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Abstract

Hydrogen is known as the most clean energy resource.
Hydrogen storage is issued to be one of the important factors for
the implementation of a hydrogen economy. The three options
that exist for storing hydrogen are solid, liquid, or gaseous state.
Every mode of storage has its advantages and disadvantages in
terms of cost, stability, convenience of usage, and energy
density. Liquid hydrogen has ever several advantages than other
storage modes, especially in terms of energy density and
convenience of utilization.

In this study, a hydrogen liquefaction equipment by direct
cooling was designed and built. The hydrogen liquefaction system
was consisted of a GM cryocooler, liquefaction vessel, a liquid
nitrogen precooler, and vacuum pump. The experiments were

carried out to investigate the effects of hydrogen pressure of



0.1~0.4MPa on the liquefaction rate, figure of merit(FOM),
cool-down and warm-up characteristics. The effect of ortho-para
hydrogen conversion on the performance of hydrogen liquefaction
was also investigated.

By the cooling test without load, the temperature of GM
cryocooler was decreased to 24K at 1st stage and 7K at 2nd
stage. The result means that the experimental rig was well
insulated and the cooling system would get high performance. It
was seen that the hydrogen was started to be liquefied in the
liquefaction vessel after 40~50 minutes of cool-down from the
ambient state of hydrogen gas. As the higher hydrogen pressure
was maintained, the liquefaction rate, liquefaction temperature and
FOM were increased, and the cool-down time was decreased.
The hydrogen liquefaction rate was increased with liquid nitrogen
precooling. Using the ortho-para conversion catalyst at 0.1MPa,
the liquefaction time was delayed due to the conversion heat of

liquid hydrogen and FOM was decreased.
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Table 1. Properties of hydrogen

Properties Value
A 2.016
H] 4 20.268K
A E = 83.763g/m’

of ) 52 0.0708g/cm’
DAL 12.8atm
A= 33.19K
S 445.59]/g
g3 58.23J/g
dula ) 14.89]/gK
B G H](Cp/Cv) 1.383
A (A A) 9.69J/g'K
3THYeE 0.0695atm
3THEE 13.803K
HEHA T 1.0006
A g Q52w 858K
stde] &% 2,323K
Z ek 18.3-65H, Vol%
7t g 4-75H, Vol%




Table 2. Equilibrium concentration of para-hydrogen

in equilibrium-hydrogen

Temperature Mole fraction

X) Para-Hydrogen
20.27 0.9980
30 0.9702
40 0.8873
50 0.7796
60 0.6681
70 0.5588
80 0.4988
90 0.4403
100 0.3947
120 0.3296
140 0.2980
160 0.2796
180 0.2676
200 0.2597
250 0.2526
300 0.2507
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Fig. 2. Equilibrium para—-content as a function of the temperature.
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Table 3. Ideal-work requirements for liquefaction of gases

beginning at 300K and latm

Normal Boiling point

Ideal Work of

Gas Liquefaction(-W;/my)

K kJ/kg
Helium-3 3.91 8178
Helium-4 4.21 6819
Hydrogen, Hps 20.27 12019
Neon, Ne 27.09 1335
Nitrogen, Ns 77.36 768.1
Air 78.8 738.9
Carbon monoxide, CO 81.6 768.6
Argon, Ar 87.28 478.6
Oxygen, Oq 90.18 635.6
Methane, CHy 111.7 1091
Ethane, CoHg 184.5 353.1
Propane, CsHg 231.1 140.4
Ammonia, NHj 239.8 359.1
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Fig. 10. Performance curve of GM cryocooler.
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b. Liquefaction vessel and LNy heat exchanger
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c. External enclosure

d. Internal enclosure

Fig. 12. Photographs of equipment.
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Fig. 13. Main control and display system.
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TEMPERATURE (K)
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14. Cool-down curve of GM cryocooler without load.
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Fig. 15. The variation of Hs gas flow rate with time at 0.1MPa.
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Fig. 16. The variation of Hs gas flow rate with time for various

pressure.
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Fig. 18. Liquefaction rate for various pressure.
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Fig. 19. Temperature behavior of Hs at 0.1MPa.
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Fig. 23. Hydrogen liquefaction mass flow rate and actual input

work for various pressure.
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Table 4. Hydrogen liquefaction characteristics for various

pressure

Result |Liquefaction| Temperature| Average | Maximum | Figure of
. of liquefaction|liquefaction .
time . . merit
Liquefaction rate rate

Pressure (min) K (L/h) (L/h) (FOM)
0.1 MPa 52 22.85 1.31 1.38 0.111
0.2 MPa 46.5 24.60 1.77 1.86 0.116
0.3 MPa 44 26.00 2.03 2.39 0.128
0.4 MPa 42.2 27.50 2.20 3.39 0.161
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Fig. 26. The variation of Hs gas flow rate for FeO(OH) at
0.1MPa.
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Fig. 27. Cumulative Hy gas consumption for FeO(OH) at 0.1MPa.
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Fig. 29. The variation of Hs gas flow rate for silica gel at

0.1MPa.
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Fig. 30. The variation of H: gas flow rate for charcoal at

0.1MPa.
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