%, Multi-phase flow T 574

ABSTRACT: In this study, a series of experiments were performed to investigate the variations in the behavior of green water generation and the
flow kinematics of bubbly flow on deck with various flare angles. The experiments were conducted in a 2-D wave flume using a simplified model
of a BW Pioneer FPSO operating in the Gulf of Mexico, with a 100-year return period wave condition. The green water phenomena were captured
with a high speed CCD camera. The variations in the behavior of the green water generation were investigated with various flare angles, and the
horizontal mean velocity profiles of bubbly flow on deck obtained using bubble image velocimetry (BIV) were provided. The differences in flow kinematics
of bubbly flow on deck were analyzed with various flare angles.

1. M = F& T3l dAbe] a9 7], AL 9 A Fo] 59 o
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Faulkner, 2001; Ersdal <3879 Z# 9 #% 3ol 3% 5K Plunging wave

and Kvitrud, 2001; Leonhardsen et al., 2001; Sgouros et al., 2005). breaker)®] FElZ UEhdth= A& Bt UlolA= Lim et
AFddE 1H A 2 ST REe] AAE 8] B al(2012) ©] 37FA] FPSO Ag ol tiste] A5 sl

A7 P Yt AR AF@del B3 A A7e S-Sk, oudk 34 AFo] A5 gt stss o A

A Ao B gE 9 Jhed a4 9 7554 7 & A=A dg ATFE FRsHATH

A, 383 A5G o R Q1% stEdSE 5 Al 7Y #H FHZoll= A4149] e 2D CFD(Computational fluid dynamics)

2 8% = 4 2tk Hamoudi and Varyani(1998)= o942 AEF ol 7ol wdo)] wel FVM(Finite volume method),
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MPS(Moving particle method) 5-2] FX7HES 0|83t H-dd
3t @ HAFES oS3l dTE0] FE o] F 3L UTHNielsen

and Mayer, 2004; Yamasaki et al., 2005; Shibata and Koshizuka,

Els 1@ NE-E Aeike WA A
thgk #24o] "2 o]tk Ryu and Chang
(2005)2 9’FF4="dH(Particle image velocimetry, PIV) & 7]

%‘%n‘?ré,\—ézém(Bubble image velocimetry, BIV)E ©]-&3}]
¥ 4414'7]' SRS we] oY {53
4L o vH(Dam breaking)

+ CFD .
it A B slTEEsl Aradel o A A2

& Hsted Ay A A Fo] A5(Fig. DE AL 5 Uk
Zgo] Ztx2] M3lol| B3le] Buchner and Voogt(2000)= FPSO
o] M4 Fdo 4% W] wE 3 9 £5 = 2 A
A owstel] s dde 53 HAF AFE FIHsoew,
Faltinsen et al.(2002)2 Zd|o] Zt=7} ZrolAH 74t 9= &2
2F Ao 2 Fo=y el Feshe AT dkEel o
AAE A& FAHLE HAFYT AFolAs A8 AA Al
Zgo] ZEE 75°0]3t= AA|(ABS, 2015) L 50 )40 2 AA

Angle of Flare

Fig. 1 Definition of flare angle

(LR, 2014) 59 7= AL Aok T2y A5 1l
Agy 54 4 D}*J%Efﬂl Oz A8 AT 7 289 o
Heo= 3 ZYo 7 t&ﬁ}oﬂ W AFEAdel ik ZHA
ks 01%17} 01 FolA|A] 2

Zan=) t‘ﬂs_ﬁ}oﬂ w2
T7F Qs
£ AFoME g S 4= ddT=
7] A sgzA F 49 173, 110, 1/100 sﬁ#a] E}jl%_— 7
= AT e RlE) MAskE AFALS APFo
T3, Lee et al.(2016)A] 788k Zdo] 2% 90°¢]
EolA A Hedde] HAAA ) vlaste E# o
9} 33 Wslol| w2 At dAAAH 9 7JJ+ #1¢]
B4 HsE EMstdth. FREH 95 34 15

4 9 SHREel Beld S g

N
=

o oz o J

%S M

2o

7] A% 2P 22k
0.6m, =°] ¢ Im)ollA FHHUTE o] FxE I2E
Fejo] 297] g vl = 1:39] AARE 7= &3
Ax)5o] 9l W (Fig. 2), Standing waveS ©]-&3F WALE ASH
(Hughes, 1993)= ©]-8-3t] &vbdA= 1.7%2] WhAbe< 7=
AL ZRlsta 2 A3 zleYstHrh

Ao AMgE F2EL WA ZTHGulf of Mexico)lA +%
%<1 BW Pioneer FPSO2} 100%d H1=719] f-2]3}31(Significan
wave height)®} 374 F7](Peak period)E M= 2SS
1:1259] HIZ FAFsk] 1 F7)2 AA 4.0 H(APT 2INT-MET,

R

Wave maker Wave gage
| I Io,oszm .
A T )
| 10,111m
0.60m
v
Wave absorber
I High Speed CCD Camera
[
(a) Side view
Wave maker
h
Wave gage /
| L X
0.60m
v
< > 32m

15m

(b) Plan view

Fig. 2 Experimental setup for model test in 2-D wave tank



Experimental Study on Variations in Behavior of Green Water and Flow Kinematics on Deck with Various Flare Angles 79

Table 1 Principle dimensions for FPSO and model .
BW Pioneer Model
Length [m] 241 N/A ge=ema==a,
Breadth [m] ) 0.336 P
Depth [m] 204 0.163 — = i E v
Freeboard [m] 6.5 0.052 . E
Draft [m] 13.9 0.111
Table 2 Wave conditions of Gulf of Mexico and the model test in
wave tank I
West central of GOM Model test Fig. 3 Field of View for BIV measurement
0.100 [H;]
Wave height [m] 12.5 [Hys] 0.127 [Hy] 71%4(Shadow graphy image technique)® & G35 F 535t Tt
0.166 [Hy/z00] 5 U 7129 g4 2 238 ASshE 72947534
Peak period [s] 13 1.16 H(Bubble image Velocirnetry, BIV)S A3t tHFig. 3). 7124
Ao Lz=xgmo 53 Aol wWRIZE MQD(Minimum

2007) =3 gAY =AY TAL 98 Solvur quadnatic difference)”’]E o]83te] V|Ee &HEE AT
o 3 AAE o 2 289 V107 17100 Be+e] vtag A vpar (Mo and Chang, 2003).
2 Z7} AA3IAKLee et al, 2016). FRES }_qu | 2R B AoAM = ASS 94E B3l 32x32pixelsd] A4HEY
15m =0z X9 40x40mme] LFr)F FTERES AL&ste]  (Interrogation arca) B 50%2] FFH(Overlap)S 283l £=&
Zzo] QIdd| TABIPoH, RE AL .\JJr7g-x]0ﬂ ity ARSI eH, SAE S2EE Abo]] 1AL 244mme|th
PAR) FxEo| =sly] Ao A4dE AT 4F F
4L 0.6m=2 31AFATE 3. A5zl gl =

Z9o] Zt=Rislol] M2 AH5Ede] I zfolE AR
7] 9180 4719 o] 7@(90 75°, 60°, 455 VKT T2E 3.1 HpEato] SAITIY H|m

< o] &3l AFE FHHHAH, ZHT|oA 15m Dol AH TR} Z ZH o] 2= 90 ol M) AzhE 1A FxEo) v
of Fx&3 Aol ‘ﬂb}: He aAste 7 7229 91 AEE AFATE Table 37 22 oA S AXH BAE}
7‘<lf'—— LGsHA FASFA. Al #rt

&0 7] 9 Fig230L Table 1, Table 201 A& ek Fig. 4= 7 90, 75, 607, 45°] Felo] A4&5E /HAe 725

FFZJJMI o3t el IS A7 Aste] 23% CCD o diste] Agdde] 7 BEsAl BAEE AAIAL Hyw
(Charge coupled device) 7FZKRedlake Y-5) 2 50mm F3H= A wjo] HEAA vl OA &7 GAEL RoFT Q)
(Sigma, f/1.8)5 AHE3IATE 9L 23 50034500 Hz) 2 360  olu]x= YA/ |HE o]83le FEHon zAH4H =
x264mm’ F712] ZH % (Field of view)S 7HAH, oluje] It y|xi= A 93 o]EA] UERATH

A== 0.076mm/pixel©] . Fig. 4 (a-1), (b-1), (c-1), (d-1)= YA} FZ2Eo| HEALE R¥E

Adidel WY woll= TE= ] 43 el sl Al FHEWA dx AWEt F2E 8ol £ weke
B2 o 7127t AR E S, olgh 7|29 Eo] F4ole o & FolAE 742 Flip-through TAIS BolFth o] %
el A D458 M (Particle image velocimetry, 7} 90" 75°Y wjollE FREL] W RZoA AfFH] F
PIV)& o]-§3 £5% AlSo] ojg itk & dFels T8HA oA = Flip-through®] &XFo] 3] skl o, 60° 9} 45"l

Table 3 Behaviour of green water generation on a rectangular structure (Lee et al., 2016)

Behaviour of green water generation Phenomena Figures

The shape of the wave deformed vertically with a concave face

Flip-through before the wave front impacts on the weather side of the structure

Fig. 4 (a-1), (b-1), (c-1), (d-1)

Air-entrapment Air is entrapped on the weather side of the structure Fig. 4 (a-2), (b-2), (c-2), (d-2)

The water level increases along the weather side and splashes

Wave run-uj . .
P up 1nto air

Fig. 4 (a-3), (b-3), (c-3), (d-3)

The wave that was splashed up into the air overturns like the

Wave ove ne plunging wave breaker and impacts on the deck

Fig. 4 (a-4), (b-4), (c-4), (d-4)

After the overturned wave impinges on the deck, the body of

Water shipping bubbly water is moved forward along the deck,

Fig. 4 (a-5), (b-5), (c-5), (d-5)
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(a-3) (b-3) (c-3) (d-3)

-

(a-5) (b-5) (c-5) (@5)
Fig. 4 Snapshots of the generation of green water with various flare angles ((a) 90°, (b) 75°, (c) 60°, (d) 45°) in wave condition of H1/100

Ale Aol A AFEA @ FRES ud E2le ol EBola UtkFig 4 (a-2), (b-2), (c-2), (d-2)). E¥o] Z 57}
AL & F 9t o]y Zdo] d=ol ulE Flip-through &A1 90°H 75 W IE SH4 Flip-through @A) A] T 7 2

o B Aol wE} YA HHFIL FERE BR8E 3 o] FERE W R AZSAA TFEREH I AHF AMOH %—
A<l Air-entrapment HANAE FH o] Z=o] W& @A 2 7|7} 7]'Er°17<]*‘5 o] BAS= e E F o, 60°9) 45°
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Y glo] Aol 4 IQ T+ Utk Wave
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Ueht Stk o] g4 WAskE S A ] A =]
A= WA g0} 2= Jet splashe= ZE|o] ZF=7) 90° f

ARt AZFHNoH, e ZHo AEE 7]'1] TZE] A5
run-up HAINA] Jet splash §lo] 2 F2E H& wet Eo] 4%

st FERE 8 upgE FRolA WAAN k«] 2K Vortex)& Tt

e RS B 4 ok ol Falo] ol el wAbEE v
o glakAtol = Qla) TEE YolA AR TE FHEA] B4

SHAA A7 ASZ AHEATE Wave run-up G4 L2
3 9K(Plunging wave breaking)2] ¥/¢S Holm 3t
ol %Z”ﬁ% S+ Wave overturning @A) =7F2 Fig. 4 (a-4),
(b-4), (c-4), (d-4) oA 1ok et bl oA EAYRE Zeof
Zt=o] mE AFrH 4 xfo] 2 {13 Wave overturning 74
M= ZHo] Ao wet AZ T8 S Hol1 itk &
gl Z=rt 90°d wioll= Wave run-up THAOIA BEAIRE Jet
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$1A1%] Impinging point7} 7% EFEol|A 71 He| $A]51H,
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FAE BT AT Uk A GARD Eo] e &3
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(b-5), (c-5), (d-5) ol FEPASITE 3 918 AWWhs 7129 &
= 2o 4= 90 el 7P Bl o] 4=rt Holdas
7129] o] ZEE A& FBE B8l AT + Jom, °]
A3 3 9] 7] 2] Zol& Air-entrapment TA A F2

3 apgoll ofs) WA= 7]1E] Fol Aol ZIls= Ao
Hozioh

Fo] 239

3.2 ¢ 2| 354 Hlw

22 ZobpzoA A gket 2= ”‘c}i o= st
of WA= A5l tiste 1
At EAES vl - B4 A8 1=
-3t 713(54' HolAe 7|2 H54Es A j.fii A ST

Ar@go R 3 DAste 7|2 g S5 B4
] B84 B4 olElste A
U}. -E— ?ﬂ:rLOﬂ’ﬂ APH o7 FAZ AFPde] i
& AU7HE AlzEe] 0.1 s o E 7E FAF 9 Azt
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ATHRyu and Jung, 2012).
VNZQFFESAR R do HFFNY 7|2
83t 749 99 IY9L Fig 59 2°) 20mm x 2.5mme] =7
o] e B £5(w) S ALtegon,
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Fig. 5 Velocity distribution obtained by BIV measurement
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ABSTRACT: Subsea pipelines are designed to transport mixtures of oil, gas, and their associated impurities from a wellhead that can be in excess
of approximately 100 °C, while the external temperature may be approximately 5 °C. Heat can be lost from a subsea pipeline containing a
high-temperature fluid to the surrounding environment. It is important that the pipeline be designed to ensure that the heat loss is small enough to
maintain sufficient flow from the unwanted deposition of hydrate and wax, which occurs at a critical temperature of about 40 °C. Therefore, it is
essential to estimate the heat loss of a subsea pipeline in various circumstances. In previous studies, overall heat transfer coefficient(OHTC) formulas
were considered only for a single soil type. Thus, it is difficult to characterize the OHTC of the actual seabed with multiple soil layers. In this paper,
an OHTC formula that considers multi-layered soils is proposed for more precise OHTC estimation.
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Fig. 5 Characteristics of numerical model

