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1. A&

1.1 9 =17

E2(sloshing) &2 A& Fa Ue W9 5= A3

FAe ®He]l Foste A4S L= AA FHO =

19009 FwrRE] AHA7FA LHHA(LNG Carrier, LNGC) 9
AAC g AF7F EstAl AP =] ARSI A, olE VIHie R
2000 tioll o2 = AMurel =77t FAEA FUHSHAl H A
2000 ) Zyro] AsPHAVFA LHFA(LNGO)E®TE ol Hf2
B H A7 ALHEH(LNG Floating Production Storage Offloading,
LNG FPSO), 3t A7t~ AZFHUA(NG fueled vessel) 5°]
S EA, e FH A7 FEZANA TAEE £2A
Al e dAT=°] T ATH(Faltinsen and Timokha, 2009).

A7k #HE v g g AvE i@ sie}
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A ot A 2oy ZAE WS dig AFE0]

&= a1 o (Kwon et al., 2018; Oh et al., 2015; Pastoor et al., 2004; Woo
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etal., 2018).
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13t H4F A< & (Computational Fluid Dynamics, CFD)E ©] &%+
A% s A 2 9) th(Braeunig et al., 2009; Chen, Y et al., 2009; Chen,

H et al.,, 2011; de Chowdhury and Sannasiraj, 2013; Fossa et al., 2012;
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A oA Z8EdA €2 AP HAES A F sk
A| Al 3FA THABS, 2009; BV, 2010; DNV-GL, 2016; LR, 2009; ITTC, 2014).
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AA FTH(Kim, et al., 2013; 2017a; Park et al., 2014; Ryu et al., 2016).
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2. Zdste] o@ o283 A2
2.1 s #d 4935 o] &

2.1.1 €93 712 Ad 9 9y

92 AR AHAIE AdH B gA D 7ER] 7] EZ <
Aol7F "asit. WA Ywork, WS FEl= 714, 7], A7 &
o 7kA FEZ7E Atk E9EE Q1 SHoA T dEbAER] A
B(force, F)°] Al=Hle] A WHWIAE Lo7e= Aolth o=

siox mASKW A QNP 2ol AEne Wy wHom

4

A4 &(line integral)3F FEj7F ok o] W o] ©H AS] FEW |
Agshs B A Do $HE 4 (22)9 2ol yEE £ o
o] mj pp= EWHol| #835l= YF U H(external pressure)©] L 2|2

WMol e P v $Foly] e o PEsh BTk

W=[F,-dv 2.1)
F,
W:jf-d(Ax)szE-dV:jngcosezj—@dV 2.2)
H(heat, )2 =% THll(temperature gradient)ol] 2|3l & = (driving
force)o] AFEH= FHFA A=®"l Y] AqUA dEs H| gt

ol&d U7 &% FHje] o HAZE & 9= wAle

7 % (conduction), T F(convection), ¥ Ak(radiation) ©]ZA A Al
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ZHA7F v €AY SEe dRkFoE ALy iR/ Aeele
250 Bl WA 25 u Algol Wk, IoAE
WAL o3k d ALo] AujFHelr. BEdAE Al A € AL
S 25 A JolA Al2"Y 4 AEnks Ao

AE = (entropy, = =HE E93 FHE Hetle =9

< StUE, 2957 AloA d&E HAT F Qe duAY 55FS
[e=]

AR W olgHE U FTolh 1A ATl ANE AED
Ao gre AT 5 9, oAl A AET geld, 97
YL olFo] L7t 19 Aol & 50 B /YL W, A=zw 9]

z7le e 2o ded 5 Ut

ds =29 2.3)

18

A& (enthalpy, H)= FIETH AdA L& F e AdAUAE
dA=T WE AUA(O) Y E5Y(flow work)d Zo] AZf

BIE AAGOEA A 5 U AUACEISE Gl 7, P

o, 4 24)9 2ol e & .
H=U+PV (2.4)
AL 712 ofd How el wal gho] Waly] WEol,



AF5E= A A (Helmholtz free energy, A)v= VAT ol A
d98tz IHAERRE IS F de 987 ZREE,
DUANA AEE2 AH oA Fole Lrgre L7t YD
29t FAHFo=2REH F2E F Ae <9 Adwtold. dF &=

A IR E The T} 2ol AoHr,
A=U-TS (2.6)

A2 A o X|(Gibbs free energy, G) AT 2=k A
F9TgAZE & F v 7FFAHA LY HAuigtoldh =3 JAD
]

HYo =2

rfo
b
o
A
)
2
>
R}
A\
)
Lo
%
I

doe Ffolmz, AT 2x9 FHAAM Hx AF oAUAIL
Dot o s Ayl ARHow WA btk 7hashAl DA,
Az AfF duAE o"| Al WE dUA(U), AdEIHH),

AERI(S), @ RN ol§dte] Folstt s Foln)
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G=U+PV-TS=H-TS Q2.7)

g9 A 1 WAL oW 3gdE A9 F UFAUAE
dAstd= WA &9 AVt n™E AA #F2 A, ]
Aol WFEAUA= 3 A 7HE(Q) Wl Wty gElsh,
298t Al 1 HALS 98 A WFolHA WErE Al Zheizl

rl

A3 AZF FHA T A Abo]f Apolo} Aok AS YH|RH ol &
AE 71202 £P3HHE 4 (2.8)¢ 2o
AU =S50+ W (2.8)

7k g melsh BA Abolo] HUAH L HWE 5 Yok dejg

A 2 WA w2E F Qo] el glel, de] o]Fe mAL

_IR r*o
2
2
i)
i
o
i)
o
o
>
A
ok
fo
=2
AvS
N
Ll
o2
&
o
f
=
Y
of
ol
rlr

oA mle @ 60 & FHB L7 T A9 A=
W3S e Zol 4 23)0lt

(flow work, PV)= B3lATE do] 7| A= 7144 9

Ho
off
lo
ot
al
i
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s Qo) vla Ao ok EAE 794 S otk

dU =80, +6W, =TdS - PdV 2.9)

rev rev

2 (2.4), (2.6), 7°NA AR AEIme EE= A
NAA ), A= A7 AdUAG=E 44 4 (2.10), (2.11), (2.12)9]

FHZE AFA BT 5 Aok

dH =dU +d(PV) =TdS + VdP (2.10)
d4 =dU —d(TS) = —SdT — PdV @2.11)
dG =dH — d(TS) =—SdT + VdP (2.12)

2 Q9NHEE 2 212744 Ul e BAAL 7B At
£/ 374 (fundamental thermodynamic relations, fundamental property

relations)©] k. $h},

2.1.2 YA -71A FHH

gdodste] AHl 7MA(state  postulate)> EZHO IFF HHE
A

t gAEe A2 SYdold ¢u

=
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9

5171

©

}43 2 A4 A (intensive

o A% o

kel
=

o fl= #A FH AH. A A 44

1_:1'11-
ed AFANZ wHE 5

P
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properties)2] 7}A = d&

ol
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o
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o
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]_

SH THdeld. o 71A

= Addel A7 A7l WA= #=

o
i
il

)
G

o
o

(2.13)

1z =, P,

oA P, V, T
°

hbel ghol A

°

gz vk = s =de 442 F 71 vl fith
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oAM F Z7HA gkel AaA™E YA
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P
fiquid Crl'tlcal
Solid Point
Coexistence
lines
Vapor
T

Fig. 2-1 Phase diagram

AA o) F719he BAHFE 8e B4 e APy

o
J8

of AdE 7|2 WEr7E AAHYAA A 2571 Eobd
AS, AA We BA % Age

Bolx 7] wiel, 257t Fobgol wil Friqkel FUiskAl Hrh
olAY e LxE YAt A FEAE A SPH
Aol oflth wekx T 7hA Aol FEIE dEHAM 2=}

el wAC WE AHe Fi ex wE Ei GPAAE

i

: 5 A 2t 8t 3



F(phase)oll THgF 32~ A oA A& ZA|8}st Fig. 2-2¢]

&
O>

SASGY. 7 Aol Az A% dUA Rl we wWol o

HH FHE ouiste, T wol ¥t e A Q14T ol

projection)dt¥ Fig. 2-33 o] YEE o Ut

GA

Coexistence line
(phase equilibrium)

Liquid phase
has lower G
and is more
stable

v

Vapor phase is more stable
Fig. 2-2 Intersection of two Gibbs surfaces

P“

Coexistence line
(phase equilibrium)

Liquid phase

Gliqmd+ dG/inlid
= Gmpor'f‘dG\‘qpor

dG
Gh‘quia’ = Grapa

Vapor phase

v

Fig. 2-3 Gibbs free energy on PV projection
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Aejel s e wske] tsl ol Avh

WE=AE AN TA & ol Fig 237 2o] A5 WEE o] §aT)

3774 (coexistence line)d] F

ARe we A @147

ol 2=0 W3l dre FMA 4] WHE drgke 78

ATk A2 YA wA WHslE 24 (2159 Zo] YEhva, 2

AT
Gliquid + dGliquid = Gvapor
dGliquid = deapor

2l (2.16)00 71&

Aqeta 54 BAY F9

Hg3td A 2173 2ol JEeRd

FAgel EASE A (2142 o8t 4 2160& L& F

(2.15)

(2.16)

2oz AestA 4 (2.18)°] HTh

Vi..dP=S. dTr=V __d°P-S  dT

liquid liquid

dP _ Sliqm'd - Svapnr

d_T - I/liquia/ - I/vvapm'
T3 2 (2.14)0

2.19)9} 21, o=

(2.20)°] Hth.

shuel A (2.12)F

F 3, olE 19 Pl digh

vapor (2 1 7)
(2.18)

A2 oyAe Ao 2.7)E AHE3IIH 2
JQEZT ] ztof] ik o2 UehH 2
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Hliquid - TSliquid = Hvapor - TSvapor (2 19)

H,  —H
_ tiquid 77 vapor_ (2.20)

liquid ~— * gas T

21 (2.18)3 2} (2.20)0= At 4 (2.21) & 22 Clapeyron 4=

AA Ft} Clapeyron 42 & 349 7]L&7]9 gy, FHs=

dP Hliquid - Hvapor
ar- @, )T

iquid ~ vapar

2.21)

2.1.3 259} ¥ #A 4
2.1.3.1 Clausius-Clapeyron 2}
ZIAeF HAY HF AFEjlA AA e 1A 2] X3 o
Hlsj A Zthal 7E st g&3 Zo] g &

B
1z
H
rlr

v,

liquic

d <<I/vapor or V;iquid zo (222)
uebs F Faol Wile e 71AY By dEe & o AT
T RAZR, g Z1A7E o JA EdE mETa JPgstd 4

