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1- National Bureau of Standard (NBS)
2- Boulder, Colorado

3- Throttle Expansion

4- Adiabatic
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3- Turbo Expander
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1- Makeup Gas
2- Three Channel Heat Exchanger
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3- Pulse tube

4- Small Cryo-Coolers

74

2500 it le Sl 50 slos (el (e M w8
3 9590 JLad als pliee conlnly o walss 1S gl = o3
—oaid A Cond 3 AT S8 Coie el S RSl o
el o eaiS s bawgs gadei SIS 51 eolanul Sl (gl
otz Dl S an T 5o (b ol b sl anl

38,8 g0 oslainl guale —oni] a1y 4 s
Gl @lo lp oI wnl 5l (G5 )l Glapians o
Lol o i ile @le axly wogd oo oalitul (39,000
[19] el ales QT 3 ey 0o @le g, o 4/4 adgy cud b
80K sloo b (59,000 53,5 0 s (sl w3l qile 021y al 5o
iy 4 30 KL BOK 51 5le o Dy eo oslaiul mle 5 i
(Ol = g5 ad SaS 4y Sulyd 50 10,5 oo plol caisS e
Jos wnl g ol o g g0 oxilu, 20 K glos 4 0590
95 xS 0 Dy Al>se oz o Ll a4 gl O3gy0ee (U
boo Joasd Sjpgo a4y aloye 50 5 Sbbol Joas Sjge @ al> e

[27] 05 o plovl ole 39,02 5 ale (59555 sloplon 5o

ol (55 3 s oy b 09D T 58 -3-4
Sy et Sl i el 5B 5l emle (9 egdle anld cnl o
@l 3k 2590 JLad o cnl 4 0005 e ool (59,000 (9,5
Srae S5 Ol 4 50 g sempeS I (e Oigydee
S 0550 ssmypeS B3l anld cnl o alios RS e ypaS
6l 7o g yeeS sy (g b oo (2alS SIS 0l 8 & s
A US4 azg b [23]ed L aude 5 ois s 03g,ee
plo ;0 oo 00,88 HouwymeS ;0 AnTE 4 (53955 (39,0
Ot 9 90,5 0 Sy e U Sl baws s mle (3958
S5 51 530 S damsgi Gl (glod «ygmli = g5 e 41 99
ploz )0 565 el 55 e (1alS le 55 5 w8 sl
2SSy (S p 3 ede L e 9 e (95
Sl e 5o 5 00l 50, 0alS bais Sl joe b oo Coles
20038 o0 ol slod S Cge (igymen S5 L eles po 5
3 S labes U Lo ash 09800 Jiod le @ ke w3
3 pede 5 Gl 0y 005 (00 S 39 0 o bl les
b pae IS e Lol il o oIS 0T 8 aelss ol 0] b ol
m & JSs 50 [23]cl zaS oS wn T @ cons anlp ol
ol (o> 00 My, WRTE @ (609)5 (g oy (20 Sle
gl Oinsee (22 (@0 M 5 Oi9r B e 20 My,
G L s 4 Qs W W, U8 ol o sl oe so)gs



1393 w3 et — 2259k 0 ke — 1 sl — p3 Jlo — 55,8 3130 A 9 G

Lol dgs oSl a5 Sl 5l (S ol aals (s gosle Ll
P e Sl 008 Jaie Wl oo Hlads o Lal il 4y as g
ol 5o a8 s 8 bl gy sile mle @lp oy, ol
4 mle 59,00 a5 Ll 51 enl 2 ogdle 1045 oolitwl 00isS Jamacio
L it Sile Sy G slr @b Giar Srae (I
LI 0gd S8 o Slimgen bld 51 o5l asle oy as peol
B s R e S
Gl DUl g bylyd @ azgi b oglpl jo Sz wliie o mle
ol grlin (39 Ggmale monid (sale s Gy Sl i
sl Loy S8 @ il b slaonlp OIS, wnl B oyl
G &1 5wtz Sl g 0,00 1) b (iul38l Colils (S oS