Fig. 6 Grid for numerical analysis
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Table 3 Typical biot number and OHTC by type of pipeline

Type of subsca pipeline Typical OHTC  Typical biot

[W/n’K] number

PIP system 05 - 15 Bi,=4

Insulated pipeline ’ (Low)
Insulated pipe 15 - 50 4< Bi, <50
Concrete weight coated pipeline (Intermediate)

50< Bi

Uninsulated pipeline 50 - 1500 N

PP (High)

200

180 Proposed Formula
W CFD

160

OHTC (W/mA2 K)
3

0 50 100 150 200
Burial Depth (%)

Fig. 10 OHTC result of high biot number of pipe
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£ % 3wmKe] 2HE 91 & 5 ATk wF@ o] 0%, 50%,
100%, 150%, 200%°11 4 Proposed formulaAl4r A3} 81 4=2]3) 4
Axte] HHF A= oF 24%E eI

512 27+ =7) HIQE 4 S|AEITHCWC pipeline)

51.1 2 Y E 5 AP (Uninsulated pipeline)

E2 HRE F9] AuE ddAr}t gle siAuds E
tH= Proposed formula A4t ® F2814-& AASHATE £ A
e BIQE 7 oF 14681 A2 sAujHe] 7, WA,
GHEE T8 AR 38 Zo] @ dHEEL2 Table 4

s} 2},

Table 4 Properties of high biot number pipe and soils

Subsea pipe Subsea pipe  Depth of Thermal
and diameter layer conductivity

multi-layered soils [m] [m] [W/mK]
Pipe inner diameter 0.4826 - 51
Pipe outer diameter 0.508 -

Soil layer 1 - 0~04 1.31

Soil layer 2 - 04 ~ 1.6 1.4

Soil layer 3 - 1.6 ~ c© 1.6

2} 7] WRE £ SAHBL oj1BE B 2AYEE G
A Z AE-8H= CWC(Concrete weight coated)Hlj ol T A4k
B 5134 AAHAT
Table 5 Properties of intermediate biot number pipe and soils

Subsea pipe Subsea pipe  Depth of Thermal
and diameter layer conductivity
multi-layered soils [m] [m] [W/mK]

Pipe inner diameter 0.4826 - 51

Pipe outer diameter 0.508 -

Asphalt 0.515 - 0.74
Concrete 0.615 - 29
Soil layer 1 - 0~04 1.31
Soil layer 2 - 04 ~ 1.6 1.4
Soil layer 3 - 1.6 ~ c© 1.6
40
—— Proposed Formula
35 1 W CFD
o 30 1
&
& 25
£
S 20
)
E 15 1
I
© o]
54
0

0 50 100 150 200
Burial Depth (%)
Fig. 11 OHTC result of Intermediate biot number of pipe
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B A HE S ¢F 99] A9ol siAud &
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formula Al4HAF 9 X34 AAE vwetd S v Q= oF
5.6% =2 UERGTH

5.1.3 Y& B2 E & 3| A ullF(Well-insulated pipeline)

w2 HIQE Fof Oigt sl|4S F8sty] fl3l Eejz=d
(Polypropylene) 0.2 T A ujTS AA3t]  Proposed
formula AMF R FX A S ST SiA AT GEA] H
S|AATEe] &A= Table 63 2£0™ HIQE 4= 1990t}

2 3| Aulde] A= Fig 129 2ok g =R ks w9
FTLEAGATE °F 10WmrKoelH 200%H1H =S o oF
24W'Ke] F2EAGAS A5 21 & 5= AU Proposed
formula A+ A3} w2814 Ao 2ol= 63%E A
Skt

Table 6 Properties of low biot number pipe and soils

Subsea pipe Subsea pipe Depth of Thermal
and diameter layer conductivity
multi-layered soils [m] [m] [W/mK]
Pipe inner diameter 0.4826 - 51
Pipe outer diameter 0.508 -

Polypropylene 0.552 - 0.22
Soil layer 1 - 0~04 1.31
Soil layer 2 - 04 ~ 1.6 1.4
Soil layer 3 - 1.6 ~ © 1.6

10
—— Proposed Formula
W CFD
8 4

<

N

E 6]

=3

°

I

(@]

2 4
0 : ; :
0 50 100 150 200

Burial Depth (%)
Fig. 12 OHTC result of low biot number of pipe
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=
=
SARke] 4 =S 742 Table 73 ZTh

Table 7 Properties of Scenario 1 and Scenario 2

Multi-layered Depth of layer  Thermal conductivity [W/mK]

soils [m] Scenario 1 Scenario 2
Layer 1 0~04 1.31 1.31
Layer 2 04 ~ 1.6 14 2.75
Layer 3 1.6 ~ o 1.6 4.44

40

Proposed Formula (Scenario 1)
35 | CFD (Scenario 1)
— — — Proposed Formula (Scenario 2)

— 30 { A CFD (Scenario 2)
'
& o5
E
< 20
(@]
= 15 -
5

10 A

5 il

Q

0 50 100 150 200
Burial Depth (%)
Fig. 13 OHTC results of Scenario 1 and Scenario 2
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2 giAu e FEIRGA Gl AR ] AujH] 210
2 ZAgsly] wEolt}h mj@ o] 200%14 Alug]l e 13 Ajue]
2 29 SIFEAER(k,,,;, )= AZ 1.4756W/n'K, 2.8667W/mK
oln} S7tEAEEo] T thEAe| mgH Aluele 27F Alvt
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Table 8 Properties of Scenario 3 and Scenario 4

Depth of layer Thermal conductivity

Multl-layered [m] [W/IIIK]
soils - - - -
Scenario 3 Scenario 4 Scenario 3 Scenario 4
Layer 1 0~04 0~04 1.31 1.31
Layer 2 04 ~20 04~15 14 1.6
Layer 3 2.0 ~ oo 1.5 ~20 1.6 2.75
Layer 4 - 2.0 ~ oo - 4.44
40
Proposed Formula (Scenario 3)
35 - | CFD (Scenario 3)
— — —  Proposed Formula (Scenairo 4)
o 30 1 ® CFD (Scenario 4)
& 25
E
< 20 ;
O
E 15
I
© 10
5 4
0
0 50 100 150 200

Burial Depth (%)
Fig. 14 OHTC results of Scenario 3 and Scenario 4
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KEY WORDS: Conceptual design 7H'd “27|, Explosion risk %'%$|9, Inherent safety 11-#H84, Liquefaction 43}, FING F-#2] ¢
A7

ABSTRACT: An FLNG (floating liquefied natural gas) or LNG FPSO (floating production, storage and offloading) unit is a notable offshore unit
with the increasing demand for LNG. The liquefaction process on an FLNG unit is the most important process because it determines the economic
feasibility, but would be a hazard source because of the large quantity of hydrocarbons. While a high efficiency process such as C3MR has been preferred
for onshore liquefaction processes, a relatively simple process such as the SMR (single mixed refrigerant) or DMR (dual mixed refrigerant) liquefaction
process has been selected for offshore units because they require a more compact size, lighter weight, and higher safety due to their space limitation
for facilities and long distance from shore. It is known that an SMR has the advantages of a simple configuration, small footprint, and lower risk.
However, with an increased production rate, the inherent safety of SMR needs to be evaluated because of its small train capacity. In this study, the
potential explosion risks of the SMR and DMR liquefaction processes were evaluated at the conceptual design stage. The results showed that an SMR
has a lower overpressure than a DMR at the same frequency, only with a small production capacity of 0.9 MTPA. With increased capacity, the
overpressure of the SMR was higher than that of the DMR. The increased number of trains increased the frequency in spite of the small amount
of equipment per train. This showed that the inherent risk of an SMR is not always lower than that of @ DMR, and an additional risk management
strateqy is recommended when an SMR is selected as the concept for an FLNG liquefaction process compared to the DMR liquefaction process.

1. =B ATHZhao et al.,, 2011; Mokhatab et al., 2013). LNG= 7] AI%El
of Hlste] F-3]7} oF 400-6004 E157] wEoll A7kl ¢

FLNG(Floating liquefied natural gas), -2 LNG-FPSO(Floating A 58 st de] AMREHT oW, &5 1 Q9 F
production, storage and offloading)= 34 INGE A4tsks  Fo] U 718 A0 2 7|gigka 1ok LNGAAH QlofA] 7}
GAEE, AR Aefoll IA FFE wA] G HafellA A o] HE AL AFA A 71ER 709t RE thekgt
Asfi7A] AX)7} 7Fsdh ARl olF B AFEo] Jhssta, 3R AAIre] AAEo] STHBarron, 1985; Venkatarathnam and
Sl AXFE = A WA Aoke ALY & = Ao Timmerhaus, 2008; Timmerhaus and Flynn, 2013). Z&7]ol|= &
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AR WulE SAH 08 o] &ty B Ato]Eol K (Kanogly,
2002; Mokhatab and Poe, 2012) B¢ EHES W2 o] 83h=
SMR(Single mixed refrigerant)S A3} Th(Swenson, 1977,
Moein et al,, 2015). °]F T35 Alo]E FZ7 EYUEHWA APCI
(Air Products and Chemicals Inc.)ollA] ZZIHC3)S A&
© 2 Ag-3}= C3MR(Propane precooled mixed refrigerant) ©] 71|
WEo] AdHoz dy] o]&FHo] St Gaumer and Newton,
1973; Lee et al, 2012). Shelle F7}A EFYuE o]&sl=
DMR(Dual mixed refrigerant) W2t 34S A3+H 2™, C3MR
I 559 TEE 7S EXUHBuijs et al., 2005; Wang et al.,
2012). HIZele ¥ 58S e AEEAAelE FA
AP-X59] AAI7} AAIH L Ylvk(Barclay and Yang, 2006; Wang
et al., 2012).

aF HstAlde] 79, SMR¥ DMRo] H4dg 7o
F3 9JtiBarclay and Yang, 2006). 74414 SUSE 2I5)
|59 2 885 F7h 4= 2, A B 3
I FAY] Aok, Abarel] thE thA 2 T o] ojE R g st
o Oed 7F A X, A L &Y AulE Msske 4
o] AKDrysdale and Sylvester-Evans, 1998; Barclay and Yang,
2006; Bukowski et al., 2011, Paik et al., 2011), DMR2 ZZ3-&
v giAEtY AEEE W50 2m(Shell Global, 2016),
SMR2 ©@edh 72 9 7o A2 HH|E olF T kol A
&34 A8% 3 AthBarclay and Yang, 2006).