(2212 2 (2.23)¢F Zo] FEFE F AT

38



P_AH
dRa[ — sat zvapor (223)
dr RT

=

Ao A1 Eole] ARlA A dele] AgE W
%}1\'0]—1’-, Poare Eﬁ]— }‘ol‘ﬂ]gl OH]' < ,] ]‘6]-1:]. /\] Q. 23)O]]k] _/_F%_

geatd et 2 ¥ b4 Az A S odn

d[)m[ _ AHvapordT 2 23
P, T RT? (2.23a)
AHV(I or 1
dlnP, =—>2d| — (2.23b)
R T

o714 24 (2.23a)5 Clausius-Clapeyron 2]o]2kal $+t}. Clausius-
Clapeyron 2] Clapeyron 2] &3 9 $3lof tfgh A THOZ
=0 WE F7I%e Wstel B3 Hojth. whekel ZIAl e 9
A7t 5o ZH3olgtd v53 o] Uetd < ot

AH,,, #AH,,, (T) (2.24)

vapor vapor

9 7 B A 2230)F AESW g e AS de 5
At
P AH
i Dz _ Ao | 11 (2.25)
Rmt,l R T T
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i

Ty A Q2a9 B2e e AAR e &x WelkAd:s
fastA et 2=k dd MRS 1A dde d
#asA Ha shgelA Holur) miel 2 225)F AdH 2=
Aol A g g 7hsste

2.1.3.2 Antoine 2]

Antoine 42 =F3EES  FrIde]l 2= wEh o

(2.26)

rlo

tf} 7] ¥ <=(empirical
sFet AHCl we gt 249
FeE AdE™ 2 (225d4 AFEY 2Rt A

ol @ A, B, Ct EF 4A¥L T3 o
=

parameter)=°| ™ A<

ote&(P)E ®F Abel(standard state)® A ZHEHal, T g b7 o)
PE g3l AAsA v FEH FHE ds F Ut
gy, A (2259 BE 259 A9 9 Aol i, Z
7bol  ZI3ES ot EF 22D i FrEA x3)
Q¥ (saturation pressure)©] T ER3 FAIAZ A3 A7) wEol
AA didel tislA = Clausius-Clapeyron 2] ETh  Antoine 2]<

ol & A A3t B & gt A9-E0] BHh
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2.1.3.3 Jakob T
Jakob =% <L (sensible heat)¥} 7+ <&E(latent heat)] BHIZ A o=,
st HdEE FAad Folth. A9 =29 AH Wst glo
WH3lo] HQa3t

2
o
o
8
5
s
&
rlr
v
oo
i)
i)
rlo
+
1>
o

Ja = Cp(Ts _Tsat)
H

vapor - liquid

(2.27)

Coi= <3} Wl <Y(specific heat at constant pressure)@ AP Z7 ol A
1g8] E4< 1KUHF9 255 A7l E83 4% 43,
A vld &Folgti: ok Twdt T A4 E23H 229

&% (total stagnation temperature)e 2|F|StA, EE= T A9

2
g
oy
3
o
2

gy Wal#e oudtl Jakob F7F 09 7Y A

&

Hol watsty] wWEel §4 =79 ZEVF O ArlE

i
ko
e

AsA AT Jakob 7F 0914 Skl weEk 944 W37 g4

Jo

dojd = Q= Aol Hr} Bracunig et al.(2010)S TR 7o)

Z1A A AA dEmE Fdo] Q3 dYnE Ui o=
FA=H FE 9 Jakob & AT}
Hvapor (fzat (T)’ T)
(2.28)

Jamadiﬁed =
Hvapor (Rat (T)’ T) - Hliquid (I?va[ (T)’ T)

41



Braeunig et al. (2010)2 3l Aol A A3k Jakob G- Antoine
23 zgsle] B3 wEe] 2xo] wE x3} tHo| #3 dHg
A& 2 (2293 2ol AEstAnt. diE BA XA y= 71A BlE

H](specific heat ratio)s °|P|slal, Jakob 7} X3} FAo] FHH

8% dFS vA= AS & 5 UG

T 1 1
P (T)=RBexp| L —"0 | ——— (2.29)

y— lJamndfgd 1, T

2.1.4 BHAA 9 &5 AN
717} 4=EW gE A oA dgy exvl 2F
Z7ksta, BAOl A9 ZiAY AEY M= £33 FAHE g
olzgtt o] w, Al WA o3 2xd wWE 4y W3}

=3 AN LEo WE G W Aoz AW
Aolol ols) $Zol WA Hx, Bl wet 1 Holrt Ackw
SAZ A% ws Evt o 2 Uekd ook

Goldstein (1964)= T4 oA 92 HEY AHHY F7]

©
e

ZolUs 29 @ gEes A4S sdadw, o



w2 Huo A AAFAA S50l B Z dojuA "t

e 57 WoelAe & A (homogeneous nucleation)3}
Tl A== o] & A A (heterogeneous nucleation) S =

TEAT. 53] diHoE 257l B2 A JPH= &5 &

Ao old AAel fuAd Asetn B 5 o

3 J’—'! '.C':" 1_'_“ l-iu]l_ I



2.2 123 I 2F EdE(semi-analytic)

Dias et al.(2010)2 1219 I 2E Ao tid 3 AL WX o=
ATE AFsHATE Fig. 2-40 YERL e AXH, £32 DEe
12 ALy WiRolA dA 7ls(dz=g)ol At Hetste FH Y
SE DRGNS
o Aok Azl A h¥2 Pt PynelaL,
WEE pi, polth HA ] nigozmR ol z(nolH, AAHT
ofgfZo] X3 JAVE HF SHEA LAsE AH Y FAE

)OIt Tews 242 25E YERAITH

ddoltt. =7 Ao dA= HAT &

N

2

td

i

v}
£
o
I5

Al
Hr

Vapor
Px(t) h2=5m

A

H=15m
Liquid
h=8m
Condensed liquid — 2(0)

b(t Vapor
7N hem

— Y

Text

Fig. 2-4 1-Dimensional piston problem
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1

it)=—g +——(R() - B (1)) (2.30)

liquid

T3t 93 =% (thermal conductivity) k& ©]&3F 7|E FEH O 2%

Braeunig et al(2010)> 129 IAE EA  dls] F

A} 21 Ql(semi-analytical) *H .2 e 2A

St

=
Uro] HIE 4 ded A wWAsE 983 ©A(mechanical
phase)olth. AA| 9} Z|ATFe] AWzt T3 S Q
aHEA &3 JIAZH 9ss a4 27 2HELS

e 2.

z,=2(0)=h,, 2(0)=0, b, =0 (2.32)
g EACA 7 ZAe A HES HFLS Oy ol
BRI

p(z=b)=p"(z,-b) , p(H-h-z)=p,"(H-h-z,) (2.33)
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g =AGA orE wstel aE WAL Z47 4 2343 4

(2.35)¢F &Zo] Yehd 4 o

Y 7
P =P 2= . p@=p| HZhE (2.34)
2()—b, H—h—z(t)
Bpdy=1p,T, (2.35)

? #AXE Tk o8z gAY AN AAES vdeFH 2ol

Aoty ©@Ae] ALtel YW, 949EF  TA(thermos-dynamic
phase)®] A4tS FAZT d9sHE dAdAE dHE BAANES
53 ex AMe AzoE £y 4 231)e FHESsH
Ayt thad 2ol YEd & Ut

. 0n+1_T
=T, + ——— (2.37)

I+x(t,, —t,)

o exsh Yol WAL olgdtel YUFEL ALk

2] (2.28)° Y&}l = Antoine A& &3t tha3 o
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T
P1n+1 — P() exp 7 {1 _ noﬂ] (238)
(7 - 1)’]amodg'ﬁed 71

A x2S AMstgornz tso AH WAL Ed

En+1r1n+lgln+l — 7z_n+1p]n+1T]n+1 (239)

Mo R T A RES

L

g B3 HAFHow

R ste] AARNA AE AA FAS AL 5 Atk

pln+1 (Z,0 =b)+ Pliguia (b, =b,)= ’”1nJrl (z,.,=b,) (2.40)

L WHoE Ao fFo] EAst= ZIAlYl diEiAx

AL 4= ok A FAF oA A4kl 23 NOVEC 70002 7] A

P

Hlg v ARE A FSHA ZobA], Braeunig et al. (2010)2] A<}

LA WES ol &3st] Altke FASAT. AA st ol

dojds e =de s diZik =N R 2=
Hee] Fefdor dAsto Adkes A Adte S8 42

QA 715 FHYS vl A AdEE A9 FA, 2 AA
Aol A 714 W] FdH S Fig 2-5, 60 =ASAH.
A= AA Zls@ =) A

[e)
5
FEE T gre e BFSHEA

dato] ofa] siel )4

rr
o
0



AeF-2~328  Zl(mass/spring system)7} FAAEH] BAZF 2 FHQA
AE5or FA oA HArh olH3 AA 7]Fe YA o3 71A
Wil A B etE sdEe ss dASHA dEhdTh

BAst o A AL gEel o st

BASEA A R el Fol BA R, /A U5
Aol )@ ol AAWA BY geje] =@sA Grk ol

SlA Aud 9% FA sPse mg WA gy
A7} erdh Z1A9 ARt A3 HEA GEHS WA HBE
Ao gEel 27 8 g Q%o gas Hum, Aol gl

=93k Azke] AR
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Fig. 2-5 Piston motion and thickness of the condensate gas at the wall
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3.1.1 NOVEC 7000 ¢] &3 EA

tel = thalel 3MARS]

}st}. NOVEC

J|

3

NOVEC 7000 o] &35l &2

ol

55}

A2

749

nR

7000

o]

methoxyheptafluoropropane ©] t.

g AA e

stability),

QFA % (thermal

fe=]
=

N

7}A 1

Global Warming Potential), @& 23] &34 7| 3Z % (Zero Ozone Depletion

p——
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Potential) 52 A4S Rtk A XAl A A3 NOVEC 70009]

38t x EXES Table 3-19] A3t

Table 3-1 NOVEC 7000 specification(3M)

Properties Value
Molecular Weight(g/mol) 200
Boiling Point at 1atm(°C) 34

Freeze Point(°C) -122.5

Liquid Density(kg/m?) 1400
Coefficient of Expansion 0.00219 K*!

