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Estimation of Boil-off Gas in Liquid Hydrogen Storage Vessel by Using
Phase Change Model Based on Intermolecular Interactions

HAESEONG HWANG, HYUNSEOP LEE, SEUNGHO HAN'

Department of Mechanical Engineering, Dong-A University, 37 Nakdong-daero 550beon-gil, Saha-gu, 49315 Busan, Korea

TCorresponding author :
shhan85@dau.ac.kr Abstract >> The boiling point of liquid hydrogen is extremely low at 20 K, making

_ it prone to generate boil-off gas (BOG). BOG can lead to a rise in pressure and a
Ez\cli‘:;zd Z Ej;reuzt’;;ég? potential rupture of liquid hydrogen storage vessels, prompting research on esti-
Accepted 12 February, 2025 mating BOG generation using numerical analysis and phase change models.

Commonly used models require empirical parameters obtained through trial and
error. In this study, a multi-phase fluid flow analysis was conducted on a liquid hy-
drogen storage vessel to propose a phase change model that does not rely on the
empirical parameters. The phase change model based on the intermolecular in-
teractions provided the BOG generation rate of 0.23 kg/day.

Key words : Boil-off gas(Z%7tA), Intermolecular interaction(£ X} 7+ 4 3% &),
Liquid hydrogen(et &| 4 A ), Multi-phase fluid flow analysis(CHy ¥ 9=
3 A1), Phase change model( YiH ot 2 H), Storage vessel(H -8 71)

1. M & Qlo] k. AA-87]9] mtAg WHI5l7] $iste] BOG

2 QIjE e A 2E|al ARl A% AR &

Wi I AR G HiESSHH a1 & I ARE7] AAVE 8550 BOG HAR
AUA "E=rb ek Aol ey Jedol W7l Ad 9 s e Sl dAST 4 Sk

o ZJHIlA 20 K (-253°C)2 - wFol A% ¥l o] Fu 578 273 o7k 2421 0.5 2 1 m3l Y%

% 74 & 89l o8l 2k A(boil-off-gas, BOG) @ MA|4A AAL7|E ko R Lee A3 mel®

7} ‘?:J*@?l‘:}l 7 BOGE WAl AE719) e & HE3 oA AR S e a4 =

A7 THEst re s AgE7] whadol o Ao 50, 150 9 250 Wim'2] F-5-4l, 0, 0.0098 Y

H

31
2025 The Korean Hydrogen and New Energy Society. All rights reserved.


https://crossmark.crossref.org/dialog/?doi=10.7316/JHNE.2025.36.1.31&domain=https://journal.hydrogen.or.kr/&uri_scheme=http:&cm_version=v1.5

9.8 m/s’0] ZE/I&E 12|31 30 %, 50 % ‘3480%
o] A8E NUT AR, FAEE, F
o] 45 BOG WAle] oI%t A871e] Srete] HH}
27 45Ee BAsic Weish Zhang" e 2|57}
o7} Z+ZF 318 I 508 mmel YEF MA|Las
AAL7)S garoz L84 AES T8 ol o
7% S st Ag Auel vlmaiict 4=
] A% ¥ 0.57 Hz9al BOG HHyaF Ajak
ko] Lee 43} melo] ARG-E| QI iAoz
o171 Azholl whE APga7] o) el WEe A
& A3} tjv] 5% o] A EE HoF=3ltt Jeon
o axe AEg CEQl ARE7]2 e s o}
BHE NS el AY Ao} vwslsick
Al W 718 Aol ofsto] Lee Aist
G3to] IA-HA A= 1A
FHO| AFdH BEA AeE, AA-71A
v HEY xR eE ANt Tgkes
Fch 48719 AAdE 3 A+
8 lo] Elek v A5 ol
HRHE2 4984%/day = A3 A
e} 0.08% 22 tg% HollA x5t} Ahammad
o o)A A @ LNG2] 2] E(film boiling) < o
7] 9lgk male Aokstelon] Hal At Vel
W3St} Rayleigh-Taylor <92 2-§sto] tf
0% 8%%% Fastslon 71E 44 1%, 2
FAZE e °f‘°*°ﬂ e

o,

)

o

Bl oox off ot me mlo

i1}
12
N
N
—~
2£

lo o
]
]

