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Abstract

This paper presents the design of a re-liquefaction system as a BOG (boil-off gas) handling process in liquid hydrogen transport
vessels. The total capacity of the re-liquefaction system was assumed to be 3 ton/day, with a BOR (boil-off rate) of 0.2 %/day
inside the cargo. The re-liquefaction cycle was devised using the He-Brayton Cycle, incorporating considerations of BOG capacity
and operational stability. The primary components of the system, such as compressors, expanders, and heat exchangers, were
selected to meet domestically available specifications. Case studies were conducted based on the specifications of the components
to determine the optimal design parameters for the re-liquefaction system. This encompassed variables such as helium mass flow
rate, the number of compressors, compressor inlet pressure and compression ratio, as well as the quantity and composition of
expanders. Additionally, an analysis of exergy destruction and exergy efficiency was carried out for the components within the
system. Remarkably, while previous design studies of BOG re-liquefaction systems for liquid hydrogen vessels were confined to
theoretical and analytical realms, this research distinguishes itself by accounting for practical implementation through equipment

and system design.
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Fig. 1. Schematic Diagram of Re-liquefaction Cycle.

Az MET AFE nEIG YHoltHa-6). Aestel B AEHAR A8k He-Brayton cycle Aojst Aol 22
RO, A5 AN BOG Ajolst A2ge AFshe  Agshark st Axge] 44 9 ABol 4 ASPEN

bl 24g Fol I A2 AAstden, @4 FelA &3 HYSYS V.125 ol&dte] SP=gint. AfAst Ajxaglel

7He Rt 1AM AgFE A8st] AT THsde wolaA JNdE Fig. L3t 2a1 HYSYS Alg#o]d 2 Fig. 2.9

shalct. ol Advh Ax A, 84 52 A HAEH Tl Pk 2 AAF Tos ke Fig3 3 Aok O ~ @2

Aeneh Al2E Ao A SARA T oot olrt. ot 2 dF 45 Y AReR YAEE oln, O ~ @ & HX-L,

Azgle) Zt 717 o] A7) o) 8l B&E BAsk, ol HX-2& §¢ dud HAo|th. @ ~ ©®2 E-1, E-2014 9]

ol AAfA] Wt 2 G2 ofIshe A mrofshAint. B BHHol1, ® ~ @& HX-3049] dus stgelct. @
~ ®2 B o, ojnf HA 2ol =T ® ~ @
?35_,57_5]—7]3 71 j]u:" /U-,S)_ og E'_:H;].‘:_ _?4—73 o]q-

2, AW pa &5 BOG A2t Al A AL £EA BOG AeAs) AAE2 e Heflol=
YE Ael2 (A7 AAD) I A A e} 2ol (gt A4y o=
2.1, Aer A< w xﬂoﬂi}%& A =0 ot 4d9] 4=7](CO-1, CO-2, CO-3, CO-

- o —
2 =M e dAdea 2EAAHE Ald2 A 47 HER AZE gE5RA dE5E #E-2 Cooler, ORS,
HDSFHERASoFo A 7dFEel 20K & dslsA 2HrAe

a2 stof A= A7), Aufoll= 3 HQJ Membrane Type TABLE 1

LNG Tank7} A&5m 7+ g39] 242 6700 mo|t}. & SPECIFICATION OF LIQUID HYDROGEN CARRIER

20,100 m*9] E Auto] 9,]37401]& 11 barA @ 20 K< Storage condition

F708 A Fart A% D eHtE, ERF 2 AHR2 Tank type type Membrane Type Tank
550 i A\ ANMRE US4 Q57127 o Tank capacity m? 6,700

6000 si2](11,112 km)7td= B+ 13 knot(24.1 km/h)<]
SER oF 20 A FoSHE A=S AAsAL. Ak
25419 BOG Ast 55 22 98, Quraal 239

Tank quantity EA 3

Carge condition

S ALsle] o4 SHEAF oA dF50) 0.2 %2 Pressure barA 11
BORo| &ttty 7451 HSI[9]. SF=Atof A 4471 Temperature K 20.0
98% 319 ¥ A2 o BHAYsH= BOGE 3H2of ¢F 2.75 ton. 2 Density kg/m? 69.8
A2, o7o] A mhd o 10 %E Agsto] As) Capacity on 1403
N2de] % 832 3 ton/day 2 Ak At e o T
illing ratio
BOG 271 Table 1. 7} 2}, ’
Laden voyage % 98
2.2. A3} Afo] = FA AA Ballast voyage % 5
T4 A5} Ao E2 B4 A8F(0~5 ton/day) |-+ He- Boil-off gas(Laden voyage)
Brayton cyclee] §&stH, 1 o]i+e] th-&3F(5 ton/day BOR %/day 0.2
AF e o alst A o o} [}
ordelH= Claude cycleo] frele Aom e gln ol BOG generation ton/day 2.75
2 =wolAE dA44-254 9 BOG 8% (3 ton/day), +-&
Re-liquefaction capacity ton/day 3.00

g, med RY f4aEe st dEHeS




Byeongchang Byeon, Hwalong You, Dongmin Kim, Keun Tae Lee, Mo Se Kim, Gi Dock Kim, Jung Hun Kim, Sang Yoon Lee, and Deuk Yong Koh 51

Aark
- 4p25
1?; i 3034 K 766 K] — . o
23 pt 904 431 bpr =K 78K
QEl =)
o N E2 bar £3

QE3 bar

145 bar

1972 K frvre Qs L

Hx-4

—
1927 K
105 bar
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Fig. 3. T-s Diagram of Re-liquefaction Cycle.
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TABLE 3
SPECIFICATION OF EXPANDERS
Value
Item Unit
E-1 E-2 E-3 E-4 E-5

Mass flow rate als 720

Inlet 122 9.05 648 423 260
Operating
Pressure bara

Outlet 9.05 650 423 260 1.47
Expansion ratio - 1.35 1.39 153 1.62 1.76
Operating Inlet 33 30.3 23 204 172
Temperat K
ure Outlet 303 276 204 178 15.2
Power dissipation kW 10 10 9.4 94 94
Isentropic
Efficiency % 70 70 70 70 70
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Fig 4. Inlet and Outlet Temperature of HX-4 by Mass
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TABLE 4
SPECIFICATION OF HEAT EXCHANGERS
Value
Item Unit
HX-1 HX-2 HX-3 HX-4
Hot stream inlet 300.0 80.00 27.68 -
Hot stream outlet 80.0 33.00 23.0 -
Temp hydrogen inlet - - 50.0 24.0
eratu K
re hydrogen outlet - - 24.0 19.4
Cold stream inlet 74.7 27.07 19.7 15.2
Cold stream outlet 295.0 74.73 27.07 19.7
Hot stream inlet 12.2 12.2 6.5 -
Hot stream outlet 12.2 12.2 6.4 -
hydrogen inlet - - 1.1 1.0
Press bara
ure hydrogen outlet - - 1.0 1.0
Cold stream inlet 1.4 1.4 1.4 14
Cold stream outlet 13 1.4 1.4 14
Heat rate kW 826.1 179.2 27.8 17.2
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Fig. 5. Hydrogen Downstream Temperature by Inlet
Pressure and Compression Ratio of Compressor.
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TABLE 6
EXERGY DESTRUCTION AND EXERGY EFFICIENCY EQUATION
Equipment Exergy Destruction Exergy Efficiency
Eff = m X EXgy:
Compressor AEx = X (Expp — EXout) + Weomp = X Exgn + Weomp
. m X Exy,
Heat Exchanger AEx = Z[m X (Exy, — Exoye)] Bff = —— Er.
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