Specific Heat(J-kg!-K™") 1300

Kinematic Viscosity(cSt) 0.32

Surface Tension(dynes/cm) 12.4

Thermal Conductivity(W-m™-K) 0.075

Latent Heat of Vaporization(kJ/kg) 142

I 9 €24 AdgE s agEAer & fAY EAHAES
Hl W&l Table 3-20] AR TE. NOVEC 70008 749 -2l A
MA JHY HEVF B9 REET 1L4287FF =XT 7)A AdE 9

NOVEC 70009 "= F7|RT 4.74v] E7] wio Aoz

ZIA 9} HA o] WEn7t Eo ARG 3418 A YERdT =9
B FZolA NOVEC 70009 71Ale] H=& F7istal x| 9]
dre AsteE, "4yt Fee ARt FUlekAl "ok
71t 711 atm) X3} FAGolA &3 NOVEC 7000, LNGO]

51 ..:.-! _-_'_";_.I.IE




YEH S Bw3EA, NOVEC 70008 LNGY HEH7} E9

WENRY o FAR FE 2E A HUT F Ak

offt
)
b
=
=
[¢]
=
2
=
s.
é
2,
<
rlr
18
%
jutnd
b

(dynamic viscosity)ES A<
Y52 Ue #o2 F549 ARE wWo] &&HY. =3 NOVEC

F 2oVl SU71EE 53 Z(kinematic viscosity)7}
sl A gFo] yEhd . Ad=olA NOVEC 70009 R =71 &9
FAE vls) Axl o]gtE AA T FEH FZoAe= A 0.278%
029382 FAbsHAl YElU™, F & 25 F=d FIolA LNGE

A=} Blssht

Table 3-2 Comparison of fluid properties

Density of Density of Density Kinematic
Liquid Type
Gas(kg/m®) | Liquid(kg/m?®) | Ratio | Viscosity(cSt)
Water(25 °C) 1.225(air) 997 0.0012 0.8917
Water(100 °C) 0.598 958 0.0006 0.2938
NOVEC 7000
5.81 1414 0.0041 0.32
(25°C)
NOVEC 7000
7.95 1389 0.0057 0.278
(34 °C)
LNG(-163 °C) 1.706 422 0.0040 0.286
52 = ]



3.1.2 =3 B2 A9 Jakob F Bl

s
ok
e
:i
L
ne
Lo
=
fru

AR 7

Jakob & 2.1.3.349

gojEm o] w dEe AY vWEH 2= Wi F, FEe
deule] WMIFoz Aot BeH HIoA TSR 2=
H3lo] ths] Jakob T = /Y #HA BYE WIL(G)H s
Ale]  degde] WMEEFAme vl wet A ol <l
AR dojus APl AA"Edn & F At £ WE,

NOVEC 70009 ™t At »ida}
L%t 1 °Cc ¥ we] Jakob F, 18]
ATl £ Table 3-3° A 2|3t th. NOVEC 70009]
TAE Jakob T ZIA GE|Q

GobH B ATAME HHT Fe

Braeunig et al.(2010)%]
A% Jakob F
AA Aol FRI} AFHA

T84 A

Table 3-3 Specific heat and latent heat of vaporization

G AH Ja
Liquid type Jmodified
Jkg!- K1 Jkgh (AT=1°C)
Water 4217 2257000 0.0018 1.15
Methane 2232 511000 0.0043 1.56
NOVEC 7000 1300 142000 0.0091 -
ztzte] BEHOIAE Jakob F7} 0013, B TAHNA 1x7}

39 Jakob =7} 0.0091°] =11, WEES

v A
o)
H3kA] 5 NOVEC 70009 7

ol

0.0043, &< 0.0018= NOVEC 7000914 7F& =ZA Yebd). Jakob
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o] Ao ols] Al 7FA E& FolA NOVEC 7000°] #+=H
BZoA AWsirt 7hd & dojd £ e fAYE #3T £
At FAHE Jakob F9o AFE HWEo] ERT =4 ysgkow

]

o

rr

LA ] Jakob ol A WERG AT dA 7

)

A2lsd, NOVEC 70002 o] &3 Age A%

gz 7tE A3 A ES Bolv AFEG AuFoz At
HA 9} 71Ae U=, A 2 FA Ao AAZ HAHE
3}E3 FARSHAl UERdTh =3 NOVEC 70002 #E3 HZolA
Jakob <& HIE %53 NOVEC 70002 73%-7} A#azp 7h3 2
Ao = e EFAAS FA5A

NOVEC 70002 LNGE Ad & ti#dle vgrRkgx sty 9
2~
T

Z dojd = Qe EZoAY, AA =R YA dojd & de=
AHste]  FEgFes #ZFr] AT BAHONA B AT A e
AA g E . NOVEC 70003 AR 4 EA4S Zt=
B F9 Ul PF 50602 NOVEC 6492 7%, =70l

NOVEC 7000Et =AY, =74 =9 A &A= s 49
el A wAEATG. £ AStistudA Bista e I
47| (Particle Image Velocimetry, PIV) A& ALLE = JAlsilver-
coated hollow glass)®] HE=7} 1400 kgm’o]|=2=Z, F3Zo] H|=3%

YEE 7k NOVEC 7000< ©l&3ste] #d dde Fdshd=
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o Froll o] Bl (actuator) &} FHOE T4 EHojgla, HFFololE o] Aol
4 Ztx=o] WslE F3 64 =(6Degree-of-Freedom, 6DoF) +& =
BEARIG 2[R E EHYY &F FHAFLS FFoly AsAe &5
BAL 83 €24 23 A4 2 A8 THGavory, 2005; Kim et
al., 2012; Kim, 2017; Malenica, et al., 2017). A=Ugtn <=4
AP Fol Hfistn e Al 7HA 5 EHEY AU &F 55
e 47 15 B 5 E 10 Eoln, B AFdA ALH &F
SHEE *F3kF 0.6 &, AW HAASS 1.5 B9 4£F FYFo|th
3]

2% 5 FHFY A Fig 3-19] el e, &5 ZHE

e 23 AP UM, B FF AzdL 0§ 2B
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Fig. 3-1 Stewart type motion platform(small-size, 1.5-ton capacity)

Table 3-4 Performance of motion platform(small-size, 1.5-ton capacity)

Displacement Velocity Acceleration
Surge -370/340 mm 1000 mm/s >0.5g
Sway -320/320 mm 900 mm/s >0.5g
Heave -240/240 mm 650 mm/s >0.5g
Roll -26.0/26.0 ° 70.0 °/s > 200 °/s?
Pitch -25.5/26.5 ° 70.0 °/s > 200 °/s?
Yaw -34.0/34.0 ° 90.0 °/s >200 °/s?
Oper. Payload 600 kgf
Max. payload 1,500 kgf




Fgsity, B AFoAHE T AlA(dynamic pressure sensor)S
ol&sle E£=2A T4 dEES ASFsAdy. ddd AgdE s
Ao, FZ7|7F AA Wil

WA= = W29 Al A (Integrated Circuit Piezoelectric, ICP)©| T},

td
g,
o

AAE KISTLERAFS] 211B5

At AZ 7t 4EHe 68 bareli, 7HE UM Hi 2EE
120 °coltt A9 A AL 554 mmolal, A|ZARNA AFg AA 9
AR S Table 3-591 A28t
Table 3-5 Dynamic pressure sensor specification(KISTLER)
Sensor Specification Value
Pressure Range (bar) 6.8
Maximum Pressure without damage (bar) 35
Sensitivity nom (mV/bar) 725.2
Threshold (bar - ms) 0.001
Amplitude Non-linearity zero based BFSL (£%FSO) 1
Resonant Frequency nom (kHz) 300
71 iB 5 Low Frequency Response -5% Point (Hz) 0.025
High Frequency Response +5% Point (kHz) 50
Temperature Range Operating (°C) -55~+120
Bias nom. (VDC) 11
Impedance max. (€2) 100
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HE A A A, zEde) s Ade] B2 AUs) AHEs
qHHo2 AME AN e o¥s] WRel FHoz W
e AZste] 72 Aol el BUdE AME AA A

A F(ABS, 2006; BV, 2010; DNV, 2016; LR, 2009)E o] 4]
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Ay F8 A, BFH HA oyl HA AAH FEF oY oY
AAEo] HAHEE HAngdth @9 HHT 4y AA9 HA
FEFe Agra AZolrk ey, Aeddtn <24 AY
A A= 1.0 m 4712 AAE wjx|ete] APe st U
w ATolA didel AAE sdE AAMe T4 Al AEl= 100
mme|aL, el mAZANMEE AlAel TR A= 85
mmolt. AA7E AAE dde ARRIE Fig. 3201 =AISATH

S¢¥  AlAME KISTLERARS]  1631ASP20  Alol&ES 53l

71 Z 2 (coupler)ol] AA =T},

: 10.0 mm
<—>E<—>'
8.5mmi 10.0mm |
(a) Low filling (b) High filling (c) Distance between sensors

Fig. 3-2 Installation of pressure sensors
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e A4 243 we AR =hA Ad X Ay
AAe) MAE Fig 3300 EASETH Gdel 9XT Hde B
vy gae Tzd dHHom i W AAE shie 2
Aaz AEA @3, F oA AP o] stk 45
B3e Fe= side] MxHel YA, VY A ¥ HPY
=45 72 o5 4d¥e A4 nHsd & TN @&

S HA e AS w3 AW stdFol] fXg mide
A7 AA=HEJAeH, 1238 492 F 4879 4" AA7
AAFAT 2 AA Z2dd s W 123 492 487, SiH
% 8070 F4Y AV AAHATG. A 4
Al 22k BadEs kst g ol &3k 47 AlAE FolA =

HE 2 37 F7)5FH T
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(b) High filling condition

Fig. 3-3 Sensor arrangement
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3213 HUhg g 25 AA

7tE 214 732 5 A A5, AT 71SEEA e

A H(ullage pressure)®] =olX| 1, EZA Mo FFE vH F

Atk W oFE WHste] @2 2y B3 UR A &5 3=
A AHRZ] s dddd REE %

AMME B3 Agie AAsach. Age Aed Huyg 2 2%

AAE  KISTLERAFS] 4080BT Ed=Z, AlAe Edo E=3

S

oA 258 ASFsta, =77 AFEs HelM A

—

o
AZde Hd AZF 7t ¢¥L 5 barol1, A A 7hs 25E
200 °colm, AZ¥S AAFL 5 mmolth AEANA AFEE

4080BT Al Aol thdt A X Z Table 3-6°| A &l3F ).