X R K
o N e o

2

>

Hoxore K8
o
u
ne.
2
ov
8

S
~

i g

o

IS

N

E Ay ol
ol
- rlo

o
ne

= H
Aol A= AA A8 AHE719] BOG WA 5
% Al Lee /W3t mello] AEA A7t HQ Gl

>> S22 AUMO|LIK|3}E] =27

Ao bzt wele Aokstalet. e)w B 7k
A} & Z-8(intermolecular Interaction)S 11&3}o] 7|
3} 9 ajsie) 7|20] Ehe o xje} ole] Bt BE
£ o|&3le] BOG EHIET} AN 3)-E(re-liquefaction

o abs A7) 4
Pie 24517] Slars 713l vapo-
rization) 2! H3K(liquefaction)@} - 4=4-9] AMHS}
ol et =4 mdo] Hasit F Aol A
Ho A 2] £ Hd-4)(mass transfer equation) A4}
How AN Lee AMS) Rz RE 023} 2
of thepd 4= lck

my,= Lyoup(T— T,

sat

— 1), (lique faction) 2)

), (vaporization) €))
m1!]: Lvlaz;pv( T,

sat

o71H 12 TSIAIZE B SR AIT ARsH
o] Agolm A1, v

e iRtk o, p, T 2T T, 47 A

£ W% 2% Jen ELES oujgich o

49] 713 B FA4ke] 3t Al eluiAzt $E

W g4Eln] ol thaat Zol ekl 4 9l
S=mH )

S= FollyA|, A= 449 H4(latent heat)g 9]
o]t AL mell H5hH HE 2 S5 Dol

4 ALAelA 713k R o3
7 o] mapewo] et vehbe] ol st
9

H= A A 2 YA Al Lol &ste] 2
A=) 12 AJ3Y2FQ H(trial and error method)S &

s Aoz 24 Aver gA At £29

H 36 H1S 2026 28



TR 53] B4 Seastol ol AHA A
olm rioal FAe) A%e7] R £ 27lo] m
2} Lee AMHSE nElS HEA o7 ALE3E]7| o= of

4 A 8 31% spiist el 2 A9
AlRtstgiet. e EAF 7+ AR o] Wsto] whE gy
E-Z2 3l o1 X|(Lennard-Jones potential energy)
9 Ay EAM(London dispersion force) 7]Ht oy
= ejsto] 715 W jsje] 7)o B oy
£ Auela By Bxo] 48319
Aol He] £ Al
el || £, & o &5ttt &4 1H Ao ut
£ o) vske Jejste] oA B AR S 2

A7k ZHe oUA] o W e TR ek

FEEE

2y @

A7|A dy 2} gy= 217 BAF Af 27 (hard sphere
diameter) I =4 Exlo] wElAd S8
of Sgeh= AR 2 o] 52| A7|+= Table 19] Lrek
Witk ¢, d,= 247 AA) E 7)ASA BA} 7 A

otential well)

Table 1. Coefficients used to calculate required energies for
vaporization and liquefaction

Item Value
dy (&) 2.608
g () 5.246x107
I(eV) 15.427
My, (kg/mol) 0.002015
N, (1/mol) 6.022x10%
p (&%) 0.790
R (J/molK) 8.314
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Table 2. Load & boundary conditions for multi-phase fluid flow
analysis

Load & boundary condition Value
Initial pressure (Pa) 101,323
Initial temperature (K) 20.369
Heat flux (W/mz) 3.5
Gravity (m/s’) 9.81
Turbulence model Realizable k-&
Working fluid Liquid & vapor hydrogen
Number of element 86,866
Analysis tool ANSYS Fluent 17.2

Table 3. Results of Courant number and mass loss regarding

to time step
Time step Courant number Mass loss Error
(s) (kg) (%)
0.010 <lL.5 0.00031 0.000107
0.005 <1.0 0.00031 0.000107
0.001 <0.1 0.00000 0.000000
> LA UNORI33] =27

o wha] o] BEEE 0.001
ARgale] 30% EoF B FAS 223 6}93\1:}21)_
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Fig. 5. Pressure distribution in liquid hydrogen storage vessel in
30 seconds
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Fig. 11. Pressure rise in liquid hydrogen storage vessel over
30 seconds

Vol. 36, No. 1, February 2025

oy - ol - stsE 39

of Gtk F 4 S wpe] S Fa) AR

=
5¢te] BOG 2 Age &dd AAolr

5. 2 E
B Aol AEA AT atEA e B
7k ATARE 7)uE APRASE RS AI9ktel NASA

3)

4

5)

2 2] 2702 53 RE ¥Ho] 3,

202 ol 345 Paso] 1 Aol AkE
© 1 NASA Lewis Research Center?] A& 0 22
v glojz] gkel Al 331 Passt QAR
2 sjelsgch

