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In the present work, the scale effect on the Boil-Off Rate (BOR) was investigated based on an analytical method to
systematically evaluate the thermal performance of a Liquefied Natural Gas (LNG) Cargo Containment System (CCS), A
two—dimensional thermal resistance network model was developed to accurately estimate the heat ingress into the CCS from the
outside, The analysis was performed for the KC—1 LNG membrane tank under the IGC and USCG design conditions, The ballast
compartment of both the LNG tank and cofferdam was divided into six sections and a thermal resistance network model was
made for each section, To check the validity of the developed model, the analysis results were compared with those from
existing literature, It was shown that the BOR values under the IGC and USCG design conditions were agreed well with previous
numerical results with a maximum error of 1.03% and 0.60%, respectively, A SDR the scale factor of the LNG CCS was
introduced and the BOR, air temperature of the ballast compartment, and the surface temperature of the inner hull were obtained
to examine the influence of the SDR on the thermal performance, Finally, a correlation for the BOR was proposed, which could
be expressed as a simple formula inversely proportional to the SDR, The proposed correlation could be utilized for predicting the
BOR of a full-scale LNG tank based on the BOR measurement data of lab—scale model tanks;
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(Qu et al., 2019). LNG He=efol =& x|z

Gaztransport & Technigaz(GTT) Aloto] 2R3
WM A7 A (Liquefied Natural Gas, LNG)= MEH: 2 FEF LNG U HERISS M7te| 5% 4%9| 7|&2E GTTol| X|

2 of|HX] Melol| SRS At o £ = oix XY = 2510 Q= AKO|CH AT LNG SHHMe| siAl @40 ax|2
Sit2 THARCZ ARER0| XEXMe2 FItetn Ut 2021 Clof sl2AIS ZAlslsi0] 228 A|Rl| ZIsHD RMICH LNG
A 7|F NG =M 2922 372.3 milion ton(MT)2 COVID ol Hpi|ol5 IX L SI2E AJRIS M| 9|5t I} RIEH =

—192 QlIgt ZV|&EAT Sty Ao 21XE Mt oLt ZHLUEl SXF REO| Al HIFQIES 2 MBS TH2 2
(IGU, 2022). &M 2A=T U= NG 2EHd 641%('22.4. 7| E A" "o 7|ak 2Eo| X 25 A™olct olz{st =L
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5 =l 2let AT E FHSIRUCE
Song et al.2 GTT HEe|2l stE&te| MA 2EEx siMZ 2
off 3RFA FX[GHAS F=35IQIC) (Song et al., 1999). Lee et
al.2 Mark-lll B2 thato 2 ZH Mo ChEh o] &AL
AMiM S flst FRIGIMEY AT FASINUCH (Lee et al,,
2003). Heo et al.2 74/ 0|83104 Mark-Il SlE&te|

TSl Al 2HMSH= BORS OIFSISICH (Heo et al., 2003).
T2t skEE 37100l 8ls ol ZR2 Length scales 7 K| &t
UAARISl HUSH SiME M= B2 Grid T5 275iH,
Ol xlHM AlZkE B7MFIe XIS 7Iict =2 S0,
olzfst 2MIEE Eelsk| 21510 Reduced Order Model (ROM)
£ M85k FRIMA 77| M=[RACE Miana et al. 2} Jeong
and Shim2 Z#Zt Mark-1112F KC-1 H=gfol SIE&E iAoz
BOR oE2 2ol A2 A~ZEQ|2l ANSYS Fluent2l ROMS Ab
8510 3t FRIGhAMES FHSIFCE (Miana et al., 2016;
Jeong and Shim, 2017). J&0ll= £75l2 ROM M8 2/l
CIHA|IAHOf CHSE FI1EQl =X[iAMo| et Rt of2), 4=
AlZIolAM %= 2lo| silAA|ZI0| AREICE Jeong et al. 2 HAMAEY
ZHoIM LR 2REH FolEs e dEHUEAIZ 0/8510