Table 3-6 Absolute pressure and temperature sensor specification(KISTLER)

Sensor Properties Specification Value
Supply Voltage (VDC) 8~16
General Properties
Supply Current (mA) <6
Measuring Range (bar) 5
# Full Scale Output (VDC) 4.2(+0.5)
1 Pressure
|| Zero Offset Output (ZMO) 0.2(=1.0)
m Output Properties
fg Total Error Band (%FSO) <+2
Frequency Range (Hz) 0~5000
4080BT Temperature Range (°C) -30~200
Temperature
Temp. Output Range (VDC) 0.5~4.5
Output Properties
Total Error Band (°C) <2
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4080BT Aol A 211B5S AAe T4 =
e A
|=]

2
37 mEol AYrlel g

Adste HAE F o wzt AF
AT olZ(noise)’t WY F YoEFE, Ao =T HASFS

TEE T e A7 AAR HA G F4E 7ok

-2 ‘;-

P4 080BT:

Fig. 3-4 Installation of 4080BT sensor
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o
L)
2,

1
1=

AAE Fal ASE 48 Ass dolg 85 A2"H|(Data
Acquisition System, DAQ system)< F3ll AZHT A& 0)Stnlol A
ARE3tal Qe dlolE ¥ 5 ¥ M= National InstrumentsAHNI)2]
PXI-44950| T}k, Al Aol A AlFH PXI-44959] AXl 31 EA4-S Table
3-791 sttt 4™ 7Hedk Aokl W= -10V~+10VelaL, FA
1670 Adol ohste] Il 204.8 kS/s(sampling per second)Z T ©] H
8 5o] Jlestth. 2 AFAA AAZN ASF dY Az AR
W1 % (sampling rate)= 20,000 Hz©] ™ (Kim et al., 2015; Lugni et al., 2010;
Repalle et al., 2010; Wang et al., 2009), YAl Hl°]E(raw data)EE] =
AZEY. 4 AS AVERE de A59 ¥®WE 9@ A

S Aboll A A &3+ Labview Professional 2009 2 138 AM-&3}9th

Table 3-7 PX1-4495 specification(National Instruments)

Device Category Contents
Bus PXI, PXI Express
Input Resolution(bits) 24
Dynamic Range(dB) 114
Sampling Rate per Channel 204.8

Analog Inputs 16

Input Range(V) -10~+10
PX1-4495

Gain Settings(dB) 0 and 20

Coupling DC
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322 7k AL A 93 =9 2 fA9 W2 3%

3.22122H A |3 7Y

B AT AgE 2y ®A3E 239 A BEAE, Yang et al.
(2016)8] AFolA AHEH AR W=} A7|7F 4L, Loysel et al
(2013)8] AFolA AREE ARZE WA 2/39] s|EdETh 7]E
ATl AEE 2E Az Bat o3 AFE AFEHAoY, B
AFolM = B2 Wi FAE 7HEsliof stz do 23 AE<d
zHlg 22 AFHAT. B2 Eol(H), ZolL), FB)S A4
446.7 mm, 630.7 mm, 78.7 mmo|3l, A=W A AztH @I

ARE Z+7F Fig. 3-5¢) Fig. 3-69 S A8 T

IR I KT KR
T
AR
! | ! | |446.7mm]
(T
AR LN
’630.7mm !
| |
! 1 |
K3 [® + Cil
'Y
A
| A S " i i i i : ]

Fig. 3-5 Blueprint of 2D model tank for heating sloshing experiment
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g WHolx, ymzA 3 Jje] WHE ®a R b (ullage
pressure)S ZA317] 98] ZIAE @3 WO E w|E3tE WHoth
O Qe g AFES fe 2y ®a A AX e gid ARE
Fig. 3-791 =AISIth 2y &3 49 Fole F /e dE
o= Wi Z|tS AATeR #AZSE F Je ofgFERI 4
ZIg4A S, Ao &4E HASH] s HE 71te]l 3 bar ©]/Fo]
A Aso R MEEE vdE 2 AR AR E 9t

7t Ao71= Fig. 3-69 HEhd 25 AAMEZHE 25 ZERE

O:

WolH MY LE olge] HYl sldBoE B2 AFE AV

A4 2% olsyt HW HARE EE2A o o W, ¥ FHA

66



Barometer

__ Emergency

Controller box

Fig. 3-7 Peripheral devices for heating sloshing experiments
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B dT7dMde =5 fes AEsHA #Sshr] Hs aE

FH S Ssle] €24 74 IS 9390 Fig 395 AA

Fig. 3-9 Experimental setup

Aol A83H 114 7hv gl IDT(Integrated Design Tools)AHS] Y4-

S2 mdolnt, Alz:AbelA AFF & FhelEe] AR Aee
Table 3-8 Attt & 7hetrt ARZD = A= &5

Aokoz Rlal, &Y Albe 1Este £ AFAdA= 1,024 X 1,024

oA (pixel) 2] SAAE=ANA 4,000 fpso] =2 FFsTh
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Table 3-8 High-speed camera specification(IDT)

Camera Specification Value
Maximum resolution 1024 x 1024
Maximum FPS 5,100
Minimum exposure time(us) 1
6000 ISO mono
Sensitivity ASA/ISO
Y4-S2 2000 ISO color
Operating Temperature(°C) -40~+50
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Table 3-9 Definition of dimensionless number

Dimensionless number Definition
Froude number Fr=U/ \/g_L
Euler number Eu=p/ pU*
Mach number Ma=U/c
Reynolds number Re=UL /v
Weber number We=pLU’ | &
Interaction index W =(Pyas ! Priguia (& =1/ K]
Jakob number Ja= (C,,AT) / AH

Table 3-991 4 Ue A9 £, L2 W39 Zo], g Y JI&EE,

| . | . T O A~ T | . ST
= 5¥H, pv ZE, & %, veE THE, o XHAHE, k=

]

Z Y EZ Z(polytropic) A, G, AY HE, T &%, H= dEdE

o BAE YEE 229 F=,
224 HEL FHd od WAF Frp AwHomE H24
AR ME F2 Froude FAHE o83t 28 B3 2 A7 o%

59 AVIE ZAATT. OSSE, Buler v oY WIS} &%




&<o] YAy, NOVEC 70009 S&o tidh Arrst Az
oA B ATME 24 Aol tla Froude A} WHS
Agstel 48T Mach T FHAQD fEel #HANA
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o]t} Reynolds 9 Weber 9 AF, €24 &2 =13
fr&(unsteady flow)o]l7]  wiEel HAoly FHAHS o

AujAolx Forg cr2A BEY HIPoA TOE =84 HEERG
Z 8 o] Bo]ZtH(Abramson et al., 1974; Bass et al., 1980). =3+ &
AFolA AR st dEH W AHsiel #Ed fA =4S

TEAZIA Hd gAYy FHEA g AAE FA

2 A= Froude A o€, Z4z "EnR|op A Sl
=91 Interaction index®} Jakob FE |83+ AV}
s me REFRoz HEHAY 4L NOVEC 70009
A% HEHZE 0.00410F2  AA LNG-NG2 Z=H|(0.0040)%}

A7l w &9l Interaction indexE ©]&3F AV AHEAG &

At E+=HA A2 NOVEC 70002] 74 $-oll= Jakob <7} 0°] ¥ +=ul,

AA g3 YolAdE LNGZF 53 HFIoZ FAHEZ Jakob
71 00] FHHWHA g o] gk FAE TESA|TA FEY A9
=9 td| A= Froude +E ©°]&3 AR AL E 31 Interaction

indext} Jakob 2=ol ]38 AAl= A 3lA] =t}
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332 94 €24 73 43

3321 22 FHA FAAAY B €A T4 48 =4
o Az zAF e HA zpom LRSS TWYd =7
APs FdeAct. Fe AA =19 A9, EY2F(flip-through)
T4 AolA sidel] HXH AA7E 7] B AHAAY FAE
A=z AZFE & J=F B3 dHFE =019 15%° Hdst=

ZAol7kA AAs AT 22k BF "@=o]r] " EFWEFES FHT

G.D= T3l B2 AP '3 12 I XF T ZE 3.9627 rad/sec=
ZlEo g2 o ZhZhel FES WAMNM Yste FH FFo

UetG=AE st 2 G.)olA gv TSR, e AA

%4 (regular sloshing impact)® €24 T4 DA A H

w= Etanh(”—hj 3.1)
L L
we A zdel wd F4 Adeld BIHLA hE F4
Yo fE0 FEgA HEe 8L Ldvle YwE Fo
il

)3
fu
o

&4 Apole]  ZEE  gulete Y AF(flip-through)  FENQ)
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ZZo]th(Lugni et al., 2005; 2006; 2010a; 2010b; 2014). A=} 7§
FRste] ogk YgiFol AY & AR dgiFHE FHY TEAES

Tdgdo 2R E3 NOVEC 7000 7He] EAZ Q] EAo xlo]d A

z

Nske 54 49 ARE masy] dd FAsA.
Zzte] %A WAe TASY ¥ A % AEEH

=252 Table 3-109] AR

i
A
e
ofj
I
>
o
lo
o
o
B
N
fo

Table 3-10 Test condition for single impact test(low filling, 0.15H)

Impact Frequency
Amplitude(mm) Liquid type
Type (o, rad/sec)
Water (25 °C)
Regular
] 50 3.962 NOVEC 7000 (25 °C)
1mpact
NOVEC 7000 (34 °C)
Water (25 °C)
Flip-
50 5.338 NOVEC 7000 (25 °C)
through
NOVEC 7000 (34 °C)
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3322 2 AHA FAAAY Y €24 34 48 =4
=2 HAA =71 A A= Loysel et al.(2013)3 Yang et al.(2016)<]
AF =71E Fasled NOVEC 70002 B2 W3 E0]9] 85%71A)

At B AA 2PAA BEHIA e £2A

Fefo] dnkAQl =24 FA¥, 'Ae I sidol wb

24 ZFZ(impact with air
pocket)o]Th. YHEAR] E£=A FTHL e HA =AH v
oz 2 3.D)E B 948 1H IESF 6.8263 radsecs 7HA

2Fol A gt BEuA s

313} , TR dol9} & e
ZIZE FHETOEA JE WRA syt BAAE w 1k
Fh e E 71 R AlZbEl wsts #EstaA sk 2y
ARQl(sine) T IHE o] &3 71Xl RFoEE Wdte AV|9 VEE

Mo
offt
1>
>
>
i
Y
N
ol
ol
8
)

2
Atanh ﬁt— sin(Zﬂij if t<T
T T

A(r) = 2
Atanh[ﬂ&jsm(%r j if T<t<L2T
T T

(3.2)
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Table 3-11 Test condition for single impact test(high filling, 0.85H)

Impact
Amplitude(mm) Frequency or T Liquid type
Type
Water (25 °C)
Regular
60 6.826 rad/sec NOVEC 7000 (25 °C)
impact
NOVEC 7000 (34 °C)
Impact Water (25 °C)
with gas 25 0.8 sec NOVEC 7000 (25 °C)
pocket NOVEC 7000 (34 °C)
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Table 3-12 Test condition for regular test(low filling)

Frequency ratio for regular test
Liquid type
(00=4.5159 rad/sec)

0.5,0.7,09,0095,1,1.05, 1.1, 1.15, 1.18, 1.2, 1.22,

Water(25 °C)
1.24,1.25,1.27,1.28,1.29, 1.3, 1.31, 1.35, 1.5

0.5,0.7,0.8,09,0.95,097, 1, 1.05, 1.1, 1.12, 1.14,
NOVEC 7000(25 °C) 1.15,1.16, 1.18, 1.2, 1.22, 1.24, 1.25, 1.27, 1.3,
1.35,14,1.5

0.5,0.7,0.8,09,0.95,097, 1, 1.05, 1.1, 1.12, 1.14,
NOVEC 700034 °C) | 1.15,1.17,1.19,1.2,1.21,1.24,1.25,1.27, 1.3, 1.4,
1.5
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Table 3-13 Test condition for regular test(high filling)

Liquid type Frequency ratio for regular test(co=6.7905)

0.5,0.7,0.8,0.85,0.9,0095, 1, 1.05, 1.1, 1.13, 1.15,
1.17,1.2,1.25,1.3,1.35,1.4

Water(25 °C)

0.5,0.7,0.8,0.85,0.88, 0.9,0.92,0.95,1, 1.1, 1.2,
1.25,1.3,1.35,1.4

NOVEC 7000(25 °C)