A-8-719] W ol A

CERE T EY

d BAS

o
ot
o

fr

rir
ox
ol
ot
k1
ofx
jabad
=2
>,

Journal of Hydrogen and New Energy <<



o
=
_'>i
il
Hu
ﬁ
m&*‘
A i
;9
o
L
o
hu
>
U
i
Ko

References

1. S.J. Oh, K. S.Jeon, J. H. Yoon, and J. Choi, “A study on the
thermal characteristics of the vacuum jacket valve for transporting
liquefied hydrogen according to the degree of vacuum”,
Journal of Hydrogen and New Energy, Vol. 32, No. 6, 2021, pp.
585-591, doi: https://doi.org/10.7316/KHNES.2021.32.6.585.

2. S.Park, C. Lee, J. Ryu, and S. Hwang, “An economic analysis
on slush hydrogen containing liquid and solid phase for
long-term and large-scale storage”, Journal of Hydrogen
and New Energy, Vol. 33, No. 3, 2022, pp. 247-254, doi:
https://doi.org/10.7316/KHNES.2022.33.3.247.

3. M. Choi, W.Jung, S. Lee, T. Joung, and D. Chang, “Thermal
efficiency and economics of a boil-off hydrogen re-lique-
faction system considering the energy efficiency design index
for liquid hydrogen carriers”, Energies, Vol. 14, No. 15, 2021,
pp. 4566, doi: https://doi.org/10.3390/en14154566.

4. C.Chae, G.Im, Y. Kim, and S. Chae, “An analysis of the impact
of design factors using a simulator of LH2 storage tank PRV
system”, Journal of the Korean Institute of Gas, Vol. 28, No. 2,
2024, pp. 47-55, doi: https://doi.org/10.7842/kigas.2024.28.2.47.

5. J.Fu, B. Sunden, and X. Chen, “Analysis of self-pressurization
phenomenon in a cryogenic fluid storage tank with VOF meth-
od”, In: ASME 2013 International Mechanical Engineering Con-
gress and Exposition; 2013 Nov 15-21; San Diego (CA), USA.
New York (NY): American Society of Mechanical Engineers,
2013, pp. VOO1T01A020, doi: https://doi.org/10.1115/IMECE2013-63209.

6. W. H. Lee, “Pressure iteration scheme for two-phase flow
modeling®, Multiphase Transport : Fundamentals, Reactor
Safety, Applications, Vol. 1, pp. 407-431. Retrieved from

https://codethatflows.wordpress.com/wp-content/up-
loads/2021/08/406441216-lee-model-pdf-1.pdt]
7. G.Weiand J. Zhang, “Numerical study of the filling process

of a liquid hydrogen storage tank under different sloshing
conditions”, Processes, Vol. 8, No. 9, 2020, pp. 1020, doi:
https://doi.org/10.3390/pr8091020.

8. G.M.Jeon, J. C. Park, and S. Choi, “Multiphase-thermal si-
mulation on BOG/BOR estimation due to phase change in cr
-yogenic liquid storage tanks”, Applied Thermal Engineering,

\A
v
ror

ALAYNN R 33| =2

11.

12.

13.

14.

17.

Vol. 184, 2021, pp. 116264, doi: https://doi.org/10.1016/j.appl{
lhermaleng.2020.116264)

. M. Ahammad, T. Olewski, L. N. Véchot, and S. Mannan, “A CFD

based model to predict filmboiling heat transfer of cryogenic liq-
uids”, Journal of Loss Prevention in the Process Industries, Vol. 44,
2016, pp. 247-254, doi: https://doi.org/10.1016/j.jlp.2016.09.017.

. P.J. Berenson, “Film-boiling heat transfer from a horizontal

surface”, ASME Journal of Heat and Mass Transfer, Vol. 83, No.
3, 1961, pp. 351-356, doi: https://doi.org/10.1115/1.3682280.
V. V.Klimenko, “Film boiling on a horizontal plate - new cor
relation”, International Journal of Heat and Mass Transfer, Vo
1.24,No. 1, 1981, pp. 69-79, doi: jttps://doi.org/10.1016/0(
M. M. Husan, C. S. Lin, and N. T. Vandresar, “Self-pressuriza-
tion of a flightweight liquid hydrogen storage tank subjected to
low heat flux”, In: 1991 ASME/AIChE National Heat Transfer
Conference; 1991 Jul 28-31; Minneapolis (MN), USA. Cleveland
(OH): NASA Lewis Research Center, c1991. Retrieved from
https://ntrs.nasa.gov/citations/19910011011.

