Liquefaction of “Permanent” Gases
Hydrogen as an example

See Flynn Ch. 3 and 6

Liquefaction of Hydrogen

Heai of Mormal-in-Para comversaon

'S5 dagram for a pure sobsiance

Milestomes in bvdmgen liquefaction

Liquid hydrogen production n the last 40 vears
Hydrogen liquefaction plants in Morth Amenca
Fromomics of lsquefactinn

Four things that can he done to a gas

(ras Liquefaction cyele iemperasare Ertropy diagram
Liquefier block dizgram

Linde cycle

lemnperaiure Eniropy disgram

Imversion curve for vaniows gases

Linde Cyele with pre-conlmz

Claude Cycle

Ideal Ligoefaction and other cycles

{nho-Para conversion Mechanics

Arexs of possible improvemsant

Coenpressing hydrogen

Liquid Hydrogen

Ligmd hydrogen has the highest storape density of any
method

But it alzo requires an mzulated storape contamer and
energy-infensive hquefaction process

Liguefaction 1z done by cooling a gas to form a hqud
Liguefaction processes use a combination of compressors,
heat exchangers, expansicn engines, and throttle valves to
achieve the desired cooclmg

Two forms of hydrogen molecule
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Nomal H, ( 300 K and ] atmecphere) iz 73% ortho 3 quantum states
25% para 1 quantum sinie
Ligqud H,, (204 F. and 1 aim } 1= abwost 100% para (T,,,,=<171 K}
Heat of conversion g p=015 kKWhkg
Haat of hquefaction =012 KWh'ks
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Ortho-Para conversion

= Hydrogen molecules exist n two forms, Para and
Ortho, depending on the electron confizurations

* At hydrogen’s boiling pomt of 20 Ki(-423°F), the
equilibrium concentration is almost all Para-hydrogen

= But at room temperature or higher the equilibrium
concentration 1s 23% Para-hydrogen and 753%: Ortho-
hyvdrogen

» Uncatalvzed conversion from Ortho to Para-hydrogen
proceeds very slowly

= Ortho to Para-hydrogen conversion releazes a
significant amotmt of heat (527 kJ'ke [227 Btulb])

Percent para H, vs. Temperature
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We will find thal continuous canversion during geefaction s
mast effceent, but capital imensive




Heat of Normal-to-Para conversion
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Rermember, normal hydrogen is at 300 K (RT). Cleardy we need
to concern oursedves with catalyzing the ortho-para conversion

Ortho-Para conversion Mechanics

= Activated charcoal 13 used moest commenly, but
fernc oxde 1= alzo an mexpensive alternative
= The heat releazed m the conversion is usually
removed by I::u-u:nll]f]%the reaction with liqud
nitrogen, then hydrozen.

» Ligquid nitrogen 1=z used first becanse it requires

less energy to liquefy than hydrogen, achiexing an
equilibrium concentration of roughly 60%: Para-
hvdrogen

Ortho-Para conversion notes

= If Ortho-hydrogen remains after iquefaction, heat of
tranzformation described previously will slowly be
released as the conversion proceeds

= This results in the evaporation of as much as 30% of

the hiquid kydrogen over about 10 days

* Long-term storage of hydrogen requires that the
hydregen be converted from its Ortho form to it Para
form to minimize boil-off losses

* This can be accomplished using a number of catalvsts
mcluding activated carbon, plahmzed asbestos, fernc
oxide, rare earth metals, uranm compounds,
chromic oxide, and some mekel compounds
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Ortho-para conversion--
Iz a linear process in ime
Obeyz a power law 1n time
Iz an exponential process in time
Iz a logrithmic process in time
Obeys a dual power law in time
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TS diagram for a pure substance
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Liquefaction uses 5tagE5 of compression with T constant and expansion
with constant 5. This diagram makes it easy o determine operating
paramsters and efficiencies. More complcated diagrams have lines of
constant Enthalpy (H), which may be used when Joule-Thomson
expansion preduces cooling at very bow T.
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What 1s the Critical Point of a Fluad?

Point at which a gas liguefies

Point at which a liquid solidifies

Point where zolid, liquid, and gas phases coexist

Point above which gas and liquid can not be
distinguished

Point of no retum
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A Thermodynamic Cycle
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T-S Chart for
Para Hydrogen ]
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Milestones in hyvdrogen liquefaction

D Evert
184 Hipdhogtn ficst Ligoefied by Jamea Deaer.
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