0.5,0.7,0.8,0.85,0.88,0.9,0.95, 1, 1.05, 1.08, 1.1,
1.15,1.2,1.25,1.3,1.35,1.4

NOVEC 7000(34 °C)
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Fig. 4-1 Hitting point for hammering test
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Table 4-1 Maximum pressure value in repeat test(0.15H, regular impact,

water(25 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.598 | 0.611 | 0.562 | 0.610 | 0.659 | 0.608 0.035

Line2 | 0.566 | 0.548 | 0.556 | 0.591 | 0.662 | 0.584 0.046

Line3 | 0.647 | 0.621 | 0.669 | 0.684 | 0.739 | 0.672 0.044

Line4 | 0.615 | 0.588 | 0.598 | 0.612 | 0.710 | 0.625 0.049

Line5 | 0.594 | 0.645 | 0.634 | 0.657 | 0.676 | 0.641 0.030

Line6 | 0.574 | 0.644 | 0.516 | 0.634 | 0.663 | 0.606 0.060

Line7 | 0.594 | 0.526 | 0.554 | 0.566 | 0.666 | 0.581 0.053

Line8 | 0.664 | 0.610 | 0.645 | 0.645 | 0.603 | 0.633 0.026

Line9 | 0.612 | 0.632 | 0.543 | 0.627 | 0.635 | 0.610 0.038

Linel0 | 0.486 | 0.504 | 0.534 | 0.505 | 0.508 | 0.507 0.017

Linell | 0363 | 0428 | 0392 | 0.411 | 0397 | 0.398 0.024

Linel2 | 0.192 | 0.205 | 0.147 | 0.164 | 0.142 | 0.170 0.028

Total
0.664 | 0.645 0.669 | 0.684 | 0.739 | 0.680 0.036
max.
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Fig. 4-20 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(25 °C): 1* test)
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Fig. 4-21 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(25 °C): 2 test)
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Table 4-2 Maximum pressure value in repeat test(0.15H, regular impact,

NOVEC 7000(25 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.210 | 0.214 | 0.214 | 0.182 | 0.174 | 0.199 0.019

Line2 | 0.188 | 0.169 | 0.199 | 0.197 | 0.156 | 0.182 0.018

Line3 | 0.176 | 0.193 | 0.192 | 0.201 | 0.155 | 0.184 0.018

Line4 | 0.184 | 0.179 | 0.201 | 0.185 | 0.156 | 0.181 0.016

Line5 | 0.189 | 0.200 | 0.245 | 0.232 | 0.178 | 0.209 0.029

Line6 | 0.163 | 0.172 | 0.214 | 0.185 | 0.164 | 0.180 0.021

Line7 | 0.164 | 0.178 | 0.166 | 0.164 | 0.174 | 0.169 0.006

Line8 | 0.176 | 0.157 | 0.196 | 0.180 | 0.153 | 0.172 0.018

Line9 | 0.148 | 0.146 | 0.155 | 0.118 | 0.129 | 0.139 0.015

Line10 | 0.150 | 0.182 | 0.200 | 0.331 | 0.153 | 0.203 0.074

Linell | 0.159 | 0.220 | 0.283 | 0.160 | 0.283 | 0.221 0.062

Linel2 | 0.543 | 0.312 | 0.316 | 0.414 | 0.282 | 0.373 0.107

Total
0.543 0.312 | 0.316 | 0.414 | 0.283 0.374 0.107
max.
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Fig. 4-24 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(34 °C): 1* test)
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Table 4-3 Maximum pressure value in repeat test(0.15H, regular impact,

NOVEC 7000(34 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.044 | 0.033 | 0.041 | 0.046 | 0.041 | 0.041 0.005

Line2 | 0.051 | 0.046 | 0.052 | 0.041 | 0.044 | 0.047 0.005

Line3 | 0.056 | 0.043 | 0.049 | 0.055 | 0.048 | 0.050 0.005

Line4 | 0.046 | 0.045 | 0.060 | 0.053 | 0.056 | 0.052 0.006

Line5 | 0.057 | 0.059 | 0.059 | 0.057 | 0.060 | 0.058 0.002

Line6 | 0.051 | 0.041 | 0.060 | 0.055 | 0.053 | 0.052 0.007

Line7 | 0.061 | 0.045 | 0.058 | 0.058 | 0.061 | 0.057 0.007

Line8 | 0.068 | 0.054 | 0.068 | 0.053 | 0.066 | 0.062 0.008

Line9 | 0.088 | 0.050 | 0.076 | 0.067 | 0.059 | 0.068 0.015

Linel0 | 0.109 | 0.063 | 0.120 | 0.080 | 0.078 | 0.090 0.024

Linell | 0.155 | 0.067 | 0.108 | 0.110 | 0.140 | 0.116 0.034

Linel2 | 0.200 | 0.144 | 0.228 | 0.164 | 0.195 | 0.186 0.033

Total
0.200 | 0.144 | 0.228 0.164 | 0.195 0.186 0.033
max.
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Fig. 4-28 Measured impact pressure in time series(0.15H, flip-through,
water(25 °C): 1% test)
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Fig. 4-29 Measured impact pressure in time series(0.15H, flip-through,
water(25 °C): 2" test)
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Fig. 4-30 Distribution of maximum pressure value(0.15H, flip-through,
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Table 4-4 Maximum pressure value in repeat test(0.15H, flip-through,
water(25 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 3.071 | 2.285 | 1.812 | 1.940 | 2.047 | 2.231 0.501

Line2 | 2969 | 2.212 | 1.636 | 1.764 | 1.735 | 2.063 0.553

Line3 | 2.828 | 2329 | 1.619 | 1.580 | 1.783 | 2.028 0.538

Line4 | 2.697 | 1918 | 1.430 | 1.682 | 1.571 | 1.860 0.501

Line5 | 3.155 | 2.094 | 1.623 | 1932 | 1.773 | 2.116 0.607

Line6 | 2.998 | 2.740 | 1.724 | 1.889 | 1.779 | 2.226 0.597

Line7 | 4.519 | 4943 | 2910 | 3.164 | 2.691 | 3.646 1.016

Line8 | 7.056 | 8.084 | 4.829 | 7.192 | 2.797 | 5.992 2.151

Line9 | 5393 | 6309 | 4355 | 5289 | 3.021 | 4.873 1.246

Linel0 | 2.295 | 2412 | 2.286 | 2.487 | 2.253 | 2.346 0.099

Linell | 1.116 | 1.361 | 1.253 | 1327 | 1.224 | 1.256 0.096

Linel2 | 0.825 | 1.043 | 0.961 | 1.063 | 0.878 | 0.954 0.103

Total
7.056 8.084 | 4.829 | 7.192 | 3.021 6.036 2.069
max.
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Fig. 4-32 Measured impact pressure in time series(0.15H, flip-through,
NOVEC 7000(25 °C): 1* test)
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Fig. 4-33 Measured

impact pressure in time series(0.15H, flip-through,

NOVEC 7000(25 °C): 2 test)
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Fig. 4-34 Distribution of maximum pressure value(0.15H, flip-through,
NOVEC 7000(25 °C))
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Table 4-5 Maximum pressure value in repeat test(0.15H, flip-through,
NOVEC 7000(25 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.157 | 0.133 | 0.153 | 0.163 | 0.173 | 0.156 0.015

Line2 | 0.158 | 0.157 | 0.158 | 0.189 | 0.172 | 0.167 0.014

Line3 | 0.234 | 0.208 | 0.178 | 0.221 | 0.170 | 0.202 0.027

Line4 | 0.288 | 0.215 | 0.193 | 0.213 | 0.218 | 0.225 0.036

Line5 | 0.398 | 0.439 | 0.285 | 0.505 | 0.366 | 0.398 0.082

Line6 | 1.042 | 1.014 | 1.162 | 1.017 | 1.093 | 1.066 0.063

Line7 | 3.005 | 3.005 | 1.273 | 1.338 | 1.935 | 2.111 0.856

Line8 | 1.503 | 1.543 | 0.890 | 1.049 | 0.611 | 1.119 0.401

Line9 | 1.009 | 1.501 | 0.631 | 0.827 | 0.531 | 0.900 0.383

Linel0 | 0.636 | 0.726 | 0.461 | 0.558 | 0.427 | 0.562 0.123

Linell | 0.390 | 0.445 | 0326 | 0.382 | 0.218 | 0.352 0.086

Linel2 | 0.332 | 0.359 | 0.254 | 0.303 | 0.161 | 0.282 0.078

Total
3.005 3.005 1.273 1.338 1.935 2.111 0.856
Max.
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Fig. 4-35 Captured image by high-speed camera(0.15H, flip-through, NOVEC
7000(34 °C): 1%, 2" test)
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Fig. 4-36 Measured impact pressure in time series(0.15H, flip-through,
NOVEC 7000(34 °C): 1* test)
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Fig. 4-37 Measured impact pressure in time series(0.15H, flip-through,
NOVEC 7000(34 °C): 2" test)
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Table 4-6 Maximum pressure value in repeat test(0.15H, flip-through,
NOVEC 7000(34 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.173 | 0.216 | 0.064 | 0.055 | 0.100 | 0.121 0.070

Line2 | 0.172 | 0.138 | 0.032 | 0.052 | 0.076 | 0.094 0.059

Line3 | 0.170 | 0.108 | 0.025 | 0.066 | 0.091 | 0.092 0.053

Line4 | 0.218 | 0.101 | 0.035 | 0.057 | 0.115 | 0.105 0.071

Line5 | 0.366 | 0.097 | 0.065 | 0.251 | 0.177 | 0.191 0.122

Line6 | 1.093 | 0.532 | 0.388 | 0.836 | 0.570 | 0.684 0.280

Line7 | 1.935 | 0.861 | 1.497 | 0946 | 1.001 | 1.248 0.457

Line8 | 0.611 | 0.412 | 0.761 | 0.432 | 0.564 | 0.556 0.143

Line9 | 0.531 | 0347 | 0.548 | 0.401 | 0.424 | 0.450 0.086

Linel0 | 0.427 | 0.298 | 0.306 | 0.271 | 0.466 | 0.354 0.087

Linell | 0.218 | 0.192 | 0.178 | 0.138 | 0.260 | 0.197 0.045

Linel2 | 0.161 | 0.122 | 0.139 | 0.103 | 0.181 | 0.141 0.031

Total | 1.935 | 0.861 | 1.497 | 0.946 | 1.001 | 1.248 0.457
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Fig. 4-39 Captured image by high-speed camera(0.85H, regular impact,
water(25 °C): 1% test)

Fig. 4-40 Captured image by high-speed camera(0.85H, regular impact,
water(25 °C): 2" test)
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Fig. 4-41 Measured impact pressure in time series(0.85H, regular impact,
water(25 °C): 1% test)
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Fig. 4-42 Measured impact pressure in time series(0.85H, regular impact,

water(25 °C): 2" test)
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Table 4-7 Maximum pressure value in repeat test(0.85H, regular impact,

water(25 °C))

1st 2nd 3rd 4th Avg. Std.dev.