SMR®] 735, diid o= 2h2 AikgaFo & Qlate] ik
sYEY 4&8%F EES WEWAsk= thE EdQ(Multi-train)
T2Z5 AP AT} Lavaca bay FLNGS| 749 SMR 4E#|¢]
o] A= A=t (Corneliussen and Samnay, 2015), EHUL] 7
T e & X7t Sk A uisiH, ol & Wl
EE IVMA AANE AEEE =Y F Aok olHE A
A3 MIAEAG 71 EEAAGA A= & E2uA] ol 1
ofslr] olE-¢uh, ol BEA 9P % HI7HQRA, Quantitative
risk assessment)E AXW AA WA NS AT F A= F
AHaglo]l ek o] & tinlsly] fslixe /i AA SARE <
Aol digk & AA HEE 5 dofof gt

34 AA 2 AH3 B oA B AdFAEC] SMR

=
7497} &t} Barclay and Yang(2006) SMR 2 DMR 3}
of el HrIskaL dldAIE-S Sl E SMRe] FE3] H2
&S BHRAtta AEX YT Xu et al.(2013), Xu et al.(2014a)9}
Xu et al.(2014b) 52 SMR Wr2A-S Tkt 27 slollA F
21313139tk Khan et al.(2012)9} Khan et al.(2013)2 thaFgk 41
ZE5g ol83ted SMREFAH E&S HZASSIATE Lee et al
(2012)2 FLNGOll Z3sk SMR 7A4S AAlsta HHE 58
< B ol9dE & B2 AFAECISMR/DMR 374 &
& M AFE FF3H] $HoHBuijs et al., 2005; Aspelund et al.,
2010; Lim et al., 2010; Bukowski et al., 2011; Pwaga, 2011;
Hwang et al., 2013; Corneliussen and Samney, 2015; Moein et al.,
2015). SMR g =e] tigk A7 =3 Bo] =] ghor)
DMR¥} Hlmdle] HFHoz B3 A7 @A Y} Talib
and Price(2011), Talib and Germinder(2016)= SMR©| 3| AH
IA A3 FL& Ao AF= =3 Wt AF3H

I o, FAXR AFE HrF AAE Hola A= ¥
Kim et al.(2013) FLNGE= SMReo] &8°] 11 Ax|¢ ° Z3t
o] 22 AHo] glon, Ago] T Wi YIS 1t
= A B3 A53Al HsiA BAFT] Hlgo] FElsithal
Bt Qo g=rt FAFoz ofdA vlwrl HAe
A= M%) 715 A 23T Hocquet(2013)2 i & &
A P28 A93lal FLNGe 483k 49 EAdS 49
tRoL, Asl3A WAA HAYsHE Zolo| tisiAE AT
v} §lt} Kim et al.(2014)°14 = SMRE] UlAjd Y d=9} vjg
£ FAagshes HHIATE FYsIA oL, T ERIAARE
g Zolw DMRIY| Hlnle ©o]FoX|A] ¢FUT) Dan et
al.(2014)2 DMRZA9 sAFH BA4& F3P3ta SIL(Safety
integrity level)& RH5317] 98t @75 & BEFol st A

£ gt o, g dstFA Ao Hlue o] FolXA] &
It} Lee et al.(2015) ¥ Yu et al.(2015)°14= N2 33, SMR,
DMR Hz}gAe] HA nHHE vwstgoy da= g4
o2 HuHIL FFH] BRE= AFHA Gk

2 =RAAE 2% d= 24 YHES A8st /dA
AGANA T& BRI} Tt 7Hdshe A 9T A
S 7= SMR A53A 3 DMRASHSA O] A1 &
I APEE vuste] Aid A AREE EEstaA sk
o} o]& 95t SMR ¥ DMR Hs}gdS
st &S s} sk, HHstE SRz AANA Fd 9
£ EA3t ow Afo|7}t
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2 &3 58 17#(Vinnem, 2014). /1 3AA GA 9
BES HREL 7|E FolgdA 7P gEe] =& Ay

SZRE 28 7Fs(Dan et al, 2014). Q) Z& HI=E F4F
Ao R ZaNTE= FE N M3l & Foz Ue

2 i o g2 of o

< 4 AUTHOGP, 2010a; OGP, 2010b). (3) &2 AF}o] st
Bt it o g T Qlste] WA= Hd(Overpressure) 2
2 FriEn. 2o gk Aks A d4gAIsA] 7ol
28" & ot wixd i3k BRI} FE5sta mE sgriot
L7 E MEAIGANAM = B ZdS o] 83h= Zo| AA
Zlo|t}. TNT(Trinitrotoluene) 57H=&-& TNTZH 23S 7|6t
o A& At S4briee] FEAs 7vte s b, W
E Alkto] 7hsd AHOE RISt AAZAE Iy AMSEHA
ATHCrowl et al., 2003). (4) AF= £ flalAe ohfgt 3
77120l AHEE e, Y FE ARE BAA T
ol &E+E 3¢ o= ZITHEH(Exceedance diagram)E ©]-8-3}
W o] TH(Vinnem, 2014). ¢l Fo|X FHFETH &2 Qo]
A e HNEE FHst Yl EXE §87153 W
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H3lem, 273k Venkatarathnam and Timmerhaus(2008)2] <&
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REEs Haslele WIS A oh 3 HZ s dae
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Fig. 2 Process flow diagrams (PFDs) of (a) SMR process and (b) DMR process
Table 1 Optimization parameters and constraints for the liquefaction processes
Optimization parameters Values
Feed (natural gas) operating pressure 65 bar
Pressure drop in heat exchangers 0 bar
Adiabatic efficiency of compressors 80 %
Precooling temperature 240 K
Inequality constraints
Minimum temperature approach in heat exchangers =3.0 K
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Table 2 Number of trains and explosion scenarios in each case

Cases (production rate)

Capacity Per Train [MTPA]

Number of Trains  Explosion Scenario Per Trains

SMR 0.9
Case 1 (0.9 MTPA)

DMR 0.9

SMR 0.9
Case 2 (1.8 MTPA)

DMR 1.8

SMR 0.9
Case 3 (3.6 MTPA)

DMR 3.6

1 20
38
20
41
20
42

—_— B = N =

Natural gas
feed

(a) SMR

feed

(b) DMR

Fig. 3 Inventories and defined leak points for (a) SMR and (b) DMR.

HHe =l 167 HFE HA 3 deE At HA
3} daEF AdS 913k MATLAB R2014b0] %5 A3 =9
a, 7 R At 500] A8 AT T4 Atz AE
olf Wi FHzAE o]t o, 2524 Aok dudr]d]
HaeE27)t 35 o)4de 78It Table 12 223l &
£ As 9 154 Agzds vepdh

E dFdAe dso2 4 7 7P A2 ARy EA
< EdQle] &7 74E 1Bl3t Table 29} Z0]3714] AL
£ 7P83ta o& Mo E AU E T53H3th SMRE| 4
% A EFQ 8] IMTPA (Million tons per annum) ©]3}2
LA 9O T Z(Mokhatab and Poe, 2012; Mokhatab et al.,
2013), 3.6MTPAAY4HCase 3)S $I3A= 4712 Edle] Ha
stohal 7Hdstdck DMRO 74 Ed¢l &% SAV soB=E
ZF AargErd 2 o Egelog FAStE Ao R A HTH
(Pek and van der Velde, 2013).

3 BEA AFE 7N R 9 34 An|(EE7], a7,
#F7] BHE 7R A P FFsta 2 e fA
A L& (Inventory) S A4FIATE Fig 33} Zo] SMREA L] 7457

o

AN1FS FrRAT. 2 E8]7](Vertical separataor)] 71+
APl 9 GPSA FAWE o]&3l ALEJSH(APL 2009,
GPSA, 2012), €18t7]2] =17]= Aspen exchanger design rating

V8.8 (EDR)Z ©]&st FAET r&23e Ry o 74zt
9] A7) 7oA A FrEHS st HAE 7R EHALS

, FEA7-L 30mm, 100mm, 200mme] A71A 745 7HA s
Aot FELfAEe] g vl A7|I7F sk 28 7kt
atE o] ik ATt A EE, B4R og TP QF £
3B 713 $1ste] ARl Fok 7ol Hlste] 78 1t
ol A= FAM(ET Lsmis) = 788kt S8% =79
WS dAdtta 7Hgskla, el AT FPSo2] A A
=4 A 7 YO BE Ao AujFow FFE 7HA5HA

.72 Y% 9 A3} Y%= OGP(International Association of Oil
& Gas Producers) 57 A5E U838t AME-3IATHOGP, 2010a;
OGP, 2010b). =A%) 34E 95t & dolA UFAT
(Emergency shutdown)©|u} 71574 (Blowdown)©] 171 ZH7HA]
AU S FASHAA AEHH o= o] WSk S F=

Table 3 The ignition probability data used for correlations (OGP,

2010a)
Scenario No.21 Leak rate [kg/s] Ignition probability
Point 1 0.1 0.001
Point 2 5 0.03
Point 3 30 0.05
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Living Power Generation
Quarters

AGRU (stripping)

Utilities End Flash and

Ofﬂooding Arms
Fig. 4 Deck Plan of Shell Prelude FLNG (Jewitt, 2015)

(Full release) 2315 7H438th 38l &&-2 Table 33 2]
0GP7F A ek 219 Aol el B4 7k el Hole
£ Wadste] o] &skith

AAH Zu P we BAEy] 25k 2F mETol 747:"
Aol e FASAT Fig 49k Zo] FINGS| WA=
g5k (Jewitt, 2015) H3EH 2EQ| F7]E 100m, °‘“d
E3e] 4L 20meZ 7T

4. A7t Y He
Table 4+ SMR 3! DMR 43} 3-789] HZ|3} A3} dojxl Yujj¢]

A 245 AN LAYE S Vehha Qom, HA LEit]

BE 3% ooz AFERAL WSS AS FIY 4 9ok

ING lton/dayEA84Fsl7] $18ke] SMRO] 13.7kWe] VA E AF
sk Zlo] Hlste] DMRO] 10.3kWe| B} W o] Lmwke
Holal glom, o] 7]|E dFellA Had Axels AT
(Khan and Lee, 2013; Lee et al., 2015). -5 Table Al 72 34
HAERE Ay PR 2 &5, oY, A 8 e R
of M W%, MsletE, AEE 9 O A AYS YERi A

At

NGL Exiraction

Liquefaction
100m 20m,

AGRU (absorption) and
Gas Dehydration

Inlet Facilities

Fig. 5= 733%%% 5% SMR¥} DMR 3} 9y
= %3} 72 =3 (Exceedance diagram)S ZF AFEIEE BoFa
AT Fig. 5a& 0.9MTPAS] LNG BAHFS tI o2 stk 749
2, SMRe| DMRYI| HI3|A FLT HzolA HdibH oz vt
92 eI QIth Fig 5b= 1.8MTPA®] LNG A4S
o slal gom, Ak SMRO| Wik o R L Hlxo
DMR#} fFARIAY o o 2 AohE Hold 9SS &
AUtk ol EF ALY AR SMR -9 1.IMTIPAA
AR 91t 2719 Eddle] HEEA7] Wielth Edle
7} 7Vt o9 AL 7= Ane SRk o A
AR AR Y =27t vlglste] STl HER, 2 2 T
At Mert st AdE 7P7<41\:} DMR®| 79 &
El Aike] 71s3tRR Wn) &3-fske] ket Al gkl
7kt AbaLe] Fdaqhe 57}‘6?31‘01% Atal %= A
wslslA] AUTE Fig Sei= 3.6MTPAS] LNGAIAHS 91k ¢
2, EF]I Ao S712 skl SMRO| A A= F57h
ANE BHofFal ok Ao HAyzlteA FHIEE 7
+ 7% DMR°] SMRETH 22 #3hg Hola Qirh

Lok, SMRS T EdRICE F4H 797 DMRETH
WS A Fd =S Blon, Aihgwro] Srtste a7t

o

<]

4 2 2o A

Table 4 The results of process optimization for the liquefaction processes

Variables SMR DMR
MR Maximum operating pressure [bar] 46.9 48.6
MR Composition
N2 0.02 0.03
Cl 0.12 0.32
1) 0.26 0.36
3 0.58 0.29
nC4 0.02 0.00
Constraints
. . 3.03 / 333
Minimum Temperature [°C] 3.01/3.08 3.05 / 3.11
Object function
Specific energy consumption [kW/(ton/day)] 13.7 10.3
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= Ed]l /H57E $718H, SMR2 FHIECl 4] DMRI} fARs)H
g B w2 IekE By ol S7kske Bl st 2
Ao} 8 STMIA AIETE Srbshs AdE Eskalr]
Foltk ol B2 2 SMR| DMRY| Hlgte] T<estmg Qk
etk QAo l 282 & fEe BT, g5 Ed
SMRE Adshs 495 AdE dero] 1

of WA= A =

Hllo}ﬁiﬂrc 2‘7}7417@% 7HIth A& B0 FIde BEY F
Aow A& JHHEUNL, BE
om, AA| Arjel wjz] Bl 2E ujx|e} o
= IHHA Gttt weEbA 2E AFAE B
obd Byl A= A7) 9aA Bt Awd HrppERe 1=
£ ZoE vy a2y IfeE EFEa, $YS =elA
SMRe| 7}A&= WAIA ¥ =7F DMREDH AH = 52 T8
gt BFE AlFsH, MFAADAANARE ko] agfE|ofok
g FeoAs YFste] Eoh

II

5 &

I

=wol4= SMR 9 DMR 43378 NFEAE 7|Hto &
*MP 2ol wet 2 FAo AlE A L AFEE v
#4519 th SMR 2 DMR °"§%ij T BA AZEF OIS
st #HAH3 =AUt
Rz} Ax 3ol Hrt
, 2HFE FAE 01%6}04 A APEE vlwstA
o} A= 0.9MTPAAAE Al SMRo] Ak © 2 DMRe] H]8) A
SHIEoA e kS B o1} 1.8MTPA 2 3.6MTPAAAE
Al SMRe] DMR#} frAtslAY O &2 #9kE BYth & 9
Eg Aol Asksh= 4$Tre] SMRe] DMRETH Y2 x| 3
TEANPIEE JERUTE ol BAHEFo] FTksh D}%—Efﬂl‘”l
o] 275% 7% SMRE| AA|7F 7%, Akl RIE7} S719
ARy 2YEHA7] "otk & S ALk Fﬂi’—l"r
DMRo] B&E ofd} bd WA= SMRETH W2 A3
£ 2y o3k A= SMRe] DMR HIsle] bdsitha
Bt s YRkEQl AlZo] 3 AR gv AS BojFm,
83 LNG A4t Adule] 9 SMRE A elsh= 49 7142
R Aol mejEojof & RHojFETh

= 7

= 5 SGEFUE EAsEE AU
ZHNE FA AA AZL Y8 A dolE 435 g9
718 md HAe] Yoz 3w
A7H] =Y ZA="dY)
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Appendix

Table Al The results of process condition, hole size, inventory size, frequency and consequence for each isolated section of (a) Case 1
SMR, (b) Case 1 DMR, (c) Case 2 SMR, (d) Case 2 DMR, (¢) Case 3 SMR, (f) Case 3 DMR