HAMSIGHCE (Jeong et al., 2017). J2{} 20| 2 Tid A|A

J\I on

ol

o
M S sASIACE E2F of2), NG =l=28e| S SEE

oS o =

ol BT M5, IGC 2 USCG Az o ZAlzz!
Mg $3lISIORL sict 7|& 2812 B A

ol thet 23 8| DE o, W si42Uol

G sl=2& RRIS| =AH|7} BORY| O|X|

daks 2AEP| 25l 2 oAFolM Kok sA RS o|g3lof

Z=44d| H3lof| wE ZEE, ballast compartment L& 27|

T ¥ EH T 53 97| 28t FIIE siAS

I —N
ALt =
MZADE HEfoR ZAH| sl w2 ZUES of =5t

0;

2.1 A1 TH M3 2 Pz A

LNG Z2&t9| scale effect BAI2 I8 oM CjAleZ St
7IAZAHKorea Gas Corporation, KOGAS)OIA ZHERSH KC-1
LNG M Ea|Ql M3E MHsIFCE Fig. 11 20| 174KZ LNG
Hegol R3S MAsh MEk2 7le| B3 2 FME0 9lom,

MA ME2 296 m, LNG W3] Z4tek 3l =uksk 2ol= 2k2t

Z|ch 45.6m, 46.05m, =0|= (0 35.0mO|Ct &2 AFolM=
silMol chesteE Qs tHalMg 7|1Ee=2 3 Y32t ImHo|
/4 T sfagHe=z MMsIRICE LNG HEsel 3=
LNGE MAESh= U=, SRIAIAEL inner hull2} outer hull AlO]
9| ballast compartment=2 TA=0{, TEEHR HHAAARS K|
oI5t HEr|ol Mot RAISE FEE JIEICE HER| 2l EFet
FHHYO| ballast compartmentE k2t 6742] #2! (top, top
side, mid side—Air, mid side—seawater, bottom side, bottom)2
2 FE3I1 compartment LFoll= 37|12 M Ut 7P-
sion], AN x|4== Fig. 20 ®7|SI%Ct.

IGC & USCG MAHIZ=ZAE ME5ICt (IMO, 2014; USCG, 1970).
Outer hull 2/FZHoi|A| CHRAMEH S Albof| ZRFH ME2
36.11 km/hr 2 AESIFC (Jeong et al. 2017). KC-1 No. 3 cargo
tank 7|& L= 882 48,280 m*0|M, A2k L= 89| 98
%s ME3INCE LNG2ENGe| L= 242t -163°C 2 158 C
2 71Ysigion], oA Hysterlel 72 & Top Yool = &
HRCs NG 29 SslL, LIHX| Pl X EHREs
NG 2ol SYsICtr MMsIQIct 8o = NG 23 ZA)
o M25ME wX|el| 25101 THH Z LiFof HEo| J1HA|
ARI0| EiRi=|0] 2lond, OIE sllAMol| Biel| 2[510 T LIS
o| | B7|RLE 5°C2 AHEsIICI (Jeong and Shim, 2017).
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Fig. 2 Dimension of No. 3 membrane LNG tank(Unit: m)
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071M, Qea T VingE 2AFOIM B8 X2 50125 ¥
AZHW)ZHLNG X (M) S 2lolatd, pug 2 hgues LNGES
100% MethaneL2 7Pde Aol 2 & HES LIERHH of

7|Qt 7|EmeE 212} 425 kg/n®, 511 ki/kgel aFe ARRSISICE
Al (1)2 0l83101 LNG &=&¢<| BORE o SsP| 2lsiM=
AR e Hlttste XHO| o S2sict & A7olA
= dxg HEY 3 2Ye &3 2D J(te| shMS Saif dA
QU2kS of ZStA} olCt TIEAARES Z5I5HING @3 2
FHHES erile] PRIz PRk, ZF Rl thst dXs HE

23 zEs TMSIC) Fig. 32 AT HESRT 2HEO| oA
2 Cargo tanke| Top F&lof| LSt WXE HEST ZHo| JlEt
TE LIERT Qi

JNE FE2 erlle] M EHME JIX|H Fig. 32} 20| BCO
T2 & symmetric =HES JHK|l= east directiont} front
direction FHS STF YMEER2 gict North direction 3
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rlo rlo

west direction % rear direction

212+ BC@ 7 ¥ A ACE South direction
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= 7|A|-o| NGQ'» Jé-lzs_ 19 |:|._ E|-0=|A|AE|I2 f/27(|- I:HII:IE“o|
B top plywood, H-PUF, bottom plywood, mastic/air layer
2 Mz, MF sAF 2 X|$= Fig. 42F 2Tk Inner hull 2
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1, ballast compartment Afo|e] AHE Flst AT} FH=Z
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Fig. 3 Thermal resistance network model of a compartment
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T
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Fig. 4 Cross—sectional dimension of the insulation layer