Linel 0.488 0.432 0.391 0.414 0.431 0.041

Line2 0.485 0.355 0.340 0.451 0.408 0.071

Line3 0.336 0.350 0.298 0.362 0.337 0.028

Line4 0.343 0.352 0.330 0.330 0.339 0.011

Linel3 1.696 1.288 1.354 1.393 1.433 0.181

Linel4 1.807 1.651 1.648 1.361 1.617 0.186

Linel5S 2.359 1.972 1.882 1.628 1.960 0.303

Linel6 1.783 2.146 1.885 2.071 1.971 0.167

Linel7 2.601 2.295 2.162 2.687 2.436 0.249

Linel8 2311 2.604 2.237 2.598 2.438 0.191

Linel9 2.393 2.749 2.475 2.519 2.534 0.153

Line20 2.683 2.752 2.557 2.790 2.696 0.103

Total
2.683 2.752 2.557 2.790 2.696 0.103
max.
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Fig. 4-45 Captured image by high-speed camera(0.85H, regular impact,
NOVEC 7000(25 °C): 2" test)
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Fig. 4-46 Measured impact pressure in time series(0.85H, regular impact,

NOVEC 7000(25 °C): 1* test)
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Fig. 4-47 Measured impact pressure in time series(0.85H, regular impact,

NOVEC 7000(25 °C): 2 test)
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Table 4-8 Maximum pressure value in repeat test(0.85H, regular impact,

NOVEC 7000(25 °C))

1st 2nd 3rd 4th Avg. Std.dev.

Linel 0.268 0.294 0.426 0.220 0.302 0.088

Line2 0.235 0.212 0.249 0.228 0.231 0.015

Line3 0.190 0.181 0.201 0.183 0.189 0.009

Line4 0.152 0.131 0.156 0.145 0.146 0.011

Linel3 1.077 0.941 1.413 1.011 1.110 0.209

Linel4 1.374 1.330 1.614 1.183 1.375 0.179

Linel5 1.491 1.441 1.587 1.514 1.508 0.061

Linel6 1.395 1.539 1.748 1.485 1.542 0.150

Linel7 1.486 1.419 1.586 1.569 1.515 0.077

Linel8 1.657 1.377 1.725 1.692 1.613 0.160

Linel9 2.061 1.550 2.201 1.925 1.934 0.280

Line20 2.262 1.899 2.494 1.977 2.158 0.273

Total
2.262 1.899 2.494 1.977 2.158 0.273
max.
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Fig. 4-49 Captured image by high-speed camera(0.85H, regular impact,
NOVEC 7000(34 °C): 1*test)
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Fig. 4-50 Captured image by high-speed camera(0.85H, regular impact,
NOVEC 7000(34 °C): 2™ test)
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Fig. 4-51 Measured impact pressure in time series(0.85H, regular impact,

NOVEC 7000(34 °C): 1* test)
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Fig. 4-52 Measured impact pressure in time series(0.85H, regular impact,
NOVEC 7000(34 °C): 2" test)
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Table 4-9 Maximum pressure value in repeat test(0.85H, regular impact,

NOVEC 7000(34 °C))

1st 2nd 3rd 4th Avg. Std.dev.

Linel 0.337 0.471 0.662 0.558 0.507 0.138

Line2 0.195 0.378 0.428 0.399 0.350 0.105

Line3 0.119 0.281 0.283 0.292 0.244 0.083

Line4 0.086 0.218 0.207 0.239 0.188 0.069

Linel3 1.182 1.319 1.389 0.819 1.177 0.254

Linel4 0.827 1.194 1.260 0.752 1.008 0.256

Linel5S 0.832 1.011 1.182 0.979 1.001 0.144

Linel6 0.927 1.239 1.209 0.869 1.061 0.190

Linel7 0.911 1.022 0.975 0.804 0.928 0.094

Linel8 1.111 1.263 1.211 0.978 1.141 0.125

Linel9 1.472 1.089 1.323 1.162 1.261 0.171

Line20 1.291 0.995 1.316 1.217 1.205 0.146

Total
1.472 1.319 1.389 1.217 1.349 0.108
max.
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Fig. 4-55 Captured image by high-speed camera(0.85H, impact with gas
pocket, water(25 °C): 2™ test)
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Fig. 4-56 Measured impact pressure in time series(0.85H, impact with gas

pocket, water(25 °C): 1% test)
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Fig. 4-57 Measured impact pressure in time series(0.85H, impact with gas

pocket, water(25 °C): 2™ test)
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Table 4-10 Maximum pressure value in repeat test(0.85H, impact with gas

pocket, water(25 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 1.024 | 0.821 | 0.908 | 0.758 | 0.789 | 0.860 0.107

Line2 | 0.878 | 0.824 | 0.865 | 0.775 | 0.741 | 0.816 0.058

Line3 | 0.835 | 0.782 | 0.821 | 0.727 | 0.732 | 0.779 0.049

Line4 | 0.750 | 0.707 | 0.730 | 0.657 | 0.664 | 0.702 0.041

Linel3 | 0.907 | 0.834 | 0.893 | 0.774 | 0.788 | 0.839 0.060

Linel4 | 0.913 | 0.840 | 0.903 | 0.774 | 0.788 | 0.844 0.064

Linel5 | 0.892 | 0.826 | 0.866 | 0.762 | 0.777 | 0.825 0.056

Linel6 | 0.898 | 0.833 | 0.877 | 0.767 | 0.771 | 0.829 0.060

Linel7 | 0.877 | 0.822 | 0.868 | 0.764 | 0.765 | 0.819 0.054

Linel8 | 0.880 | 0.831 | 0.880 | 1.169 | 0.769 | 0.906 0.154

Linel19 | 0.872 | 0.841 | 0.869 | 0.763 | 0.948 | 0.859 0.066

Line20 | 0.885 | 0.941 | 1.106 | 0.801 | 0.806 | 0.908 0.125

Total
1.024 | 0.941 1.106 1.169 | 0.948 1.038 0.099
max.
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Fig. 4-60 Captured image by hlgh speed camera(0.85H, impact with gas
pocket, NOVEC 7000(25 °C): 2" test)
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Fig. 4-61 Measured impact pressure in time series(0.85H, impact with gas

pocket, NOVEC 7000(25 °C): 1% test)
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Fig. 4-62 Measured impact pressure in time series(0.85H, impact with gas

pocket, NOVEC 7000(25 °C): 2" test)
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Table 4-11 Maximum pressure value in repeat test(0.85H, impact with gas

pocket, NOVEC 7000(25 °C))

st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.529 | 0.601 | 0.543 | 0.537 | 0.538 | 0.550 0.029

Line2 | 0.578 | 0.645 | 0.579 | 0.567 | 0.575 | 0.589 0.032

Line3 | 0.544 | 0.611 | 0.550 | 0.538 | 0.561 | 0.561 0.029

Line4 | 0.491 | 0.554 | 0.497 | 0.487 | 0.504 | 0.506 0.027

Linel3 | 0.564 | 0.636 | 0.577 | 0.566 | 0.564 | 0.582 0.031

Linel4 | 0.561 | 0.638 | 0.578 | 0.566 | 0.571 | 0.583 0.031

Linel5 | 0.539 | 0.615 | 0.555 | 0.542 | 0.549 | 0.560 0.032

Linel6 | 0.539 | 0.611 | 0.552 | 0.542 | 0.551 | 0.559 0.030

Linel7 | 0.519 | 0.588 | 0.534 | 0.520 | 0.534 | 0.539 0.028

Linel8 | 0.528 | 0.601 | 0.545 | 0.531 | 0.537 | 0.548 0.030

Line19 | 0.530 | 0.600 | 0.543 | 0.528 | 0.538 | 0.548 0.030

Line20 | 0.535 | 0.605 | 0.547 | 0.534 | 0.540 | 0.552 0.030

Total | 0.578 | 0.645 | 0.579 | 0.567 | 0.575 | 0.589 0.032
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Fig. 4-64 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(34°C): 1% test)
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Fig. 4-65 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(34 °C): 2™ test)
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Fig. 4-66 Measured impact pressure in time series(0.85H, impact with gas

pocket, NOVEC 7000(34 °C): Ist test)
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Fig. 4-67 Measured impact pressure in time series(0.85H, impact with gas

pocket, NOVEC 7000(34 °C): 2" test)
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Table 4-12 Maximum pressure value in repeat test(0.85H, impact with gas
pocket, NOVEC 7000(34 °C))

1st 2nd 3rd 4th Sth Avg. | Std.dev.

Linel | 0.875 | 0.433 | 0.502 | 0.450 | 0.979 | 0.648 0.259

Line2 | 0.185 | 0.167 | 0.213 | 0.252 | 0.154 | 0.194 0.039

Line3 | 0.143 | 0.149 | 0.193 | 0.239 | 0.143 | 0.173 0.042

Line4 | 0.130 | 0.137 | 0.176 | 0.217 | 0.130 | 0.158 0.038

Linel3 | 0.527 | 0.227 | 0.259 | 0.259 | 0.929 | 0.440 0.299

Linel4 | 0.389 | 0.260 | 0.264 | 0.255 | 0.585 | 0.351 0.143

Linel5 | 0400 | 0.226 | 0.252 | 0.240 | 0.223 | 0.268 0.075

Linel6 | 0.406 | 0.217 | 0.243 | 0.254 | 0.300 | 0.284 0.075

Linel7 | 0.790 | 0.223 | 0.235 | 0.245 | 0.294 | 0.357 0.243

Linel8 | 0.998 | 0.205 | 0.258 | 0.254 | 0.315 | 0.406 0.333

Linel9 | 0.942 | 0.216 | 0.244 | 0.263 | 0.424 | 0.418 0.304

Line20 | 0.944 | 0.219 | 0.245 | 0.250 | 0.487 | 0.429 0.308

Total
0.998 0.433 0.502 | 0.450 | 0.979 | 0.673 0.289
max.
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adteE Ae BEAAT FUHAAEER <3
APFart AdE= HgoAA  WaE LAY =R HA
S7HHA "HWEA &5 dUAZE O 3A H4E] "WEe=
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AHRs] gaE 2RAA FE HEBRD ol PV HHL

Table 4-13 velocity of local flow in low filling condition at reference point

0.15H, flip-through, water(25 °C) (mm/s)

Test 1 2 3 4 5 average | Std. dev

u 970.0 | 1080.5 | 799.7 | 10244 | 9424 963.4 105.7

v 165.3 138.7 | 2474 193.3 56.0 160.1 70.8

total | 984.0 | 1089.4 | 837.1 | 1042.5 | 944.1 979.4 97.0

0.15H, flip-through, NOVEC 7000(25 °C) (mm/s)

Test 1 2 3 4 5 average | Std. dev

u 942.0 | 951.3 885.3 886.7 914.4 915.9 30.5

v 416.0 | 388.0 | 442.7 | 498.7 | 5813 465.3 76.6

total | 1029.8 | 1027.4 | 989.8 | 1017.3 | 1083.5 | 1029.6 34.1

0.15H, flip-through, NOVEC 7000(34 °C) (mm/s)