Section ID  Related Pres. Temp. Inventory  Hole size Leak Ignition Explosion Overpres.
stream [bar] K] [ke] [mm] freq. probability ~ frequency  at 70 m [barg]
(a) Case 1 (0.9 MTPA), SMR 1 train
30 2.48E-05 4.80E-02 1.19E-06 0.034
SMR-1-1 10 46.9 305.0 16588.6 100 8.59E-06 5.00E-02 4.30E-07 0.159
200 2.62E-06 5.00E-02 1.31E-07 0.324
30 2.48E-05 4.99E-02 1.24E-06 0.062
SMR-1-2 6 46.9 113.0 1669.3 100 8.59E-06 5.00E-02 4.30E-07 0.099
200 2.62E-06 5.00E-02 1.31E-07 0.087
30 2.48E-05 4.90E-02 1.22E-06 0.049
SMR-1-3 11 46.9 254.5 425.8 100 8.59E-06 5.00E-02 4.30E-07 0.056
200 2.62E-06 5.00E-02 1.31E-07 0.056
30 2.57E-05 3.19E-02 8.19E-07 0.013
SMR-1-4 3 46.9 305.0 396.0 100 3.48E-06 5.00E-02 1.74E-07 0.048
200 7.87E-06 5.00E-02 3.94E-07 0.057
30 2.51E-05 3.21E-02 8.07E-07 0.033
SMR-1-5 7 3.1 109.6 170.5 100 3.38E-06 5.00E-02 1.69E-07 0.036
200 7.87E-06 5.00E-02 3.94E-07 0.036
SMR-1-6 15 65.0 1130 15093 30 2.47E-05 5.00E-02 1.24E-06 0.058
100 1.12E-05 5.00E-02 5.60E-07 0.095
30 3.03E-05 2.56E-03 7.74E-08 0.003
SMR-1-7 9 3.1 2284 169.9 100 4.01E-06 2.08E-02 8.33E-08 0.011
200 8.11E-06 3.95E-02 3.20E-07 0.024
(b) Case 1 (0.9 MTPA), DMR 1 train
30 2.48E-05 4.68E-02 1.16E-06 0.045
DMR-1-1 14a 48.7 240.0 13792.9 100 8.59E-06 5.00E-02 4.30E-07 0.214
200 2.62E-06 5.00E-02 1.31E-07 0.302
30 2.47E-05 4.86E-02 1.20E-06 0.047
DMR-1-2 16 48.2 113.0 439.2
100 1.12E-05 5.00E-02 5.60E-07 0.055
30 2.50E-05 4.30E-02 1.07E-06 0.038
DMR-1-3 3 19.2 273.0 1390.4 100 5.99E-06 5.00E-02 2.99E-07 0.096
200 5.25E-06 5.00E-02 2.62E-07 0.101
30 2.51E-05 4.15E-02 1.04E-06 0.027
DMR-1-4 2 19.2 310.0 299.9 100 3.38E-06 5.00E-02 1.69E-07 0.053
200 7.87E-06 5.00E-02 3.94E-07 0.051
30 2.54E-05 3.22E-02 8.18E-07 0.010
DMR-1-5 11 48.6 305.0 123.5 100 3.43E-06 5.00E-02 1.72E-07 0.033
200 7.87E-06 5.00E-02 3.94E-07 0.038
DMR.1.6 95 65.0 113.0 1689.4 30 2.47E-05 5.00E-02 1.24E-06 0.058
100 1.12E-05 5.00E-02 5.60E-07 0.099
30 2.48E-05 3.25E-02 8.07E-07 0.014
DMR-1-7 23 65.0 240.0 148.8 100 8.59E-06 5.00E-02 4.30E-07 0.038
200 2.62E-06 5.00E-02 1.31E-07 0.037
30 2.48E-05 9.04E-03 2.25E-07 0.033
DMR-1-8 3b 7.6 270.0 3327 100 8.59E-06 4.02E-02 3.46E-07 0.053
200 2.62E-06 5.00E-02 1.31E-07 0.054
30 2.50E-05 2.97E-02 7.42E-07 0.030
DMR-1-9 13 48.6 240.0 784.9 100 5.99E-06 5.00E-02 2.99E-07 0.073

200 5.25E-06 5.00E-02 2.62E-07 0.071
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Table A1 The results of process condition, hole size, inventory size, frequency and consequence for each isolated section of (a) Case 1
SMR, (b) Case 1 DMR, (c) Case 2 SMR, (d) Case 2 DMR, (e) Case 3 SMR, (f) Case 3 DMR [Continuation]

Section ID  Related Pres. Temp. Inventory  Hole size Leak Ignition Explosion Overpres.
stream [bar] K] [ke] [mm] freq. probability ~ frequency  at 70 m [barg]
30 2.47E-05 4.34E-02 1.07E-06 0.054
DMR-1-10 5 19.2 240.0 591.4
100 1.12E-05 5.00E-02 5.60E-07 0.060
30 2.48E-05 3.14E-02 7.79E-07 0.036
DMR-1-11 6 2.8 236.6 182.7 100 8.59E-06 5.00E-02 4.30E-07 0.032
200 2.62E-06 5.00E-02 1.31E-07 0.035
30 2.48E-05 4.95E-02 1.23E-06 0.063
DMR-1-12 15a 48.6 1447 1053.7 100 8.59E-06 5.00E-02 4.30E-07 0.087
200 2.62E-06 5.00E-02 1.31E-07 0.079
30 3.03E-05 3.96E-03 1.20E-07 0.004
DMR-1-13 19 3.0 140.2 109.8 100 4.01E-06 3.07E-02 1.23E-07 0.014
200 8.11E-06 4.56E-02 3.70E-07 0.030
30 2.47E-05 2.57E-03 6.36E-08 0.027
DMR-1-14 17 3.0 106.5 80.3
100 1.12E-05 2.09E-02 2.34E-07 0.024
(c) Case 2 (1.8 MTPA), SMR 2 trains
30 4.97E-05 4.80E-02 2.38E-06 0.034
SMR-1-1 10 46.9 305.0 16588.6 100 1.72E-05 5.00E-02 8.59E-07 0.159
200 5.25E-06 5.00E-02 2.62E-07 0.324
30 4.97E-05 4.99E-02 2.48E-06 0.062
SMR-1-2 6 46.9 113.0 1669.3 100 1.72E-05 5.00E-02 8.59E-07 0.099
200 5.25E-06 5.00E-02 2.62E-07 0.087
30 4.97E-05 4.90E-02 2.43E-06 0.049
SMR-1-3 11 46.9 254.5 425.8 100 1.72E-05 5.00E-02 8.59E-07 0.056
200 5.25E-06 5.00E-02 2.62E-07 0.056
30 5.14E-05 3.19E-02 1.64E-06 0.013
SMR-1-4 3 46.9 305.0 396.0 100 6.96E-06 5.00E-02 3.48E-07 0.048
200 1.57E-05 5.00E-02 7.87E-07 0.057
30 5.02E-05 3.21E-02 1.61E-06 0.033
SMR-1-5 7 3.1 109.6 170.5 100 6.76E-06 5.00E-02 3.38E-07 0.036
200 1.57E-05 5.00E-02 7.87E-07 0.036
SMR-1-6 15 65.0 113.0 1509.3 30 4.94E-05 5.00E-02 2.47E-06 0.058
100 2.24E-05 5.00E-02 1.12E-06 0.095
30 6.05E-05 2.56E-03 1.55E-07 0.003
SMR-1-7 9 3.1 2284 169.9 100 8.02E-06 2.08E-02 1.67E-07 0.011
200 1.62E-05 3.95E-02 6.40E-07 0.024
(d) Case 2 (1.8 MTPA), DMR 1 train
30 2.50E-05 4.68E-02 1.17E-06 0.045
DMR-1-1 14a 48.7 240.0 27466.8 100 5.99E-06 5.00E-02 2.99E-07 0.220
200 5.25E-06 5.00E-02 2.62E-07 0.452
30 2.47E-05 4.86E-02 1.20E-06 0.059
DMR-1-2 16 48.2 113.0 878.3
100 1.12E-05 5.00E-02 5.60E-07 0.072
30 2.51E-05 4.30E-02 1.08E-06 0.038
DMR-1-3 3 19.2 273.0 2780.8 100 3.38E-06 5.00E-02 1.69E-07 0.124
200 7.87E-06 5.00E-02 3.94E-07 0.137
30 2.54E-05 4.15E-02 1.05E-06 0.027
DMR-1-4 2 19.2 310.0 599.8 100 3.43E-06 5.00E-02 1.72E-07 0.067
200 7.87E-06 5.00E-02 3.94E-07 0.067
30 2.57E-05 3.22E-02 8.28E-07 0.010
DMR-1-5 11 48.6 305.0 246.9 100 3.48E-06 5.00E-02 1.74E-07 0.039

200 7.87E-06 5.00E-02 3.94E-07 0.048
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Table A1 The results of process condition, hole size, inventory size, frequency and consequence for each isolated section of (a) Case 1
SMR, (b) Case 1 DMR, (c) Case 2 SMR, (d) Case 2 DMR, (e) Case 3 SMR, (f) Case 3 DMR [Continuation]

Section ID  Related Pres. Temp. Inventory  Hole size Leak Ignition Explosion Overpres.
stream [bar] K] [kg] [mm] freq. probability ~ frequency  at 70 m [barg]
30 2.48E-05 5.00E-02 1.24E-06 0.058
DMR-1-6 25 65.0 113.0 3344.6 100 8.59E-06 5.00E-02 4.30E-07 0.136
200 2.62E-06 5.00E-02 1.31E-07 0.146
30 2.50E-05 3.25E-02 8.12E-07 0.014
DMR-1-7 23 65.0 240.0 2929 100 5.99E-06 5.00E-02 2.99E-07 0.047
200 5.25E-06 5.00E-02 2.62E-07 0.051
30 2.50E-05 9.04E-03 2.26E-07 0.033
DMR-1-8 3b 7.6 270.0 650.5 100 5.99E-06 4.02E-02 2.41E-07 0.068
200 5.25E-06 5.00E-02 2.62E-07 0.070
30 2.51E-05 2.97E-02 7.46E-07 0.030
DMR-1-9 13 48.6 240.0 1561.5 100 3.38E-06 5.00E-02 1.69E-07 0.092
200 7.87E-06 5.00E-02 3.94E-07 0.098
30 2.48E-05 4.34E-02 1.08E-06 0.061
DMR-1-10 5 19.2 240.0 1164.6 100 8.59E-06 5.00E-02 4.30E-07 0.078
200 2.62E-06 5.00E-02 1.31E-07 0.072
30 2.50E-05 3.14E-02 7.83E-07 0.046
DMR-1-11 6 2.8 236.6 356.5 100 5.99E-06 5.00E-02 2.99E-07 0.046
200 5.25E-06 5.00E-02 2.62E-07 0.045
30 2.50E-05 4.95E-02 1.24E-06 0.064
DMR-1-12 15a 48.6 144.7 2077.7 100 5.99E-06 5.00E-02 2.99E-07 0.116
200 5.25E-06 5.00E-02 2.62E-07 0.106
30 3.03E-05 3.96E-03 1.20E-07 0.004
DMR-1-13 19 3.0 140.2 207.8 100 4.01E-06 3.07E-02 1.23E-07 0.014
200 8.11E-06 4.56E-02 3.70E-07 0.031
30 2.48E-05 2.57E-03 6.39E-08 0.035
DMR-1-14 17 3.0 106.5 1584 100 8.59E-06 2.09E-02 1.79E-07 0.034
200 2.62E-06 3.96E-02 1.04E-07 0.033
(e) Case 3 (3.6 MTPA), SMR 4 trains
30 9.93E-05 4.80E-02 4.77E-06 0.034
SMR-1-1 10 46.9 305.0 16588.6 100 3.44E-05 5.00E-02 1.72E-06 0.159
200 1.05E-05 5.00E-02 5.25E-07 0.324
30 9.93E-05 4.99E-02 4.96E-06 0.062
SMR-1-2 6 46.9 113.0 1669.3 100 3.44E-05 5.00E-02 1.72E-06 0.099
200 1.05E-05 5.00E-02 5.25E-07 0.087
30 9.93E-05 4.90E-02 4.87E-06 0.049
SMR-1-3 11 46.9 254.5 425.8 100 3.44E-05 5.00E-02 1.72E-06 0.056
200 1.05E-05 5.00E-02 5.25E-07 0.056
30 1.03E-04 3.19E-02 3.28E-06 0.013
SMR-1-4 3 46.9 305.0 396.0 100 1.39E-05 5.00E-02 6.96E-07 0.048
200 3.15E-05 5.00E-02 1.57E-06 0.057
30 1.00E-04 3.21E-02 3.23E-06 0.033
SMR-1-5 7 3.1 109.6 170.5 100 1.35E-05 5.00E-02 6.76E-07 0.036
200 3.15E-05 5.00E-02 1.57E-06 0.036
30 9.88E-05 5.00E-02 4.94E-06 0.058
SMR-1-6 15 65.0 113.0 1509.3
100 4.48E-05 5.00E-02 2.24E-06 0.095
30 1.21E-04 2.56E-03 3.10E-07 0.003
SMR-1-7 9 3.1 2284 169.9 100 1.60E-05 2.08E-02 3.33E-07 0.011