&k (Lee et al., 2003). Outer hull EHe| ZIH|cHFol| 2|5t A

MEAHIZ= McAdams A2 (Colburn, 1964)2 ARE3SIF 20
Al (2)9f 2Lt
Nuy = hyL/k, = 0.037Re}*Pr'/® )

017|H h2 SEEAT (W/nK), L2 LNG &3 Zo| (m), Re
2 20| 7|= Reynolds <=, Pr= Prandtl =& 2|o|siC]
LNG M3 3 T 7E oM sk XiedchRo| 2o

St AMEA| = 2" E (Churchill and Chu, 1975) ¥ 44

b (McAdams, 1954) o{5of| 2} Nusselt = AlztAlg 212t

sl2em, Al (3) - A (5)2F ZCt

re ok

0f0

— Vertical surface
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— Hot surface facing downward/Cold surface facing upward

hyL i
Nuy = T_O 27Ra/* (10° < Ra, < 10") (4
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— Cold surface facing downward/Hot surface facing upward

hyL [0.54Ra}* (10" < Ra, < 107)

Nuy = = f
T kT 0.15RaY? (107 < Ra, < 10M)

(5)

0{7|AM, L2 EAZ0]| (m), Ra.= Rayleigh =, k=
T (WnK)E 2logict

ZAlHe| Nusselt == Aol ofst dekg T2isP| 2f5)
Al (3)2 Rayleigh 0l cosbZ Z3t Z2 ARSI AHalE =
A1 o] mf, 6= TAH 7= ZARY (rad)2 LIERHCE
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Fig. 5 Connection part between LNG tank and cofferdam

LNG & 32t THEO| oiZFof st Fdbete| EXE HE
|3 ZHlo| JHEfT= Fig. 52 ZCh ING "3} ZHHo| &
Shol Rl chHgent of2}, BC@2} CBC® Alole| &H 3! BC
(52} CBCO) Alole| ctHel A EMZI0| Lzto| Zatslol| w2t
B517| m2oll 4 (3)2 ME5IH XiitiF LTI of o
QAP eME 4= QJct 0|5 ZSP| 25t lele| g Ut
A= FAgmol| M8 = /= Nusselt = A2k (Martynenko
and Khramtsov, 2005)& ARESIICn, Al (6)1f &Lt

B
f H(z)3/4dz
hil 1/471/4 50
= = C RN 6)

o fBH(z)dz

0.387 Ra}/¢ r )

C ZRa1/4[0.825+ ,
- ‘ {1+ (0.492/pPr)*/ 16}/

2 AFolME CIEA|ARS Z5IsH 2t
250 w2 FEMXQ| HEE 118510 Gt
Mastic/Air layere O|ZA|1F S7(7F Z8H=0] AN, RS 7Y
g St HE 2YU S MEol0| 7E NETE THK|= ERIKE
Z 7 (Jin et al., 2013) 3I¥CE Membrane layer= 5 &4
2 7= 1At & 2K} g n} HiEE| ol 7] 24 OlE{H|2(0f A
HolM, I&x| S| FAXIKZ 0|F0X Uct 2 odFo|M =
siadel cE=sIE 2laH, 1.5 mm M2l Stainless steel 304L A
As TRl 1&F 2 21 2 Alolel B7ZK10.5 mm)of] ATt
SRE] ot TSt 7AEEt 7|HE H8si] fE ENE
HAKIE) Table 1, 2= ZF Ao METE LIERD

o, 2% Y3l M2 ANMETE 4Xf ClEAOZ curve
fitting 5104 A1 (8)1 20| FTsiek = U AAfof| wE Hlpgt2
Table 3zt ZCt Mol ARSEl 7| ¥ ol HA| 20| w2
UEMR| HEE T1{sigien, ool = 35 gkg® 71
St (Miana et al., 2016; Shargawy et al., 2010).
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Table 1 Thermal conductivity of materials(Unit: W/mK)