Test 1 2 3 4 5 average | Std. dev

u 806.7 917.3 806.7 918.7 890.3 867.9 57.1

v 389.3 112.0 | 250.7 140.0 | 361.3 250.7 125.5

total | 895.7 | 924.1 844.7 | 9293 | 960.8 910.9 43.6
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Table 4-14 Size of gas pocket(flip-through impact)

0.15H, flip-through, water(25 °C) (mm)

Test 1 2 3 4 5 average | Std. dev
a 11.22 11.84 | 20.78 17.66 12.88 14.88 4.16
b 10.90 8.31 9.14 7.90 8.10 8.87 1.23
axb | 122.30 | 98.40 | 189.97 | 139.43 | 104.37 | 130.89 36.73
) 8.72 7.69 16.21 8.31 8.11 9.8080 3.5980
0.15H, flip-through, NOVEC 7000(25 °C) (mm)
Test 1 2 3 4 5 average | Std. dev
a 20.16 16.00 15.17 | 20.36 17.87 17.91 2.36
b 16.62 11.84 12.88 16.83 14.34 14.50 2.22
axb | 335.06 | 189.44 | 195.39 | 342.66 | 256.26 | 263.76 73.42
) 12.26 9.14 11.22 10.39 10.6 10.7220 | 1.1447
0.15H, flip-through, NOVEC 7000(34 °C) (mm)
Test 1 2 3 4 5 average | Std. dev
a 19.74 17.66 13.50 9.68 16.83 14.69 3.95
b 11.01 11.01 17.45 15.17 9.14 12.76 343
axb | 217.34 | 194.44 | 23558 | 146.85 | 153.84 | 189.61 38.77
) 11.09 12.53 13.8 7.93 9.6 10.9900 | 2.3224
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Table 4-15 Frequency of bubble in flip-through sloshing impact

Water (25 °C) 1 2 3 4 5

Natural freq. (Hz) 544.36 623.88 395.48 597.20 602.61

Experiment (Hz) 461.89 569.48 352.11 458.72 409.84

NOVEC 7000
(25°C)

Natural freq. (Hz) 331.71 440.60 358.24 444.89 383.44

Experiment (Hz) 241.55 279.02 273.22 228.31 309.60

43210048 4 ANAEe dHEE F=d 20 A2
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Fig. 4-71 Precise impact pressure in time histories(0.15H, flip-through,

water(25 °C))
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Fig. 4-72 Captured image of precise local flow(0.15H, flip-through,

water(25 °C))
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Fig. 4-73 Precise impact pressure in time histories(0.15H, flip-through,
NOVEC 7000025 °C))

Fig. 4-74 Captured image of precise local flow(0.15H, flip-through, NOVEC
7000(25 °C))
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Fig. 4-75 Precise impact pressure in time histories(0.15H, flip-through,
NOVEC 7000(34 °C))

Fig. 4-76 Captured image of precise local flow(0.15H, flip-through, NOVEC
7000(34 °C))
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Table 4-16 velocity of local flow in high filling condition

0.85H, impact with gas pocket, water(25 °C) (mm/s)

Test 1 2 3 4 5 average | Std. dev
u 75.9 50.0 86.0 57.1 3714 108.1 156.9
v 4249 | 421.5 | 468.2 | 437.1 425.7 435.5 19.2

total | 4327 | 4272 | 4769 | 4409 565.0 468.5 57.3

0.85H, impact with gas pocket, NOVEC 7000025 °C) (mm/s)

Test 1 2 3 4 5 average | Std. dev

u 527.1 331.7 | 2702 | 3442 | 3714 368.9 95.9

v 450.0 | 410.1 405.6 | 4232 | 425.7 4229 17.4

total | 693.4 530.0 | 48738 545.5 565.0 564.3 77.5

0.85H, impact with gas pocket, NOVEC 7000(34 °C) (mm/s)

Test 1 2 3 4 5 average | Std. dev

u 485.7 | 584.6 | 460.0 | 5143 | 5333 515.6 47.6

v 300.0 | 4554 | 4240 | 5029 | 586.7 453.8 105.6

total | 5709 | 741.0 | 625.6 | 719.3 792.9 689.9 90.0
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Table 4-17 Size of gas pocket(impact with gas pocket)

a
b
0.85H, impact with gas pocket, water(25 °C) (mm)

Test 1 2 3 4 5 average | Std. dev
a 108.30 | 111.60 | 112.20 | 110.90 | 109.20 | 110.44 1.64
b 12.64 14.38 12.20 14.16 14.16 13.51 1.01

axb | 684.46 | 802.40 | 684.42 | 785.17 | 773.14 | 745.92 57.08

0.85H, impact with gas pocket, NOVEC 7000(25 °C) (mm)

Test 1 2 3 4 5 average | Std. dev
a 109.60 | 109.40 | 99.88 | 100.10 | 103.20 | 104.44 4.81
b 14.38 14.16 12.64 12.85 10.75 12.96 1.45

axb | 788.02 | 774.55 | 631.24 | 643.14 | 554.70 | 678.33 100.04

0.85H, impact with gas pocket, NOVEC 7000(34 °C) (mm)

Test 1 2 3 4 5 average | Std. dev
a 103.50 | 108.00 | 109.20 | 120.40 | 115.20 | 111.26 6.60
b 10.75 13.55 15.67 12.70 16.64 13.86 2.35

axb | 55631 | 731.70 | 855.58 | 764.54 | 958.46 | 773.32 149.96
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Fig. 4-78 Precise impact pressure in time histories(0.85H, impact with gas
pocket, water(25 °C))
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Fig. 4-79 Captured image of precise local flow(0.85H, impact with gas pocket,
water(25 °C))
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Fig. 4-80 Precise impact pressure in time histories(0.85H, impact with gas

pocket, NOVEC 7000(25 °C))
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Table 4-18 Result of cycle division verification experiment

Frequency Average of 10 | Number of
Liquid
Ratio Number of cycles Largest Sloshing
Type
(®/®o) (kPa) Peaks
500 61.0110 597
200 41.5167 248
1.27 200 46.4018 236
Combined
100 39.8793 117
Water Total 58.1032 601
(25°C) 500 48.4808 548
200 39.7215 224
1.30 200 33.2483 212
Combined
100 35.2221 108
Total 47.8920 544
218 1
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Table 4-19 Significant channel numbers and the number of impacts(0.20H)

/Mo 1.24 1.25 1.26 1.27 1.28
Number of
Water 596 585 594 597 580
impacts
(25 °C)
Channel 30 25 36 27 19
Line 8 7 9 7 5
/Mo 1.15 1.16 1.18 1.2 1.22
NOVEC | Number of
504 505 504 504 503
7000 impacts
(25°0) Channel 43 42 37 38 36
Line 11 11 10 10 9
/Mo 1.21 1.24 1.25 1.27 1.3
NOVEC | Number of
505 502 503 485 432
7000 impacts
340) Channel 44 36 35 28 25
Line 11 9 9 7 7
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Number of
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NOVEC | Number of
659 757 841 919 969
7000 impacts
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NOVEC | Number of
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Fig. 4-107 Comparison of representative average values(0.80H, o/m¢=1.20)
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Fig. 4-108 Global flow of regular motion test(0.20H, w/wo=1.27)
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Fig. 4-110 Measured pressure of representative sloshing impact(0.20H,
o/me=1.27, water(25°C))
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Fig. 4-111 Local flow of regular motion test(0.20H, ®/wo=1.27, NOVEC
7000(25°C))
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Fig. 4-112 Measured pressure of representative sloshing impact(0.20H,
o/me=1.27, NOVEC 7000(25°C))
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Fig. 4-113 Local flow of regular motion test(0.20H, ®/w¢=1.27, NOVEC
7000(34°C))
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Fig. 4-114 Measured pressure of representative sloshing impact(0.20H,
o/me=1.27, NOVEC 7000(34°C))
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Fig. 4-115 Global flow of regular motion test(0.80H, w/wo=1.20)

256 YT Aﬂ




S o
L 2L -

Fig. 4-116

)

B

oju

2912 AAshg o, ud

=)
- -

HedH, ol

Sidoll FE3]A

EEX

et

k<)

o} efoll o]z} EA

o

K

me} WA WolAE fEo

1 st} 2 A A

3|

o
k=

K

=9

9
Sl 9

B A 7}

w3

o]

<)

71

257



.

10010025

Fig. 4-116 Local flow of regular motion test(0.80H, w/wo=1.20, Water(25°C))
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Fig. 4-117 Measured pressure of representative sloshing impact(0.80H,

o/mo=1.20, water(25°C))
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Fig. 4-119 Measured pressure of representative sloshing impact(0.80H,
o/me=1.20, NOVEC 7000(25°C))
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Fig. 4-120 Local flow of regular motion
7000(34°C))
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Fig. 4-121 Measured pressure of representative sloshing impact(0.80H,
o/me=1.20, NOVEC 7000(34°C))

g AeYes



4.5 33 A9 Ao A&

4e B3 de 4 YPe olgde] T2

Ty A= T T4 dEHI Y s AR
5

M
&
filo

tlo
K
%)
e

A 3t A< (Dynamic Amplification Factor, Dynamic Load Factor,
F3 A ¥ El(quasi-static)E HI3 ALEsA A}t &
st Alge B4 oidel 722 343 JH, 54 93, 729
A=A, dE A=" o mEtA AESE Hojloy, B dAFdAE
DNV-GL-CG-0158¢] A Al F3l= ©<std Hele] 34 3t AF
ALt HE o] &3t AFPNA 2 T4 dHo H&sAT
T4 s AFE AAErl GA, ASE 23 AFY AAE
AA ®=Ze AZIE Aol doh E dAFolA AE EY
B 39] =7]= Loysel et al. (2013)2] A-FolA ALg3 B3] 2/3
Arjela, ol AAl #= 1/609] =7 sddo. 33.18 A
AHE AXHE B AHA¥LS Froude FE |8 A HAS
Agstd7] Wil 4 4893 4y s A

A S T8 SR8

L
Prea/ = Pm()de/ ML‘ZI (42)
model “~model
L
T;’eal = Tmodel —r (43)
Lmodel
269 1



Froude ZAFHO A5 FAY A=, 454, 54 9 &
A= o] Q3 AYAA BReA] ARE EE3TE AR A7
ol 2 (4.4)°F Zo] Euler A H2E T3 €S AA A7 E
saale WHE oleH T At
P =P . Preat Creal \/ﬁ (4.4)

Prodet Cnodet N Lonoder

Froude M7 Mo RA AE()e] vE FUsA 2§57 %
(o) st Aolwyel AFEE WE ol FgErh Ty

3314804 293 nvle} Zo], NOVEC 70002 &< thsgt AR7}

AEE A ok &A@ Adtol thl Euler A B S o837
42 Al = A

A dee 54 &%

0222, DNV-GLAIA A|lFdt= @3t
A~
T

o

(DAF) A4 2L tew 2

%<O.5:DAF=f]

n

T, DAF< f —2.| I _ _
Fe(o.5,1.0).DAF_f1 2[T 0.5|(fi-12)

n

4.5

n

T T
7’>1.0:DAF=max(l.0, 5 —0.33-[?—10}(/’2 —1.0)

n n

270



35

d Al2~"lQl Mark 119}

15 2 25
Ti/Tn
Fdet.
271

°

05
57 3

o MW o A N e
KK e "™
_W_M» & o) % o) ol
ua o A < £3 Mum
C: N gy T
I
° % X W
. - =
WM = ﬂm M. Mo
w 0 L w_. S
4 _ 1.!’ T
J " K

i M = w_% o

B
me {Jo Uﬁrl wo )

o o = —_

ﬂﬁ 1_.0 o o
P om < % . fo
o w° M Iy
W T g X oF
T o~ WP oo @
_ % w o N
xk 2 ® B ooy
) —_ A L
F o> T o .
L = B =
° o) ) 3 tow o
=H o - 0
¢ B X ¥ T
— N
< F LT D E)
W P T R E T A
% H w4

sFl .