el ool 39S 31,5 4

G5 4 =5

ol Gl el Wb (g 00 s3le mle sl cslio anl b
4SS sbojle bojw S5 4 s5le mbe Lgl».x;{ljé sl asls
sloslie o mle (g0 ddsi lp el Gl ralas Jods
Oined il mle sl g il St da g e
5SSl 4 azgs Lol Sj90 So Gl 09,5 e i
Sol g oad oy ceslio Cad L a5 mle (39550 51 ool
Ol Oj9)ded (95 Sp G lp tdlioe (s o
SzgS elie 50 mle (5900 Wg Glp a0 4 an S
Mg sl arlie (29) Ogmale monid Shalopn i wnlid
Dbge o8 bl )0 mle (59,000

Fud 213 1o, L 0/045 gis coenl o mle BB Lo Lopuo Al
SeS 4 e raed il @l gy onlple [28]ed cels o
B Sass ad slapbie ol b o SaS slajle Lo
YL oladly (il mbe slaanls 5l g ol .adli oo oslinul
Sato 35 lde Gl Ol pas s« g [23]s)ls

Sy oo dgazme 2lKisle;] 8 ylas s Lo sl 5l eolaiul 5 aijlas

oldio )0 gy Gilw aibe cawlio (B, Sleduiey -5-4

298 )0 S
ol 43,55 S jg0 (59,00 S5l @ole 59iS 50 (ST oS Ll |
Seeal (S35 (nl Gile (oo 9 (B RIS S (Jgl Ao o
S oS i S dayl jo a8 el cpl g ol pl o)l (6 iy
Se bk slpogd adle 5 (Shb (g0 il mle
losbs, (@ilej] SzsS ubihe o qale (59,902 Slsi Wl
Sl gy 4 Cewl ol o)l ool a5 azeil Lol ols 3429 (0L 5
0,5 534S 655 lan il 4zl |, Lulidie Lial3l b6 oo
Slr SzsS slojle bpw S5 @ Oj9 e S5l mle slagty,
ool Gl Sell 5 el solial BB S5 oy slaplide
@ cwle by, GBIl IS b 4 o)l ]y el gee
(Seolndge i Plowe (o)l JE Jo3 51 )boms sloygSl
bl pd 4y azg bl aly (golatdl sloacs 5 odsi ($55lesS
wal Sl 5l 050 Sliaa (g Geyed 50 )9S Syzee
sl a3 T 551 Bpan Gl ) e 0isree il e
R B s b calie (g, Sl 0 &5 SIS 51 (S cnlple
(2Bl gy a5 0gl W Wb g cel Sljges g Sl 0,8

&=l

[1] Notardonato, W. T. “Analysis and Testing of an Integrated Refrigeration and Storage System for Liquid Hydrogen Zero Boil-Off, Liquefaction, and

Densification.”; Ph.D. Thesis, University of Florida, 2006.

[2] Reed, R. J. “Study of the Feasibility and Energy Saving of Producing and Pre-cooling Hydrogen with a 5-KW Ammonia Based Combined

Power/Cooling Cycle.”; M.Sc. Thesis, University of Florida, 2004.

[3] Hordeski, M. F. “Alternative Fuels- the Future of Hydrogen.”; Fairmont Press, Inc., pp. 23-24, 2007.
[4] Verfondern, K. “Safety Considerations on Liquid Hydrogen.”; Energy & Environment, vol. 10, pp. 64-71, available from http://mww.

fz-juelich.de/zb/juwel, 2008.

[5] Haussinger, P., Lohmuller, R., Watson, A. M. “Hydrogen”; Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, pp. 3-5, 2007.
[6] Sloop, J. L. “Liquid Hydrogen as a Propulsion Fuel, 1945- 1959.”; The NASA History Series, Appendix A-1, 1978.
[7] Balat, M. “Potential Importance of Hydrogen as a Future Solution to Environmental and Transportation Problems.”; Int. J. Hydrogen Energy, 2008, 33,

4013-4029.