T [C] [Membrane layer| Plywood | Mastic/air Hull
-163 2.1603 0.062 0.1808 -
-133 2.4185 0.074 0.2082 -
=72 2.8282 0.095 0.2662 -
-30 3.0827 0.108 0.3082 -
10 3.3232 0.118 0.3494 53.67
20 3.3822 - 0.3598 53.33

Table 2 Thermal conductivity of H-PUFs (Jeong and Shim,
2017)

T ['C]1|® HFC-364mfc @ HFC-245fa (3) HFC-245fa—e
-160 |0.01535 W/mK|0.01517 W/mK|0.01474 W/mK
-120 |0.01677 W/mK|0.01679 W/mK|0.01631 W/mK
-80 |0.01923 W/mK|0.01846 W/mK|0.01852 W/mK
—-40 0.02051 W/mK|0.01917 W/mK| 0.01909 W/mK
20 |0.02097 W/mK|0.01986 W/mK|0.01987 W/mK
20 |0.02412 W/mK| 0.0233 W/mK | 0.0228 W/mK

k=A,+ A, T+ A, T+ A, T°+ A, T* )

A7) 7|=5t ollA] CHAlS| MIF SA), AME ARl 25
of w2 Zt AEle| AEMX| HES} Fig. 30l EeE LNG 3
2! FIHEY Ballast compartmente| 7HE T&lof| Cist Gt L E
3 ZE ZNE diEoZ PR Ay WyAlg TEE ¢
A0y, Al (9)2+ Al (10)t 20| LiEfd 4= ct

- i" ballast compartment for LNG cargo tank

Apci(Tpei— Toig) _

n n
EQBGi,j = Z

j=1 j=1 (ERth)j
Z UBCA,i,jABC,i,j(TBGi - To,i7j) =0
j=1

Table 3 Curve fitting results for thermal conductivity
A0 A1 A2 A3 A4

Membrane

layer 3.2635x107(5.9983x10°3|-2.0392x 10| -4.7252x107 |-3.9088x 107

Plywood |1.1566x10™"|2.4507x107|-5.5677x107|-2.6560% 107" -

Mastic/air|3.3895x10°"|1.0400%x107%| 3.7178x107" |-2.5659% 107" -

Hull | 5.400x10' |-3.330x10° - - -

R 2.1940x10°% 7.1599x1"°| 1.5051x10° | 1.7588x10°® | 5.8568%10™"
O]

H-PUF 2 5 6 -8 -1
® 2.0970x107|8.2158x10™| 1.4593x10™ | 1.3457x10™ | 3.8313%10
H-PUF -2 -5 -6 -8 11
5 2.0670x10°%|7.1106x107| 1.4829x10™ | 1.5813x10™ | 4.9206X10

JSNAK, Vol, 60, No. 4, August 2023

225



Axet HEST 2HE 0|28 LNG 2=%F Scale Effect &4

START

I [STEP 1] Input geometric specification and boundary conditions.

[STEP2] Initialize Ty-’s and surface temperatures of LNG tank.
Assume Tr5-'s and surface temperatures of cofferdam.

[STEP3] Calculate thermophysical properties and overall heat
transfer coefficients based on the temperatures in STEP 2.

!

| [sTEP4] Solve Eq. (9) by using TDMA to obtain Ty’s. |

[STEP6] Estimate Q. surface temperature.s and
BOR (Boil-off Rate) by using Eq. (1).

END

Fig. 6 Solution algorithm for predicting Qe and BOR

- " ballast compartment for cofferdam
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HAZo=z "rsp| 95t 250z N
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Fig. 7 Dimension of LNG tank according to SDR(Unit: m)

Table 4 Scale effect analysis case

SDR Tank inner volume Volume ratio
1 (Base case) 48,280 m® 1
1/2 6,305 m° 1/8
1/5 386.25 m® 1/125
1/10 48.281 m° 1/1,000
1/25 3.090 m® 1/15,625
1/50 0.386 m° 1/125,000
MATE TESIDX SIFCE NG sl2E 542U 4|
off w2 WskE T18dsl| {5 SDR(Scale-Down Ratio)S AH2|
slem, A (11)nt ot
SDR=1/a (11)

017|M, a= 20| 7|F scale factorE 2Jo|siCl,

£ 70 ALBEE NG SlEd SRl YA AMAg el
LNG &3 (KC-1 No. 3 tank)2| inner hull2t outer hull A0S
744 3 clANABIS| Si= ISt |3 2 FHY LFe|
Zo[ol| SDRZ}S ME5lo] Arkel¥on, Fig. 72t 2ot AA=
A2 2180l J|&3t AW UK ME3IRon{, SDRE2

1/50-128] H9|=2 MASIQIC) 5|4 Cases Table 42 2Tk

0
k=l

3.