200 3.24E-05 3.95E-02 1.28E-06 0.024
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Table A1 The results of process condition, hole size, inventory size, frequency and consequence for each isolated section of (a) Case 1
SMR, (b) Case 1 DMR, (c) Case 2 SMR, (d) Case 2 DMR, (e) Case 3 SMR, (f) Case 3 DMR [Continuation]

Section ID  Related Pres. Temp. Inventory  Hole size Leak Ignition Explosion Overpres.
stream [bar] K] [kg] [mm] freq. probability ~ frequency  at 70 m [barg]
(f) Case 3 (3.6MTPA), DMR 1 train
30 2.57E-05 4.68E-02 1.20E-06 0.045
DMR-1-1 14a 48.7 240.0 54711.7 100 3.48E-06 5.00E-02 1.74E-07 0.220
200 7.87E-06 5.00E-02 3.94E-07 0.635
30 2.48E-05 4.86E-02 1.21E-06 0.066
DMR-1-2 16 48.2 113.0 1660.9 100 8.59E-06 5.00E-02 4.30E-07 0.092
200 2.62E-06 5.00E-02 1.31E-07 0.094
30 2.60E-05 4.30E-02 1.12E-06 0.038
DMR-1-3 3 19.2 273.0 4066.6 100 3.53E-06 5.00E-02 1.77E-07 0.140
200 7.87E-06 5.00E-02 3.94E-07 0.165
30 3.03E-05 4.15E-02 1.25E-06 0.027
DMR-1-4 2 19.2 310.0 1232.7 100 4.01E-06 5.00E-02 2.01E-07 0.085
200 8.11E-06 5.00E-02 4.06E-07 0.093
30 3.03E-05 3.22E-02 9.74E-07 0.010
DMR-1-5 11 48.6 305.0 3884 100 4.01E-06 5.00E-02 2.01E-07 0.042
200 8.11E-06 5.00E-02 4.06E-07 0.056
30 2.51E-05 5.00E-02 1.26E-06 0.058
DMR-1-6 25 65.0 113.0 6912.6 100 3.38E-06 5.00E-02 1.69E-07 0.193
200 7.87E-06 5.00E-02 3.94E-07 0.212
30 2.51E-05 3.25E-02 8.16E-07 0.014
DMR-1-7 23 65.0 240.0 577.8 100 3.38E-06 5.00E-02 1.69E-07 0.055
200 7.87E-06 5.00E-02 3.94E-07 0.066
30 2.57E-05 9.04E-03 2.32E-07 0.033
DMR-1-8 3b 7.6 270.0 1306.0 100 3.48E-06 4.02E-02 1.40E-07 0.091
200 7.87E-06 5.00E-02 3.94E-07 0.093
30 2.60E-05 2.97E-02 7.73E-07 0.030
DMR-1-9 13 48.6 240.0 3106.9 100 3.53E-06 5.00E-02 1.77E-07 0.114
200 7.87E-06 5.00E-02 3.94E-07 0.137
30 2.51E-05 4.34E-02 1.09E-06 0.066
DMR-1-10 5 19.2 240.0 22523 100 3.38E-06 5.00E-02 1.69E-07 0.102
200 7.87E-06 5.00E-02 3.94E-07 0.094
30 2.54E-05 3.14E-02 7.96E-07 0.053
DMR-1-11 6 2.8 236.6 550.0 100 3.43E-06 5.00E-02 1.72E-07 0.055
200 7.87E-06 5.00E-02 3.94E-07 0.055
30 2.51E-05 4.95E-02 1.24E-06 0.064
DMR-1-12 15a 48.6 144.7 4829.8 100 3.38E-06 5.00E-02 1.69E-07 0.171
200 7.87E-06 5.00E-02 3.94E-07 0.158
30 3.03E-05 3.96E-03 1.20E-07 0.004
DMR-1-13 19 3.0 140.2 412.1 100 4.01E-06 3.07E-02 1.23E-07 0.014
200 8.11E-06 4.56E-02 3.70E-07 0.031
30 2.51E-05 2.57E-03 6.46E-08 0.047
DMR-1-14 17 3.0 106.5 354.6 100 3.38E-06 2.09E-02 7.06E-08 0.045

200 7.87E-06 3.96E-02 3.11E-07 0.044
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ABSTRACT: The forward and afterward parts of ships and offshore structures are designed to improve the fuel consumption performance. These are
made of curved plates with a large thickness. If a fabricated curved plate has some dimensional errors, a lot of additional cost is incurred in the
assembly process. Thus, an accurate dimensional assessment is very important for fabrication. In this paper, we propose an assessment method for
the dimensional quality management of curved plates. This can be applied to data measured using a variety of three-dimensional instruments, with
boundary measurement points automatically classified and sorted to create a measurement surface. The assessment is evaluated after matching the
CAD surface and the measured surface considering constrained conditions. The fabrication assessment is evaluated as a probability of how much the
tolerance is satisfied.
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Fabrication Assessment Method for Dimensional Quality Management of Curved Plates in Shipbuilding and Offshore Structures

(a) Container
Fig. 1 Forward parts of ships and offshore structures

. -
(a) Press roll bending

—

(b) Heating process

Fig. 2 Fabrication of a curved plate
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(c) Assessment of completion
using a template

(d) Margin cutting
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(a) Total station
Fig. 4 Points measuring method

Camera

Laser diode

(a) Laser vision system
Fig. 5 Shape scanning method
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(a) Measured points using a total station(20 points)
Fig. 6 Examples of measured points (plate size: 1100x800x20)
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Fig. 7 Sampling points
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(a) 21,918 points
Fig. 8 Example of sampling

(b) Measured points using 3D laser scanner (21,918 points)
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Fig. 10 Initial registration measured and CAD surfaces

(b) Consideration z-direction errors
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Constrained edges

Fig. 11 Registration with constrained edges

Fig. 12 Registration with constrained edges
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(a) Calculation z- direction errors

Fig. 14 Generation of a z-map using errors
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Fig. 15 Assessment of completion example
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(a) Case 2: Average:0.0, Deviation: 4.27, Assessment: 75.8%
Fig. 16 Assessment of completion using probability

Table 1 Assessment of completion

(b) Case 3: Average:0.0, Deviation: 1.93, Assessment: 99%

Case 1 Case 2 Case 3

Error count 3 0 0

Deviation 4.39 427 1.94

Assessment (Count) 66.7% 100% 100%

Assessment (Probability) 74.6% 75.8% 99.0%

Assessment (Mixed) 70.6% 87.9% 99.5%
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Table 2 Assessment of completion

Center 1 edge 2 edges
Assessment (Count) 93.7% 91.6% 91.8%
Assessment (Probability) 77% 72.1% 69.1%
Assessment (Mixed) 85.3% 81.9% 80.5%
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Fig. 20 Example of 3D laser scanner
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ABSTRACT: Dean’s equilibrium beach profile formula was used to investigate the correlation between the static shoreline position and the incident
wave energy. The effect of the longshore sediment transport was neglected, and the results showed the reasonable agreement compared with the field
observations of Yates et al.(2009), which were conducted for almost 5 years on southern California beaches, USA. The shoreline response varies with
the scale factor of Dean’s equilibrium beach profile. This implies that the shoreline response could be simply estimated using the sampled grain size
without laborious long-term field work. Therefore, the present study results are expected to be practically used for the layout design of submerged or
exposed detached breakwaters although the further work is required for performance verification. In addition, after laborous mathematical reviews, the
linear relation between incident energy and shoreline response, which was obtained from Yates's field study, yielded a clear mathematical equation

showing how the beach slope is related to the grain size.
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Fig. 1 Study site of Yates et al.(2009)

Table 1 General beach characteristic of survey sites (Yates et al., 2009)

.. Beach width Beach @ MSL D,, D, at1~2m
Survey site
[m] slope [mm] [mm]
Torrey pines 20 - 120 0.01 - 0.03 0.23 0.18
Cardiff 20 - 50 0.02 - 0.04 0.16 -
Camp 50 130 002-004 020 0.23
pendleton
San onofre 20 - 70 0.03 - 0.05 0.26 0.35
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Summary of Recommended 4 Values (Unit of A Parameter are m'?)

D [mm] 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0.1 0.063 0.0672 0.0714 0.0756 0.0798 0.0840 0.0872 0.0904 0.0936 0.0968
0.2 0.100 0.1030 0.1060 0.1090 0.1120 0.1150 0.1170 0.1190 0.1210 0.1230
0.3 0.125 0.1270 0.1290 0.1310 0.1330 0.1350 0.1370 0.1390 0.1410 0.1430
0.4 0.145 0.1466 0.1482 0.1498 0.1514 0.1530 0.1546 0.1562 0.1578 0.15%4
0.5 0.161 0.1622 0.1634 0.1646 0.1658 0.1670 0.1682 0.1694 0.1706 0.1718
0.6 0.173 0.1742 0.1754 0.1766 0.1778 0.1790 0.1802 0.1814 0.1826 0.1838
0.7 0.185 0.1859 0.1868 0.1877 0.1886 0.1895 0.1904 0.1913 0.1922 0.1931
0.8 0.194 0.1948 0.1956 0.1964 0.1972 0.1980 0.1988 0.1966 0.2004 0.2012
0.9 0.202 0.2028 0.2036 0.2044 0.2052 0.2060 0.2068 0.2076 0.2084 0.2092
1.0 0.210 0.2108 0.2116 0.2124 0.2132 0.2140 0.2148 0.2156 0.2164 0.2172
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Table 3 Results of parameter f at survey sites

Survey Site Beach Slope Mean Slope MSL D, D, at 1~2 m Scale Fallgtor Param?/tzer
1/m Iim [mm] [mm] A [m”] f [m™]
Torrey pines 0.01 - 0.03 50.0 0.23 0.18 0.1090 1.80
Cardiff 0.02 - 0.04 333 0.16 - 0.0872 0.86
Camp pendleton 0.02 - 0.04 333 0.20 0.23 0.1000 1.05
San onofre 0.03 - 0.05 25.0 0.26 0.35 0.1170 1.00

Table 4 Results of Ds, estimated from the beach slopes

Observed Estimated
Survey site Mean slope MSL D, Dy, at 1~2 m Parameter Scale factor Grain size D,
1/m [mm] [mm] £ [m'"] A [m"] [mm]
Torrey pines 50.0 0.23 0.18 0.0823 0.14~0.15
Cardiff 333 0.16 - mean 0.1079 0.22~0.23
Camp pendleton 333 0.20 0.23 118 0.1079 0.22~0.23
San onofre 25.0 0.26 0.35 0.1306 0.32~0.33
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Table 5 Comparison of correlation curve slope a for survey sites
Survey site MSL Dy, [mm] Scale factor A Observed a Calculated a
Y Beach slope [m"] [x10° m¥m] [x10° m¥m] at hy = 3 m
. 0.23 0.1090 -1.4
Torrey pines -4.5£2.0
50.0 0.0818 -4.9
. 0.16 0.0872 -5.3
Cardiff -4.2£1.0
333 0.1073 -71.3
0.20 0.1000 -6.5
Camp pendleton -8.5+1.7

333 0.1073 -1.3
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ABSTRACT: The present study investigated the validity of an equilibrium shoreline empirical formula for real phenomena. Among three types of
equilibrium shoreline formulas, Hsu's parabolic type static formula was employed, which is well-known and the most practical for shoreline estimation
after coastal or harbor structure construction. The wave data observed at Maengbang beach and the CERC formula on longshore sediment transport
were used in the present investigation. A comparison study was only conducted for the case of a shoreline change after the construction of a groyne.
Reasonable agreement was seen between the observed wave data and the data obtained under a wave angle spreading function S = 3.5. However,
significant changes were observed when S increased. Thus, careful application is required when using Hsu's formula

r&
I?E
T
o4
o
o3
©
%3
ot
X
3
o=
_(?L
2
ol
U
X
(]
]

(quueﬁed natural gas)7]7<] AR Ao xPAF AR 7

T FAEZE, AFE AAZA Y A 59 3yl

g dolt). 18y 11 HIE o3 d YoM oRRlE JE

Ao ge Biiigo] EAF.
53] 2 BAE 48] Yt A

_?‘_',

o
_LI -
B
e
o
[

b ol wjA) == el

QFpEEo] o3l B A% PAEAE oplaE s 3
0 A slekEstel ) 7% o] olAE AU el

EgskA Zellves Ae stk A Allle A &

249 ALl SRS FHE) A FAEAI A
of ol A3 A7k NS M He '
wAsiel AR G4 AE A 2 sl

Gl
3]
AA

ST P M S

= 448 AFTEE 2 F I P4 AL YYo=
#FsHE T I8 ol Bl SHkEA &L sikrEEe A
Ae osle o A% AAME dodd 4 e St
w3 GAe] Beol A5 ok Aojel olo] oF P4 =
: 3

Received 22 March 2018, revised 21 April 2018, accepted 23 April 2018
Corresponding author Jung-Lyul Lee: +82-31-290-7519, jllee@skku.edu ORCID: https:/ /orcid.org/0000-0001-9410-9725

(© 2018, 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.


https://orcid.org/0000-0001-9410-9725
https://orcid.org/0000-0001-9410-9725
https://orcid.org/0000-0002-7684-2453
https://orcid.org/0000-0002-7684-2453

124 Chang Bin Lim and Jung Lyul Lee

of
)
t

AX 3L Qlth FAbelF HAYE 7HkE FA | X
D142 HAE A& qSol= AFH 2FHdE 2
|51 ok 22y obF SAE Wt S 12 o]
9] 7148 dAFde HLHA Kt AR ETE ve 5

ot webA EiRbTEEe] AX| ] E b oS %‘—3‘ oF
2 A7 Aol A )T htell fle AFelnk F
Lee and Hsu(2017)= SAMZALSF 213} 319}sdof gl 3ok
g BAE Adete] A7|AQ AdEA s B2 wr1EQ

A

ot
flo

k)

bt o

o odo ool XN o kI
d

o EAE S RIS LAk 53] Hul BN
o= FYUSES stof WAl B A71H Wshol=
o AT AAE WPse] YA WMAE AR HE FBO

24 R ek

PRFS MdstAdh

782 AAZE dEA AT A3
Ei/‘ﬂ 3 2ol VKA FRIT TF °]%Q‘:} % 214
X &(Log spiral; Yasso, 1965), &A1 & (Parabolic shape; Hsu et
al,, 1987), 18] =34 ©41E & (Hyperbolic tangent shape;
Moreno and Kraus 1999)%5-°] At} 53] Hsu et al.(1987)2] H3
oA HP2AS Suh and Dalrymple(1987)8] 2] 23 Ax}et
AR A5 AAshes A@delth 183 RS 3T
ZE FF F9] I Ay A AoiA AR slitd A
P HAESH= o 433 783 AE FUo2A FET AF
S gr3 Aog FEt YriLee and Hsu, 2017).