[8] VVan Splinter, P. A. “Liquid Rocket Propellants.”; Phys. Sci. Technol., 2003, 741-777.
[9] Hordeski, M. F. “Allternative Fuels- the Future of Hydrogen.”; CRC Press, pp. 180-181, 2007.
[10] Tzimas, E.; Filiou, C.; Peteves, S. D.; Veyret, J. B. “Hydrogen Storage: State- of- the- Art and Future Perspective.”; European Communities, p. 31,

2003.

[11] Gupta, R. B. “Hydrogen Fuel, Production, Transport and Storage.”; CRC Press, pp. 8-12, 2009.
[12] Union carbide corporation “Survey Study of the Efficiency and Economics of Hydrogen Liquefaction.”; National Technical Information Service, pp.

6-7, 1975.

[13] Wayne Lawrence Staats, Jr. B. S. “Analysis of a Supercritical Hydrogen Liquefaction Cycle.”; M.Sc. Thesis, University of Wisconsin-Madison,

2006.

[14] Flynn, T. M. “Cryogenic Engineering.”; Marcel Dekker, 2" edition, pp. 180-188, 2005.
[15] Weitzel, D. H., Loebenstein, W. V., Draper, J. W., Park, O. E. “Ortho-Para Catalysis in Liquid-Hydrogen Production.”; J. Res. Nat. Bur. Stand.,

1958, 60, No. 3, 221-227.

[16] Barron, R. “Cryogenic Systems.”; McGraw Hill Book Company, pp. 111-120, 1966.
[17] Barbaro, P.; Bianchini, C. “Catalysis for Sustainable Energy Production.”; WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, pp. 117-119, 2009.



Qb O3g it S gw wdgi s gy

[18] Foerg, w. “History of Cryogenics: the Epoch of the Pioneers from the Beginning to the Year 1911.”; Int. J. Refrigeration, 2002, 25, 283-292.

[19] Krasae-in, S.; Stang, J. h.; Neksa, P. “Development of Large-Scale Hydrogen Liquefaction Processes from 1898 to 2009.”; Int. J. Hydrogen Energy,
2010, 35, 4524-4533.

[20] Mcintosh, G. E. “Hydrogen Liquefiers Since 1950.”; Adv. Cryogenic Eng., 2004, 49, 9-15.

[21] Encyclopedia Astronautica, “Lox/Lh2 Propellant.”; http://www.astronautix.com/props/loxlh2.htm, 2012.

[22] Smith, J. M.; Van Ness, H. C.; Abbott, M. M. “Introduction to Chemical Engineering Thermodynamics.”; McGraw Hill Company, 7th edition, pp.
266-267, 2005.

[23] Mukhopadhyay, M. “Fundamentals of Cryogenic Engineering.”; PHI Learning, pp. 48-95, 2010.

[24] Weisend 11, J. G. “Handbook of Cryogenic Engineering.”; Taylor & Francis, p. 294, 1998.

[25] Nandi, T. K.; Sarangi, S. “Performance and Optimization of Hydrogen Liquefaction Cycles.”; Int. J. Hydrogen Energy, 1993, 18, 131-139.

[26] Sham, R.; Jindal, T. K.; Pabla, B. S. “Cryogenic Processes- a Review.”; Int. J. Eng. Sci. Technol., 2011, 3, 601-606.

[27] Bracha, M.; Lorenz, G.; Patzelt, A.; Wanner, M. “Large-Scale Hydrogen Liquefaction in Germany.”; Int. J. Hydrogen Energy, 1994, 19, No. 1, 53-
59.

[28] Green, M. A. “The Liquefaction of Hydrogen and Helium Using Small Coolers.”; Lawrence Berkeley National Laboratory, Berkeley CA 94720,
USA, pp. 2-14, 2007.

[29] Walker, G.; Weiss, M.; Reader, G.; Fauvel, O.R. “Small Scale Liquefaction of Hydrogen.”; Int. J. Hydrogen Energy, 1992, 17, 593-597.

76