[e)
WS E Table 4-219 &g

°]-&

Fig. 4-122 DAF curve(DNV-GL-CG-0158)



Table 4-21 Variables for DAF
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Fig. 4-123 Real scale pressure(0.20H, average of 10 largest pressure)
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Fig. 4-124 DAF applied pressure(0.20H, MARK III, average of 10 largest
pressure)
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Fig. 4-125 DAF applied pressure(0.20H, NO 96, average of 10 largest
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Table 4-22 Comparison of avg. of 10 largest peak pressure and DAF in real

scale(0.20H, w/wo=1.27)

o Avg. of 10 MARK III NO 96
Liquid largest peak
(0.20H, o/me=1.27) pressure T,)T, | DAF | T/T, | DAF
(kPa)
Water (25 °C) 1471.2 0.744 | 1.176 | 1.145 | 1.095
NOVEC 7000 (25 °C) 443.7 1346 | 1.088 | 2.071 | 1.064
NOVEC 7000 (34 °C) 291.3 1367 | 1.087 | 2.104 | 1.063
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Table 4-23 Comparison of avg. of 10 largest peak pressure and DAF in real
scale(0.80H, w/mo=1.20)

o Avg. of 10 MARK III NO 96
Liquid largest peak
(0.20H, w/mo=1.27) pressure T)T, | DAF | TJ/T, | DAF
(kPa)
Water (25 °C) 2052.9 1.088 1.097 1.674 1.077

NOVEC 7000 (25 °C) 550.4 2222 1.059 3.418 1.020

NOVEC 7000 (34 °C) 456.5 1.612 1.078 2.448 1.051
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Table 4-24 Comparison of the characteristics of experimental method
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Fig. A-1 Captured image by high-speed camera(0.15H, regular impact,
water(25 °C): 3, 4% 5t test)
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Fig. A-2 Captured image by high-speed camera(0.15H, regular impact,
NOVEC 7000(25 °C): 31, 4, 5t test)
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Fig. A-3 Captured image by high-speed camera(0.15H, regular impact,
NOVEC 7000(34 °C): 3%, 4%, 5™ test)
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Fig. A-4 Captured image by high-speed camera(0.15H, flip-through,
water(25 °C): 3%, 4t 5t test)
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Fig. A-5 Captured image by high-speed camera(0.15H, flip-through, NOVEC
7000(25 °C): 31, 4%, 5% test)
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Fig. A-6 Captured image by high-speed camera(0.15H, flip-through, NOVEC
7000(34 °C): 31, 4™, 5% test)
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Fig. A-7 Captured image by high-speed camera(0.85H, regular impact,

water(25 °C): 3" test)

water(25 °C): 4 test)
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Fig. A-9 Captured image by high-speed camera(0.85H, regular impact,
NOVEC 7000(25 °C): 3" test)
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Fig. A-10 Captured image by high-speed camera(0.85H, regular impact,
NOVEC 7000(25 °C): 4" test)
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NOVEC 7000(34 °C): 4™ test)
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Fig. A-13 Captured image by high-speed camera(0.85H, impact with gas
pocket, water(25 °C): 3" test)

pocket, water(25 °C): 4" test)
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Fig. A-15 Captured image by high-speed camera(0.85H, impact with gas

pocket, water(25 °C): 5 test)

pocket, NOVEC 7000(25 °C): 3™ test)
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Fig. A-17 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(25 °C): 4™ test)

Fig. A-18 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(25 °C): 5" test)
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Fig. A-19 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(34 °C): 3™ test)

Fig. A-20 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(34 °C): 4™ test)
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Fig. A-21 Captured image by high-speed camera(0.85H, impact with gas
pocket, NOVEC 7000(34 °C): 5" test)
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Fig. A-22 Measured impact pressure in time series(0.15H, regular impact,

water(25 °C): 3" test)
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Fig. A-23 Measured impact pressure in time series(0.15H, regular impact,

water(25 °C): 4" test)
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Fig. A-24 Measured impact pressure in time series(0.15H, regular impact,

water(25 °C): 5 test)
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Fig. A-25 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(25 °C): 3 test)
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Fig. A-26 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(25 °C): 4 test)

1

0.5

0

-0.5

P/pgH

-0.5

0.5

NOVEC 7000-5th (25°C)]

Line 1
Linc 2
Line 3
Line 4

0.14

Linc 5
Line 6
Line 7
Line 8

0.02 0.04

0.14

Line 9

Line 10
Linc 11
Line 12

0.02

0.06

0.08

Time (sec)

0.1 0.12

0.14

Fig. A-27 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(25 °C): 5™ test)
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Fig. A-28 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(34 °C): 3% test)

0.4 5 ——— Line 1
NOVEC 7000-4th (34°C) | Ling 2
(), o | = = = = = ¢ Line 3
Line 4
0 g
-0.2
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
0.4 ———— Linc$
Line 6
e e e R o Iy Line 7
;& Line 8
&) e
-0.2
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
0.4 ————— Line9
——— Line 10,
w— Linc 11
o~ Line 12
0 RN LI g e
SRS o i
-0.2 : -
0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (sec)

Fig. A-29 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(34 °C): 4" test)
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Fig. A-30 Measured impact pressure in time series(0.15H, regular impact,

NOVEC 7000(34 °C): 5% test)
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Fig. A-31 Measured impact pressure in time series(0.15H, flip-through,

water(25 °C): 3" test)
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Fig. A-32 Measured impact pressure in time

water(25 °C): 4" test)
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Fig. A-33 Measured impact pressure in time series(0.15H, flip-through,
water(25 °C): 5 test)
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Fig. A-34 Measured impact pressure in time series(0.15H, flip-through,
NOVEC 7000(25 °C): 3" test)
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Fig. A-35 Measured impact pressure in time series(0.15H, flip-through,
NOVEC 7000(25 °C): 4" test)
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Fig. A-37 Measured impact pressure in time series(0.15H, flip-through,
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Fig. A-39 Measured impact pressure in time series(0.15H, flip-through,

NOVEC 7000(34 °C): 5% test)
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Fig. A-40 Measured impact pressure in time series(0.85H, regular impact,

water(25 °C): 3" test)
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Fig. A-41 Measured impact pressure in time series(0.85H, regular impact,

water(25 °C): 4" test)
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Fig. A-42 Measured impact pressure in time series(0.85H, regular impact,

NOVEC 7000(25 °C): 3% test)
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Fig. A-43 Measured impact pressure in time series(0.85H, regular impact,

NOVEC 7000(25 °C): 4% test)
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Fig. A-44 Measured impact pressure in time series(0.85H, regular impact,
NOVEC 7000(34 °C): 3™ test)
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Fig. A-45 Measured impact pressure in time series(0.85H, regular impact,

NOVEC 7000(34 °C): 4" test)
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Fig. A-46 Measured impact pressure in time series(0.85H, impact with gas

pocket, water(25 °C): 3" test)
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Fig. A-48 Measured impact pressure in time series(0.85H, impact with gas

pocket, water(25 °C): 5 test)
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Fig. A-49 Measured impact pressure in time series(0.85H, impact with gas

pocket, NOVEC 7000(25 °C): 3™ test)
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Fig. A-50 Measured impact pressure in time series(0.85H, impact with gas

pocket, NOVEC 7000(25 °C): 4" test)
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pocket, NOVEC 7000(25 °C): 5™ test)
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Fig. A-53 Measured impact pressure in time series(0.85H, impact with gas
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Abstract

Experimental Study on the Effect of Liquid-
Gas Phase Transition during Sloshing Impact

Jeoungkyu Lee
Department of Naval Architecture & Ocean Engineering
College of Engineering

Seoul National University

This paper is introducing an experimental study on the effect of phase
transition between gas and liquid when sloshing occurs inside the cargo hold.

Interest in environmental issues is growing around the world, and
regulations on greenhouse gases, sulfur oxides, and nitrogen oxides are being
implemented step by step. Accordingly, the demand for liquefied natural gas
(LNG), which is a clean fuel, is increasing, and the types and sizes of related
vessels and marine structures, such as LNG fuel ships and LNG bunkering, as
well as existing LNG carriers are expanding. Various sea states and loading
conditions should be considered in the design of cargo hold, and due to the
high nonlinearity of the sloping phenomenon, experimental studies account
for a higher proportion than those by numerical calculations.

Existing sloshing experiments were mainly conducted using water and air,
as there were difficulties in using LNG in terms of cost or safety. As a result,
there were challenges such as the difference in the density ratio of liquid and
gas, and the phase transition compared to the actual internal phenomenon of
the cargo hold. In the case of density ratio difference, a mixture of
hexafluoride and nitrogen, an inert gas instead of air, has been able to

implement conditions similar to actual cargo, and various related studies have
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recently been carried out. With respect to the phase transition of internal fluids,
there is an experimental study that has heated water above 100 °C, but it is
difficult to observe internal flow due to water vapor, and there are also safety
concerns due to experiments at high temperatures.

In this study, a sloshing experiment was conducted under heating
conditions using a liquid whose boiling point is lower than water. The liquid
used in the experiment is NOVEC 7000, a colorless and odorless liquid, with
a boiling point of 34 °C, which is not flammable and is characterized as
harmless to the human body. In addition, a two-dimensional rectangular
model tank capable of heating and observing the internal flow was produced
to perform sloshing experiments at room temperature and the boiling point.

Through single impact experiments and regular sloshing motion tests, the
shape of local flow and the main mean values related to impact pressure were
analyzed. In the sloshing impact accompanied by gas pocket, phase transition
resulted in a reduction in the magnitude and oscillation of the impact pressure,
and the liquefaction phenomenon occurring inside the gas pocket was also
visually confirmed. In addition, the results of the regular sloshing motion test
showed that the average value of the top 10 impact pressures under the
conditions of NOVEC 7000 at the boiling point was the smallest, and the rise
time of impact pressure was longer than that of using room temperature water.
It is expected that the sloshing model experiment method performed in this
study will be able to more accurately understand the sloshing phenomenon

considering the phase transition occurring inside the actual cargo hold.

Keywords: Sloshing, Sloshing model test, Phase transition, NOVEC 7000,
Local flow, Global flow

Student Number: 2014-21825
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