Hsu et al.(1987)2] B&3lHd A @22 eviet alibd ¥
3} S = U W AAE EFIA e AR APt
I Q= ZdEiolth sEAIRE o}z 1 &&AJol] skl AARIAL
A T A AZANEEA Y fdTERESY] WX A =YY
A X3t e AA-olth Gonzalez et al,(2010)2 Hsu et
al,(1987)9] H3PsHd AP 2S AA 270 Poniente &l
HAEAA A71H skd sk} vl AR A ARE &

oX off |

L

92 B9 BPYL USSR Tew olF el Gl
AZE FSAY Sk TEE A4 o)Fol Sk W
A3 902 BeaA B Al

= Houol B siekdl 4@ Ao s ARbSEA
4L B3] Yrhvt BIIAE Bk E¥ shgaE
Yol B Sxo) whebx] B slekilo] ofgA W A

2.1 Hsu2| EasliohM Zad4

Hsu et al(1987)°] A|AIS TEXF HY kg d FF
& T A ()8t Lol FojAir,
2
RO)— Siiﬁ [q+q(§)+ c;(%) for 0= 3 1)
RO)= for 0 <p )

sin 0

Shore base line

Control point

a=Rosinf
Wave* crest
—+—  Wave crest
Focus baseline
Fig. 1 Definition sketch of Hsu's formula
3
Cy

N
I

COEFFICIENTS

o

\\go

10 20 30 40 50 60 70 80

WAVE ANGLE, BETA (degrees)
1987)

Fig. 2 Coefficients of Hsu's formula (Hsu et al.,

Zq(Parabolic focus) ZH-E] af|QHA171A] 9
T g d(@He e o9 3

P3HA HY ]% (Control point)& Au= AENE7 &A1)
o4 AY, pv Fer|EAT 2 ZHE HYr|EHE A
o] o]RojA= 4%, o= FBI|EAH 22 HE H
FardS AAg Aol o|F= 4%, 18a g% G
Fitting Zl5=¢]™, Appendix Table Al AAIE H}9} o] Hsu
and Evans(1989)°l| &]3ll A F= Atk 0 > 52 Bay 73+ 0 < 52
21477310 AR AAE7] A e Al 3 T8l 10] H
ofof gt

W Abgo] AA wrgste] GaFde] 2304 He] ol 9ol
= A3 ZARE B& 5 Utk o] A -‘?—Oﬂ 69 Fkel 0l 717+$]
AA, singZt poll 8L, G} ¢ B FAG F eH, ¢
] Ttk 8B E A1)l ik gt 5_ A= 2 (3)%
3t AA A Ro) 2 FRET

rlr

Ro=—-2 ¢ 3)

9
N
—10
2
F[F
I“N'
ﬂ_m_,
ﬂ-l
N
:_,
o

o oA BE7IEH S AY
AAY a <t J}‘EJ]T_"‘}‘ I 2o vy HHF LA
o] o] F= A% i Al Bk HF s ts

o ot

)
o
et

¢

4% o rr

o rg
i
e



Performance Test of Parabolic Type Equilibrium Shoreline Formula Using Wave Data Observed in East Sea 125

2.2 Sslle] Hsuo| HasHetol s|x2t M

9o} 22 Heu et al(1987)2] HEAMN Ao =HE =
sfiete] HPsAS FAT S Ak Hsuol HIFdHH 2
2 (W ZRE ool tigk HY3ekde] I Z4=E 313
otelel 4 @ 2k

R _g_ 1 a [.8 ﬁ)]

w00 R&sinﬂ{q0+2q(0 @)

T 2 (2)9] Ak 2ol ek p7F 0ol FHARIA AREEAL
357 7711 Control point7} F-3+HgH f1X]ol] Eo oA 2
@A ¢7F 002 FHFE ofell 4] (5)9F o] 1He FEfe

oR_ B a
RoO °  Rsing ¢ ©)

183 Fig 39 TAIE nle} o] 7]E kel gt 37}
5 o= Wget] 9t ol #HAHo] FrHET

p=0+y—=0+tan (97

o]
~
2))
=

£ 750

o
QFEA} ©]F % Q(Total longshore sediment transport
rate)= oFef 2 (7)3 2ol AN HHe] 77, ekt
agAgte] Atelzh, AL @9FTF Foll wat AP ET vEy
ol oJsle] AQbE 4] © 2 CERC(Coastal Engineering Research

Center)2} ]2} % e},

I

Q= (p,—p) ?1*p)g @

I, = K(EC,) cos oysinay, = T]éng”Q Vgh, sin2a, ®)
o714 EC = Wave energy fluxol™, H = 3tal, n& 2
T4, o5 Aol A ST 343 Akl ke A
A4 FA 2400 w2t tivf AA= 0.0425H A= L17F
A o @s M UAIRE BF 0772 SEh A (®)ell
A H=Yh2 Fi ZA @9 FE 35& T A =%
FHEEA e AL ¢ dog Fu AYshd oS3 go)
AL g ok AAJAAL o0 T2 FoAAE A FAF
(Longshore sediment transport rate) Q,< €< 4 SUTh

Q,= CH*sin20, ©
— K\/g/_’% BHHBHol o 3N ¢
o714 C*mollﬂ o] 2ol thal oF 0.167

o] & zh=t) A7A K=0.77, ¢=9.81m/s’, 1T]al ThHEe
SfAbell ZHEHE s=2.57, p=0.357} HF-&F Aok

Adl 3 AR ERE Aot FAFES Y A= A A
23] g3l sty SeaAe] AdHola dtdel BE

HaYsirhd ofefjo} o] A&l ¥ FH= FHHAT
Q,= C,H* T)? cosa)? sina,, (10)

, K0S
A 6= 16(571)(1*917)(2700'2 e o1 AFES] =ael
8l oF 0.1429) Fh& Zhet At
= IF FAL vheitt
S kel whe Asl AAL vhFo] DRAIEE Fig. 404
o el o] WEO 2RE 9 siobd el BAT ¢
2 (10)9] AT FAES T3} 2o] "k sjet
& x Fig. 4014 Z=A1E 25} 2ol sfiohide] 5 = &
st x=0°7} H FHel viert EASAIE B A4S Sk
ok whebA siobde] y=180°¢l thste] st U () F
St viths Aol Y1X5kAl "ok

XU

o2 3717} mAF] 1]

ool

oz

Wave
Direction

Fig. 4 Definition of the inclination angle of the shoreline from the

true north (N) and the wave direction angle of incidence wave



126 Chang Bin Lim and Jung Lyul Lee

Fig. 49} o] A% No2R e Aola slokl B «, YAt
goll wet 4] (11)9] TeIATHR EAEE Thes) Lol WalEn)

K" >4 702 cos¢2 sin¢
Qy = 02,04 an
16(s —1)(1—p)(4m)" 2k
A7IH (=g x—n/2013 FAFS) FHOE HES FHL &
FOE WS FAT £ 2 (107 2ol A4E EYsl B
A3t ool o] QAT o E FHETL
@, = G/ H 1) cos(sing (12

3.2 Atmfgte| B4 EAM

20131 9 2797 104] 30%-5H 20161 11 21 94 3027k
A b A] e SH AW (Y= 37247 0007 N, A 129°147 0.
2" B)9] 4 324mollA #FE] 307 HHoE AEH F

6 T T T T T g -
— Spiing
5 Summer
I — fll ]

— Winter

i ‘ !
m‘,&t 1 " JH/M} W‘q | ’\M
5 20 25 30 35
Months

Fig. 6 Temporal variation of wave height

=
T
L

1

~
T

L

—

1

Mean Wave Height(m)
w

OO

40

15

Peak Wave Period(s)

5 10 15 20 25 30 35 40
Months

Fig. 7 Temporal variation of period

——— Spring
— Summer
— Fall

Wieter

g &

=3

8

Mean Wave Direction(degree)
8

g

(=3
o
-
o
o
r
o
(S8
oy
8
&
3

Fig. 8 Temporal variation of wave direction

55,235datacl thF 23, 7] P 23] AAE WHESI} Figs. 6,
7, 89l 242t =AIE AT AE B398 Tetsly] 455 E(Green),
o E(Blue), 7F(Red), A-2(Black)S A2 2 th27] A8

Maengbang
Beach

Fig. 5 Location of wave gage (AWAC)

L2

. Spring
Summer

| Z
h' M i

40

=]
O

Significant Wave Height(m)
SRR

—— Spiing

Significant Wave Period(s)

— Sping

— Fall
— \\iter

Significant Wave Direction(degree)




Performance Test of Parabolic Type Equilibrium Shoreline Formula Using Wave Data Observed in East Sea

3
—
£ 25
=
L
2
o A\
© 15 B o:’
s g i
= /&8 N\
g ! o8/ \
= S e o
= Vs i N A
D o5 o
)]

~ 008@5063 00‘

(o9? 01/
0 o‘ol-i::; 4% ° ,8 ‘S—

0 5 10 15
Peak Period (s)

Fig. 9 Joint probability distribution of wave height-wave period

4 N v v - -
= 35+ 1
E
£ 3
K=
)
I 25} ]
o .
g’ ' |
)
0001 /"¢ ‘Qfl
= 15} 7/ AN\ ]
©
e 4l ]
E QW ‘bé‘ 0% N
k=) doop @ 0337
0 05 000, L 7

100 50
Mean Wave Dlrectlon (degree)

200

Fig. 10 Joint probability distribution of wave height-wave direction

Figs. 9-102 Tjar9} 7] T8)a1 vkare} ulske] AAd(Correlation)
S Fo}st7] 913k Joint probabilityE =AIE Aot} Ha W®
AAF #7} 0.5mE T a1, H3 NS YJAF IR NER] A=

sjets 3 Qo
0.03
--e-- Observed at 32.4m
=8~ Converted to Deep Water
---- =8
0:025F== hnssmmd seannl snsans SEeams saaala] $=20
w’f’("
§ 0.02 7
o
s
= 0.015
= S . g .
3 -
ki i
8 oo01 /

0.005

‘40 20 0 20 40 60 80
Incident Angle 0 (degree)

60

£

Fig. 11 Wave direction distribution measured at 32.4m water depth
on Maengbang beach

127

g
N o
" L

Significant Wave Height (m)
o

¥
< Q@? 0.04%02
ost % ® :
0.1> A
{ > . N?_@ ¢ |
% 5 10 15
Significant Wave Period (s)
4
£ 35}
£ 3
2
o)
T 25}
)
§ 2 oo
€ 15} //
0.0
/ “09,%;
Sg 1 @%‘9}% NS
5 |‘°° %0
» 05
0 . L ‘ % gb =

100 50 150 200
Wave Directlon of Peak Penod (Degree)

FARE o] g3t @A gt F YA FE V|Eo R
g ~HEF 9] r;]-t‘gk%i-}‘_}_—g— ‘:/\]3]-‘34 Fig. 113} 2t} o] 9}3F&
DA &g Ho| B2 Fig, 59 EAIE 4
o] 751}\—]24 0]_1_ 3]]0]—}\—]_‘,]_ 74,] .LgagzsL 710
EFE Al Bl Alsf ol A o] SRR T 5 A TS
o}, T3+ Mitsuyasu and Mlzuno(1976)-/] gl ge} v wst
o] EAIE(0°~ 90°)2 Hlnd EE7} ditste] s=8 F=Ql Ao
2 ZFEE I NAIE(-90°~0°)2 Hlnd WEsled $=204 520 A
o2 249k Mitsuyasu®] IEFHEEIE SO TR ofg
2|3} o] FojATh ok Fig. 119] FFEEEE AH9T I
ASZRE TAHE ASZ Eventd @] 3 50| IFEE
SrET & U dnkgk By EAS HLATh