T. Perrotin and D. Clodic, “Thermal-hydraulic CFD study in
louvered fin-and-flat-tube heat exchangers”, International
Journal of Refrigeration, Vol. 27, No. 4, 2004, pp. 422-432,
doi: https://doi.org/10.1016/].ijrefrig.2003.11.005.

M. J. Huang, P. C. Eames, and B. Norton, “Comparison of a
small-scale 3D PCM thermal control model with a validated
2D PCM thermal control model”, Solar Energy Materials
and Solar Cells, Vol. 90, No. 13, 2006, pp. 1961-1972, doi:
https://doi.org/10.1016/j.solmat.2006.02.001.

. M. A. Salehi and R. Rahimi, “Comparison between 2D and

3D transient flow simulation of gas liquid dynamics in two-
phase cylindrical bubble column reactors by CFD”, Interna
tional Journal of Chemical Sciences, Vol. 6, No. 2, 2008, pp.

857-872. Retrieved from fhttps://www.tsijournals.com/art]

kles/comparison-between-2d-and-3d-transient-flow-sim|

ulation-of-gas--liquid-dynamics-in-twophase-cylindrical

Ebubble-column-rea.pdf]

. National Institute of Standards and Technology (NIST),

“NIST Chemistry WebBook: NIST standard reference database
number 69”7, NIST, 2023, doi: https://doi.org/10.18434/T4D303.
H.Y. Lim and I. H. Cho, “Characteristics of hydrogen and
considerations as a rocket propellant”, Proceedings of the Korean
Society of Propulsion Engineers Conference, Vol. 2009, No. 11a,
2009, pp. 23-26. Retrieved from fhttps://koreascience.or.kr]
Rrticle/ CFKO200911764903027-page]

. C.W. Hirt and B. D. Nichols, “Volume of fluid (VOF) meth-

od for the dynamics of free boundaries”, Journal of Com-
pu-tational Physics, Vol. 39, No. 1, 1981, pp. 201-225, doi:
https://do1.org/10.1016/0021-9991(81)90145-3.

. J. U. Brackbill, D. B. Kothe, and C. Zemach, “A continuum

method for modeling surface tension”, Journal of Compu-

H 36 H1S 2026 28


https://codethatflows.wordpress.com/wp-content/uploads/2021/08/406441216-lee-model-pdf-1.pdf
https://doi.org/10.1016/j.applthermaleng.2020.116264
https://doi.org/10.1016/0017-9310(81)90094-6
https://www.tsijournals.com/articles/comparison-between-2d-and-3d-transient-flow-simulation-of-gas--liquid-dynamics-in-twophase-cylindrical-bubble-column-rea.pdf
https://koreascience.or.kr/article/CFKO200911764903027.page
https://doi.org/10.1016/0021-9991(81)90145-5

ol - O[3 - BaE 41

I
tational Physics, Vol. 100, No. 2, 1992, pp. 335-354, doi: tions”, Academic Press, USA, 2017, pp. 71-87.
https://do1.org/10.1016/0021-9991(92)90240-Y]. 22. S. Mattick, C. Lee, A. Hosangadi, and V. Ahuja, “Progress in
20. M. Kassemi and O. Kartuzova, “Effect of interfacial turbulence and modeling pressurization in propellant tanks”, In: 46th ATAA/
accommodation coefficient on CFD predictions of pressurization ASME/SAE/ASEE Joint Propulsion Conference & Exhibit;
and pressure control in cryogenic storage tank”, Cryogenics, Vol. 74, 2010 Jul 25-28; Nashville (TN), USA. Reston (VA): American
2016, pp. 138-153, doi: https://doi.org/10.1016/j.cryogenics.2015.10.018. Institute of Aeronautics and Astronautics; 2010, pp. 1-12, doi:
21. B. Sundén and J. Fu, “Heat transfer in aerospace applica- https://doi.org/10.2514/6.2010-6560

Vol. 36, No. 1, February 2025 Journal of Hydrogen and New Energy <<


https://doi.org/10.1016/0021-9991(92)90240-Y

	분자 간 상호작용 기반 상변화 모델을 이용한 액체수소 저장용기의 증발가스 발생 평가
	Abstract 
	1. 서론
	2. 상변화 모델
	3. 다상 열유동 해석
	4. 해석 결과 및 고찰
	5. 결론
	References