3.1 siM=L HE

I

} 3

2 7ol THUSE BXE HEKZT T[Ete| 2D siAl=Hol
ElZM AESS 2I510d YEIQIZ BOR % ballast compartment2
2 230 thsl], 7|& 26 ZnRt H|wE FESIICt Jeong
and Shim2 Fig. 40l ZAI= top plywood FHE 9 mm CHAI
12 mMmZ H&31920, inner hull 2 outer hulle] Z{E S 9%
HzaZdoez JI™5IIct (Jeong and Shim, 2017). EEgh
Membrane layer= 13.5 mm S742| Stainless steel 304L T
MEZ TS5t Mefst H|E 2[5, AV| gt FEE2
7|E ZtolA ARRSH @A 2 SMX| FEE HEsIQICt IGC

T

MAZEAS7|RE: 45°C, sk 32°C) ¥ USGC MA=A
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Table 5 Comparison of Qea and BOR(IGC condition)

H-PUF Qe (W) BOR (%/day)
type Jeong and | Present | Jeong and | Present
Shim (2017)|  study  |Shim (2017)|  study
H-PUF®D | 114,654 115,829 0.0964 0.0974
H-PUF@ | 110,271 110,360 0.0927 0.0928
H-PUF® | 109,576 110,563 0.0921 0.0930

Table 6 Comparison of Qea and BOR(USCG condition)

Qear (W) BOR (%/day)
H-PUF
type Jeong and | Present | Jeong and | Present
Shim (2017)|  study  |Shim (2017)|  study
H-PUF® | 91,904 91,382 0.0773 0.0768
H-PUF@ | 88,570 88,281 0.0745 0.0742
H-PUF® | 87,823 87,900 0.0738 0.0739

(B712%: -18 C, sll+R%: 0 C) slolM Table 22| H-PUF
S0l w2 el BOR01I CHek 3Rt S=R[sHA Znfel &
Aol A e SHAMATE H|WSIICE Table 5, 62| Z1oilA
2 = ARO[, JHLE 2Eol AXlolzF 8 BOR OS2t 7|&
2819 xlaiA 22 (Jeong and Shim, 2017)E ZICHRA}
1.03 %2 HEBsH ol58e gRlsigict

(a) 2D analysis results (Jeong et al., 2017)

39.55
e
30.38 #

36.88

-4

20.33

29.32
29.07

(b) 3D numerical results (Jeong and Shim, 2017)

36.92

-H

26.97

29.07
27.08

(c) Present analysis results

Fig. 8 Comparison of ballast compartment air temperature

IGC AAZ=Z SN H-PUFRRl ¥EMX|E XEsH LNG
tanke| Ballast compartment LI§ &7| 2% 230 thsio] 7|=
= Znet et 2ol sHAMADLE Fig. 80l TAISIICE Fig.
8(a)2l LAl 2HATL= Fig. 8(b)el 3AH FTR[HAIZDI} %
O 2Rt 4.47 'CE LIERH D RAct 0|2t 2Rt WMsh= @
ol2 7|&=s (Jeong et al., 2017)0llM HAISH LaljA 2
FAloIE R of2} TIAA|ARIS] 20|
= C’é%éiil SIS 125K 47| mfZolct BiHol|, 2 o
TollA mMokst EXE EYT RE= sxlsiMZdnetel ol
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Table 72 IGC & USGC MH=A sloilM H-PUF 370l ot
2 NG &3 2 FHHO| ballast compartment LIS 27| =
BXE H|wst ZRE LIER T Uct FO| ZTolM & %'\i
ol, 7Hgt mHlo| HMADT | H-PUF 72t ZHAgl0] Zthex
A 7|FCZ IGC ¥ USCG MAZ=ZAIM 22t 2.36-4.70 'C &
3.33-4.70 C He| LhollA x[eiA AIE v WA FHelsk| o
Eoiick