1 T*(Ss+1) 25(9

A2 ek ol tiek AtEALE] BT Fig. 120 =A
HAth ALE foEe G AGE GE o 2] BAol5S
s o5 §-9l == 9= A<D E Groupoll tiste] H&o 2o &



128 Chang Bin Lim and Jung Lyul Lee

0.8

0.6

l

0 __lIIII I IIIII--_,
02
Y

-0.6

Q Nomalzed by Maximum

I North Directed

-0.8
I South Directed

-80 -6l -4 40 60 80
Inmdent Angle 0 degree

Fig. 12 Distribution of Littoral Drift @ w.r.t. Incident Wave Angle

Abo]EE FEsh A sl o] 712 skt itk 553
G5 AduAFe] T2 TH S ol F A Fig. 129} o] F A%E
AbEEE-00] Hojof gt Ty 2] SolA W 4 3ol At
cho] WhAysto] o] AQMEANFO] MEE TH S o] F = 3ol
THl7E b A 2 B sl o =4 o sy iR

4. Hsu et al.(1987)2] Esliohd a4 d2ld HE

4.1 QIotEAZH| o8 TEsHoMu} Hsu et al.(1987)2 TH
sliotM ZHEA Hlw

B oM g A5Z5EH FIsL E
< AABHH =3 Hsu et al(1987)2] B3 g 4lo] drf
U BEAE ARtk BE S ol R sl e A ALEA
Fol 00] HE B2 7P 5 ek =8 TAMA A EAdEAL
o] EAdks 55 -9 ol e Y BAsh= 2ol &
L3A R ATl A= EA%EA }ato] ZA|5}R] o=
o}, weba o] AL kA & =0l ’é ‘154—5— 73

W3l= 010}04 ‘%‘g OI~—
st 71e71E HFHHA 7] g7](Angle of static shoreline
gradient) 2 714 gt}

Fig. 13= 'y SA|7] 53¢k do) 9] 2121 AR 3)jQtel] A A
HE Y = bl A 9] 3t 71&71 9] Mzl Al e
ol 671 30, 60, 90, 120, 150°¢] Thate] FHeg7dn| = o} AbFEA}
A =7t A A EH AT 714 e 20 ZF ok R
3k Aol A JAFHEEC] Focus FE B8l Al dAFSH= 749 31"
AT 058 25 S 512 T 93450 Fol| A F2E v Tl A 31
B} Y E 5 ol 9} o] 1hdgt 2l ot 3)d FFFS
Hrg ettt 725w ol A o] 412 HF of] o] 2774A] A&
o2 Haleng g3 314 FIFS vigshy] 4R o u g o]9}
o) IrekatA A2l = Tk

K)(¢) =cos*[2(¢ —0—n/8)] for —x/8<(¢—0) <n/8 (14)

A% e} o] B33

%

T AR T

8 o)
A\
it
-

A3 AR = HEks

[ Wave Rose
I Northward Littoral
I Southward Littoral

6 =30°

Fig. 13. Wave roses (blue) and littoral drift roses (red) w.r.t =30,
60, 90, 120, 150°

90

—Calculated

80 —Hsu's formula

¢ (degree;angle of shoreline)

0 50 100 150
6 (degree; measured wave crest)

Fig. 14 Comparison of estimated shoreline gradient and shoreline

gradient obtained from the Hsu’s formula

Z=ol| o5t At e B o] B vk A S W SkaL 2 (10)
o] AMTALF F2E o] Gt A:mALRC] 00] H= A
LU= 9:0er1 6=160°7}2] AXF3 A3}7} Fig. 140 Ao &
AEIATE B9 4] (6)9] Hsu®] @4} Blalgh o7t A oA
© 8 TAF AT ti R F8l ol 91X It T2 E3 32o] Fig. 13
I} o] 1y EA| F2E0| = Aol T BAIE =8 EA
& d7go] 3k wiste| @ﬁh— IR RRE A 1=

21 (15)8] A& 71l ofsted B A2 HE AL B
71€7] ¢ Fig. 163 o] B3|t oz HEd 5 9ok

y= Z tangp) x (15)

i=1

Fig. 15 Definition sketch of estimating the shoreline by integrating

shoreline gradients



Performance Test of Parabolic Type Equilibrium Shoreline Formula Using Wave Data Observed in East Sea 129

0.45 T
—Calculated
0.4 —Hsu's formula

0.35F

o

[

o w
T

y (offshore)
o
P

0.1+

0.051

0 L L L 1 L
0 0.05 0.1 0.15 02 0.25 03

x (longshore)

Fig. 16 Comparison of estimated shoreline and empirical shoreline
of Hsu et al.(1987)

o= o] A sfieel ik sjx7, y= A A
A liobdt B AAY Td2lal o 71%@.01]/‘1—‘%
Gl J_A FH Atk Fig. 162 99 Foll e o9
et Hsuol RS vl Aol
4.2, TEAHEY 2o 0IZtE BAM
£ Ao st wet B sijkdol oA st
= AE AR 4 (13)014 3 AF= AF $5, 10, 20,
3000 wiste] g ¥ vpargE S4el mE Fd T2l vl
| 200 Sk = Y siokadel T wske} 915 Wg
£ AR sgroll me 9F 2HER ] FE5T} Fig 1790
EAEeH BY sfikie] 7127] wskel 913 W3l Fig
189 247t EAE A spEE el met F s edo] tha
o2 AL Ho|a 1o Mitsuyasuo] EAHAIG S7F 3.5 o
Hsu et al.(1987)2] 73 @43} vl ste] Anbz o2 2 dA|sh= 4
G Holal QAT 7F AR Sliobd Tl A ets)
A T SN Sl AR Fol A FaFe o 5
AR, S7F ARNG= 21L& Fig. 17904 & = 91%e] shakol
A9 vk #Abgol Al HT vt At As ofnRith
JEy Azt g a2~ ER ] E2 = Eventd @ 3
F Aol 2o} vlaste £93 & ¢ e 22 549
B Zo2 AgHE ol tid & o A3 AF A5 =
A} w4o] e vheF A%t v Adljutale) AHER0]
& A= Al s7F 35004 FA HlolubA] ot B sk

2

Distribution D(0)

-80 -60 -40 -20 0 20 40 60 80
Incident Angle 6 (degree)

Fig. 17 Wave direction distribution of wave spectrum according

to S value

=—Hsu formula
—8=3.5
—8=10
—8=30

¢ (degree; angle of shoreline)
w S (4] [*2} ~
o o o o o

N
o

0 20 40 60 80 100 120 140 160
0 (degree; measured wave crest)
(@
0.8
—8=35
07~ —s=10
—8=30
0.6 —Hsu's formula’
—~05
o
2
g 04
S
>0.3
0.2
0.1
0
0 0.1 02 0.3 04 05 0.6
X (longshore)

Fig. 18 Comparison of estimated and Hsu's results in terms of
shoreline gradient(a) and shoreline position(b)

o st o Arhrl 5o wre BA o] Hsuel
F8%7t 2 Zow Bty

cLEEEE

58 E

=

£ ApeldE Sehter Fatkeld #ER Y AnziE

fokd-o T% o]~— P RS A A EE Hsu et al.(1987)
% wate] 11 Ao] ekt sietel vt
U B E %J%HME} B2 sk AR R F Gt
THIE 35 UL a0k thewh Lk A, B34 sy
ARE A3 ARE WA F, BA FEBo] ofsle] e E 3]
A 5 vhe e W), P90 2 AQHEAL B4 o &
sfe] QAgkIEAL o] 0o] B SlokAl 71717} AR Bk, o] o) e
WL Bl 30 5 B ARE o] 88 BHNLAN Hsu
o FENLH BB o) vla - HES G Or shekie] mepo] v

34
5% FA1 Hol1 92 lsklch

[}

e Rt gkl mE Bl AT E A B
o|™ Mitsuyasu®] #AHAIG 5=3.59 wf Hsuo] AdA = 7 &

UAsiele. ST 7 AU E Sl S8 B P

Aol P A shekd A2l Fol $Alap) oleig A
2 P29 & 5 ATk mebd By ARk Qs AsE
Husl AUAE A4 ol ST Wt s Ano
g=o] shsstcha ole] ¥



130 Chang Bin Lim and Jung Lyul Lee

BAE, G2 Huel AYAE T Y 838 9L

nul ol As) <} WGHOHA‘] Hsu
e EEEEEEER e

B AT Slgrae] “Aoki AWrlE A 49 F
olmi, @%ﬁmﬂ@%ﬂ “HAAG AR WA
A A7} FF = FAH 4HE 017
oa%l | AR ZA=G, =t 329 4
o] AFAFA FH oA 2DEAR AP
Yk,

u&sﬁ

Iyl
i

References

Gonzalez, M., Medina, R., Losada M., 2010. On the Design of
Beach Nourishment Projects Using Static Equilibrium Concepts:
Application to the Spanish Coast. Journal of Coastal Engineering,
57, 227-240.

Hsu, J.R.C., Silvester, R., Xia, Y.M., 1987. New Characteristics
of Equilibrium Shaped Bays. Proceedings of 8th Australasian
Conference on Coastal and Ocean Engineering, ASCE, 140-144.

Hsu, JR.C., Evans, C., 1989. Parabolic Bay Shapes and Applications.
Proceedings of Institution of Civil Engineers, London, Part
2, 87, 557-570.

Kang, Y K., Park, H.B., Yoon, H.S., 2010. Shoreline Changes Caused
by the Construction of Coastal Erosion Control Structure at
the Youngrang Coast in Sockcho, East Korea. Journal of the
Korean Society for Marine Environmental Engineering, 13(4),
296-304.

Lee, J.L., Hsu, J.R.C., 2017. Numerical Simulation of Dynamic
Shoreline Changes Behind a Detached Breakwater by Using
an Equilibrium Formula. Proceedings of ASME 2017 36th
International Conference on Ocean, Offshore and Arctic
Engineering, OMAE2017-62622, VO7AT06A036-V07AT06A036.

1976. Directional Spectra of Ocean
Surface Waves. Proceedings of Coastal Engineering, 329-348.

Moreno, LJ., Kraus, N.C., 1999. Equilibrium Shape of Headland-bay
Beaches for Engineering Design. Proceedings of Coastal
Sediments, ASCE, 860-875.

Suh, K.D., Dalrymple, R.A., 1987.
Laboratory and Field. Journal of Waterway, Port, Coastal and
Ocean Engineering. 113(2), 105-121.

Yasso, W.E., 1965. Plan Geometry of Headland-bay Beaches. Journal
of Geology, 75(5), 702-714.

Mitsuyasu, H., Mizuno, S.,

Offshore Breakwaters in

Appendix
Table A1 Hsu and Evans(1989) parabola's coefficients

B G G G

20 0.054 1.040 -0.094
22 0.054 1.053 -0.109
24 0.054 1.069 -0.125
26 0.052 1.088 -0.144
28 0.050 1.110 -0.164
30 0.046 1.136 -0.186
32 0.041 1.166 -0.210
34 0.034 1.199 -0.237
36 0.026 1.236 -0.265
38 0.015 1.277 -0.296
40 0.003 1.322 -0.328
42 -0.011 1.370 -0.362
44 -0.027 1.422 -0.398
46 -0.045 1.478 -0.435
43 -0.066 1.537 -0.473
50 -0.088 1.598 -0.512
52 -0.112 1.662 -0.552
54 -0.138 1.729 -0.592
56 -0.166 1.797 -0.632
58 -0.196 1.866 -0.671
60 -0.227 1.936 -0.710
62 -0.260 2.006 -0.746
64 -0.295 2.076 -0.781
66 -0.331 2.145 -0.813
63 -0.368 2212 -0.842
70 -0.405 2.276 -0.867
72 -0.444 2.336 -0.888
74 -0.483 2.393 -0.903
76 -0.522 2.444 -0.912
78 -0.561 2.489 -0.915
80 -0.600 2.526 -0.910

Table A2 Comparison of calculated shoreline of the East Sea and

empirical formulas of Hsu et al., (1987)

) calculated shoreline Hsu's shoreline
0 -0.2 0

5 -04 0
10 -0.6 -0.1
15 -1 -03
20 -14 -0.8
25 2.1 -14
30 -3.1 24
35 4.2 -3.6
40 -55 -5.1
45 -7 -6.9
50 -8.7 -8.9
55 -10.6 -11.2
60 -12.7 -13.7
65 -15.1 -16.4
70 -18.1 -19.3
75 -21.6 224
80 254 -25.6
85 -29.5 -29
90 -33.7 -32.5
95 -38.1 -36.1
100 -42.7 -39.8
105 -47.4 -43.6
110 -52 -47.5
115 -56.3 -51.5
120 -60 -55.5
125 -63.7 -59.6
130 -67.4 -63.8
135 -70.9 -68
140 -74.2 -72.3
145 -77.4 -76.6
150 -80.5 -80.9
155 -83.9 -85.3
160 -88.3 -89.7
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ABSTRACT: In this paper, we propose an adaptive backstepping controller to control the exact position and orientation of a remotely operated
underwater vehicle with parametric model uncertainty. To further improve the angular velocity control precision of each thruster, a phase locked loop
(PLL) controller has been added to the backstepping controller. A comparison of two backstepping controllers with and without the PLL control loop
has been performed using simulations and experiments. The test results showed that the tracking performance could be improved by using the PLL
control loop in the proposed adaptive backstepping controller.
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3. Mo{7| AA|

3.1 Backstepping control design
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Table 2 ROV position maximum error according to input path
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Maximum 0.0626 0.4895
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Development of Autonomous Surface Robot for Marine Fire Safety
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ABSTRACT: The marine industry is rapidly developing as a result of the increase in various needs in the marine environment. In addition, accidents
involving ship fires and explosions and the resulting casualties are increasing. Generally, manpower and safety problems exist in fire fighting. A fire
fighter in the form of an autonomous surface robot would be ideal for marine fire safety, because it has no manpower and safety problems. Therefore,
an autonomous surface robot with the abilities of fire recognition and tracking, nozzle selection, position and attitude control, and fire fighting was
developed and is discussed in this paper. The test and evaluation results of this robot showed the possibility of real-size applications and the need
for additional studies.
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Fig. 3 Prototype of surface robot

Table 1 Specification of prototype

Width [mm] 350
Size length [mm] 600
Height [mm] 100
Weight(on air) [kg] 16
Speed [nvs] 0~ 24
Operation time [min] 10 ~ 30
D.OF 3 (Surge, Sway, Yaw)

Water thruster
(DC 12 V, 4781 rpm)

Water jet
(DC 3 V, 5500 rpm)

Liner D/C

Main propulsion

Sub propulsion
Motor

Liner servo
Dynamixel
Waterproof ultrasonic
1000 mah 11.1 V

Manipulator

Sensor Distant

Power
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Fig. 8 Nozzle part
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Table 2 Waterjet and sensor

Left waterjet Right waterjet

Less than 20 cm 0 0 255 255
More than 20 cm 255 255 0 0
Right Yaw movement 255 0 0 255
Left Yaw movement 0 255 255 0
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Table 3 Test & Evaluation

Require Test &

Function HW S/'W . Result
-ment Evaluation

RI F1 H1 - T1 (0]
F2 H3 S1 T1 (0]
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R2 F3 143 S2, S3, S4 T2, T3 (0]
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S4

R4 F7 HI, H32 SI, S3, S4 T1, T2 (0]
F8 H1 - (0]
RS F9 H43 S4 (0]




142 Jinseok Jeong, Youngmin Sa and Hyun-Sik Kim

(e) Fire tracking and fighting
Fig. 10 Fire fighting

(f) Finished

Fig. 102 AS7bA] ARek AeAo7E o83t A&
Zjpsh= Aol (= A= OJ sh= Aol (b= B
AR AE FASEL, (o AT A9 HHS At
dore =55 AdYse 423011:}. (= AHFE=ZE 753
SAE sl (= B Y 5 Fob = BHE F2
o 8] S Wskshe AAoH, (he A7 833
AL IR F dalge] FEE ot

m&iﬁ

]
2]
gl

5.4

I

£ =RdAe ke sidsE ksl f18l 7129
FARE gotata, EAEA-S sl 71&«1 SIS 25
< 7o 2 AgA|o7} s SRS 2E-S AEEkch
280 e FEY XF I2AAE HE3te] WPEHAk
NeE A RgE AR FLIR7M E GAH-e 7hto g &
B4 A2ES 0835t FAE YT 5 I=F FASATH
g gt A 53 FAS 7INEe R @S QlEta b
He 243t sAlE FHshs daElss AL 1d

I SAFISE Al Mute] EEEE EAE ddsh] S8l 259
AgJAlA et EAS o] 83t SR AelE FrAlstaL 9
YO ZRE AAE FAT F A=F st S A= st
& & e ALAAEE AAIs 2Rl AL A&
Aol71H-& AAAH ] RGBS 7]8ko 2 3|9 sjelS wjo}
3taL SHAE RQHE w7k FASEE QA s A
A9 GdA R tisl) FHETE o] 83te] FYHAE A
sta Aol EEXAEE o]&dt HHS B, S
ofste] FAHTIEE dto] 2RO AloE ZAA3Ih i%al iy
A 9 AgAo 7] A 8 7FeRS ERIsk] fE Al
AR7HE AGTh AFBIEE AAste] 22 st A

4

)
o

F

oAx AR 274K Bl 7]‘5%_‘—’—‘4, A 5ol Aot A Xﬂ
e 2Ro) Adge] FHRE it AERE
3 Ak ALAo7IHE %3}04 Azl 7Hsd A
galstalon, Atd 7ol EAQle] A8EHe Ae U

ou AHFZ FF Al BRO] AAAA BHBGe] TAE
< s

F5 dTeA s AEEZ o3 BHAdS
ke A7 Aoty E=F AIRME AREA A=
FLIR7}H| 2ol A Eolos ARntoz AgA|AE HAEIHE
o, 3A7F BASHA] ske Alols dabdriEte] 5498 =
Bl ozl euR ofF Hekslr] 93 AAHRE Al
st= 7HiEE 7R HiAste] Al &80 7hsdk AReA o]
2Row A7d Aot

i nJ[o o

s A%

References

He, Q.-Z., Li, C.-H., Lu, S.-X., Huang, S.-S., 2014. Experimental
Study of Pool Fire Burning Behaviors in Ceiling Vented Ship
Cabins. Procedia Engineering, 71, 462-4609.

Hong, S., Park, C., Park, S., Yu, S., 2009. A Study on the Fire
Detection Technology for Fire Protection of Ships. Proceedings
of Korea Society of Marine Engineering, 241-242.

Kang, C.G., Hong, S.Y., Suh, S.H., Lee, C.M., Kim, Y.G., Gong,
LY., 1996. Attitude Control Tests for a High Speed Catamaran
in Regular Head Waves. Journal of the Society of Naval
Architects of Korea, 33(2), 36-43.

Kim, H.-S., 2013. Development of Balloon-based Autonomous
Airborne Robot-kit. The Journal of The Korea Institute of
Electronic Communication Science, 8(8), 1213-1218.

Kim, H.-S., Kang, H.-J., Ham, Y .-J., Park, S.S., 2012. Development
of Underwater-type Autonomous Marine Robot-kit. Journal of
Korean Institute of Intelligent Systems, 22(3), 312-318.

Kim, W.0., Kim, J.S., Park, W.C,, 2015. A Study on the Improvement
of Survival Rate of the Passengers and Crews according to
FDS Analysis. Journal of the Korean Society of Marine
Engineering, 39(3), 312-317.

Ko, S.H., Kim, W.J,, Kim, J.H., Choi, S.H., Oh, I.H., Lee, Y.,
2012. Intelligent Fire Extinguish Monitoring System for Ship
Safety. Proceedings of Symposium of the Korean Institute of
Communication and Information Sciences, 562-563.

Lee, H.-P., Back, M.-H., 2006. A Study on Improvement of Fire
Service Deployment Standard in Korea. Fire Science and
Engineering, 20(1), 28-42.

Sa, Y., Jeong, J., Kim, H.-S., 2016. Image Processing-Based Surface
Robot For Fire Fighting. Proceedings of KIIS Spring Conference,
26(1), 139-140.

You, J., Chung, Y.-J.,, 2015. Study on the Ship Fire Analysis
According to Explosion Hazard. Fire Science and Engineering,
29(1), 80-86.



ok

=8| 353 2] A32A A25, pp 143-150, 20183 4€¥ / ISSN(print) 1225-0767 / ISSN(online) 2287-6715

[ Original Research Article ] Journal of Ocean Engineering and Technology 32(2), 143-150 April, 2018
https://doi.org/10.26748/KSOE.2018.4.32.2.143

Study on Underwater Optical Communication System for
Video Transmission
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ABSTRACT: In this study, we designed and developed an underwater LED communication system composed of an LED and a photo sensor. In
addition, we experimented with video data transmission in a water tank. Two communication modules were installed in the 3 m water tank, and the
image data transmission test was successfully performed at a rate of 20 frames per second(FPS), image resolution of 480 x 272, and data communication

speed of 4 Mbps.
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Table 1 Typical bandwidth for different ranges in underwater acoustic

links
Distance Range [km]  Bandwidth [kHz] Data Rate
Very long 1000 <1 ~ 600 bps
Long 10 - 100 2-5 ~ 5 kbps
Medium 1-10 10 ~ 10 kbps
Short 0.1 -1 20 - 50 ~ 30 kbps
Very short < 0.1 > 100 ~ 500 kbps
&4
——
Noise
source
Hydrophone
4 Direct path
T ’ \ l
Amblent
- Noise

. A} ™,
Bottom reflection |

Fig. 1 Problems of Acoustic Communication
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Table 2 Acoustic Communication VS Optical Communication
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3.1 HIAEMZ ST MIT)

MIT thetell A= 5W A LED 6712+ APDS AH&3+e] 1.2Mbps
s BEAIL 30m A7 BA 7Rsd % B2 EAmE
< MABaL FEA Aol glo] FEEES A= AP
359 THDoniec et al., 2010).

Fig. 2 Optical Communication Modem of MIT

Parameter Acoustic Optical
Attenuation Distance and frequency dependent (0.1-4 dB/km) 0.39 dB/m (ocean) 11 dB/m (turbid)
Speed [m/s] 1500 m/s ~ 225500000 m/s
Data rate ~ kbps ~ Gbps
Latency High Very Low
Distance up to kms =~ 10~100 meters
Bandwidth o X =1 M 10~150 MHz
Transmission power tens of Watts (typical value) Few Watts

Efficiency =~ 100 bit/Joules

Performance parameters Temperature, salinity and pressure

=~ 30,000 bits/Joules
Absorption, scattering/turbidity, organic matter
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Fig. 3 Optical Communication Modem of N.C University
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Table 3 WHOI underwater optical wireless communication spec
(2015 year)

Rate R[a;]ge Angle [recZie\fgn ?lcs)(%l}llrce]
1 Mbps 138 Hemisphere PMT / LED
10 Mbps 108 Hemisphere PMT / LED
15 Mbps 80 Hemisphere PMT / LED
> 400 Mbps 4 +7 degrees PMT / Laser
10 Gbps Contact +2 degrees Photodiode / Laser

Receiver

Fig. 5 Underwater optical communication network of WHOI
HE FFAoE 5o A3dor A dFe=s dgee=

EG 7HABEA BRlS 43S siA = E(Fig 5)E 5 B
ABAEE FF] FFoA YFF<A  AUV(Autonomous
underwater vehicle)2} AAI7F 1&FA WERYIE F531] B
2 HolHE 1£50 R HEY AARICE AUV Ao 59
71%& 7NE3lar th(Pontbriand et al., 2015).

3.4 ¥= ALICIRl AlSonardyne International LTD)

S8 B oke] fH Al B Sonardyne A= ¥
T 925 FUATL, MITY 7€ kS B3 4% 3 THE
A BEE AACA HAxRE 483 FEHOE AT des
ZH3E AHEZF leh T3] Table 4+= Sonardyne AMe] % %
FA5A 2d A8AFS et Aotk

Table 4 UK Sonardyne's underwater wireless communication module products

Model
BlueComm 100
Specification

BlueComm 200
(Operates only in deep water
environments greater than 1000 meters)

Light source

Bit rate 1 ~ 5 Mbps
Communication range up to 10 M
Communications Interface Ethernet

Photo

Blue LED Array

Blue LED Array
1 ~ 12.5 Mbps
up to 150 M

Ethernet




146 Hyun-Joong Son et al.

3.5 = ASE

= °ﬂ¥5f*° = s stael A 5 3 T8 7]
7] SRstual IdE ATE 20133 HE #5357 38}
A HaflA A FAEE SMbps, H FAIAT 20m
S8lom o]E 9= Sonardyne AbOlA 4831 F< x—lzsﬂ% 2=
% % 32 EE(BlueComm 100)9] AkeFe] Hafioll A Ho) BALE
SMbps, Ho] EAAE] 10m 2! AL Hwshd BEAEEE U5k
A AT 10m O 73 552 450l Fg 62 =3
qu]g]m_oﬂk] 7HH1— HQ_ 3 ‘3/\{ EL xl—x]E -«5]-7;1] 1,].5].14] 7—]0]1:].
12]3 Fig 72 s dtigne] 71&S ol wol GIBORsysll
Al AZFeE BOLcomm 100(43] 100m-&)2] Abzlo|t},

&_8.

Fig. 6 Optical Communication Modems of Korea Maritime University

Fig. 7 Underwater Optical Communication Modem of BORsys Co
Ltd. (BOLcomm100)
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Table 5 Optical modem design specification

Light source
Optical Power

450 nm BLUE LED Array
6 Watts (Radiated light)
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Table 6 Video transmission test result

Bit Rate 4 Mbps
Image Resolution 480%272
Image Data Size Average 0.2 Mbit
Received image frame 20 FPS

Error rate no error in 10 hour continuous test
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ABSTRACT: An experimental method to investigate the dynamic characteristics of buoys in extreme environmental condition is
established. Because the buoy model requires a resonable size for accurate experiment, the test condition in model basin that
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Table 1 Computed wind and current forces on buoy models
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D Single author : (Kim, 1998)
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laws and institutional guidelines and that the appropriate institutional committee(s) has approved them. Authors should
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2. We promote professional development through performing proper research and provide young researchers with the
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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.
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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
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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
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(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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