ZEMoz HEelzr BOG 2 Ballast compartmente| 2%
230l e 7|E 26 Znet H|nE S, & A0l TS

7|4

LAE HIESA 7|8t sfa2Be| EfFMdE ASSINCE

Table 7 Ballast compartment air temperature comparison
ompartment BCX | BC®@ | BC® | BC@ | BC® | BC®)

Case CBC(M|CBC(2)CBC®)|CBC®)|CBCH)|CBC®
IGC  |39.47(39.33(36.81(29.28|29.29(29.02
(H-PUF()| 31.5938.0135.85 | 27.65 | 27.49| 24.07
IGC  |39.55(39.38(36.88(29.33|29.32(29.07
 |(H-PUF@)|31.63|38.06|35.91|27.70 | 27.52 | 24.10
Numerical ™ ~~""39 56 39,39 36.89 [ 29.33 [ 29.32 [ 29.08
results
(Jeong |(HPUF®)|31.6438.07|35.92|27.70|27.52| 24.11
and Uscg  -17.54-16.81-15.72| —2.52 | -0.33 |-0.64
S0y |(H-PUFD)-12.38-15.85(-14.661.06 | 0.45 | 0.88
uscg  -17.51-16.79-15.69 —2.49 | -0.31 [-0.61
(H-PUF®@) -12.361-15.8314.63|-1.04 | 0.46 | 0.90
uscg  -17.51-16.78-15.69 —2.48 |-0.31 [-0.60
(H-PUF®) -12.3515.8314.63|-1.03 | 0.47 | 0.90
IGC  |38.43(38.42(36.65|26.76|28.97 | 26.91
(H-PUF()|31.11|33.73|31.11|23.89|27.30|23.38
IGC  |38.68(38.66(36.92|26.97|29.07 |27.08
(H-PUF®@)|31.15|33.78|31.16|23.92 | 27.32| 23.40
IGC  |38.66(38.64(36.91(26.96|29.07 | 27.07
g’r:gi/eST; (H-PUF®))|31.15|33.77|31.16|23.92 | 27.32| 23.40
results | USCG  [21.43-21.45-19.93 ~7.22 |-2.59|-3.90
(H-PUF®) -11.7614.04-11.33 -2.12 | -0.31|-0.66
USCG  -21.34-21.37-19.81/-7.12 |-2.53(-3.80
(H-PUF®@) -11.74-14.0211.30-2.10|-0.29 | -0.62
USCG  -21.32-21.34-19.78 -7.10 | -2.53[-3.79
(H-PUF)(-11.74~14.01-11.29 —2.09 | -0.29 | -0.62
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Table 8 Qeax analysis results(IGC condition, SDR=1)

Compartment Qiear (W) Proportion (%)
Top 15,669 14.2
Top side 16,898 15.3
Mid side-Air 14,836 13.4
Mid side—seawater 7,924 7.2
Bottom side 6,918 6.3
Bottom 21,639 19.6
Cofferdam 26,746 24.2

Table 9 Qeax and BOR according to SDR(IGC condition)

SDR Qiear (W) BOR (%/day)
1 (Base case) 110,630 0.0930
1/2 27,698 0.1863
1/5 4,402 0.4627
1/10 1,106 0.9303
1/25 178.4 2.3440
1/50 44 .87 4.7158

Table 10 Qieax and BOR according to SDR(USCG condition)

SDR Qieak (W) BOR (%/day)
1 (Base case) 88,613 0.0745
1/2 22,199 0.1493
1/5 3,542 0.3722
1/10 890.7 0.7489
1/25 143.5 1.8850
1/50 36.03 3.7863

38.85
35.73

.33 3379
40.23
2238 23.49
33.46
30.47
S 36.57 | 30.49
- 1o = 20.24 2;5170
21.77 10 5554
220 22.27 30.21
27.35
29.57 .
(a) SDR =1/2 (b) SDR = 1/5

Fig. 9 Temperature distribution of LNG tank(Unit: °C)
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Fig. 10 Temperature distribution of cofferdam(Unit: °C)
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