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PRE-COOLED EXPANSION ENGINE 3-EXPANDER

Fig. 6 .... Hydrogen i.iquefo:ﬁon Cycles

The simple Linde cycle is the most widely used . ]
byde?gm liqu_efsgﬁofL The modern Linde cy{le (ﬁg?ygeu;:
s ic liquid dtrogen as a laot and Joule-
MSon expansion fa_r'hquefscﬁon. Particular notice should
be taken of the provisions for gas and liquid phase ortho-
Pa;ln ;on.vcm?n‘ (.)v.rera.l], the advantages of the Linde cycle
include gts‘amphmty, proven design and relatively high
y!zld. Disad e are its high ting liquid
nitrogen-requirement, and high work value. (A typ:ca:l Linde
cynle work curve (Fig. 7) reveals minimym values 59 percent,
gxg!_xer than the most efficient cycle shown.) The two critical
esign aress are the temperature approach at the warm end
Ef ‘tlh;; Jqule—'l‘hom:n heat exchanger and maintenance of the

quid nif bath a3 close to i i i
pmtimbmle. the nitrogen triple point as
The dual-pressure Linde cycle (Hg G) owes its existence to
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Fg.7.... Perfonnunz:e of Hydrogen Liquefaction

special compressor requirement, and i
gns T;:limulatedlthsn the Linde c?vcle. fower yield per pound of
e precooled expansion engine cycle
sents a logical extension of hydmge{:d hq(::ﬁef‘gtec‘:l)nonl?;
This cycle retains much of the simplicity of the simpie hm‘le
cycle but offers the advmt.sge of high efficiency at low operat-
Elg %ressum The principal disadvantages of the cycle are its
‘quid nitrogen requirement and use of a low-temperature ex-
papsion engine. Critical design areas include design of the ex-
pansion ennge and the heat exchanger which it brackets.
From a perfon and operating cost standpoint this cycle
may represent the optimum since it has been shown that a
oombmatz'an of vapor cycle and expansion refrigeration is
most efficient for supporting hydrogen liquefaction.
The f-hme-upander cycle (see Fig. 6) isan example of a class
of eycles which obtain ail y auxiliary refri ion from

the fact that Joule-Thomson cooling is TO~
- N bl

po:zo?:.lpﬁ p‘t;l::l expa::n;i pressure ratio and eompx{esgion

wor = - u]eonal‘ 5 )g, logarithm of the eompxe‘t‘;sion

P eng?nes.sineeﬂ:memprimarﬂylow ressurecycles
the{i are particularly suited for large plants gmg turbi-du—
gan ers. Features of thg three—ex'pander cycle include its low

h stream

most of its potentially available cooling but i
t uires much
less reJeoltl:eron work than the liquefaction':qt:mm :h':ch
one atmosphere p Additic ~
f:bangu‘belaw.che int diate p on.of ;m:
novE h;v:m:h improves the W“:ht Theof the cycle by
ng : ir Y. advaatages of
t.!xe d!m'.l-pmuxe Linde cycle are that it retains much of ﬂ(:e
simplicity and proven design features of the simple Linde
cycle and offers lower work values, Possible disad of

I;sez; "[ wark 2 and
absence of precooling liquid. Disadvan of ¢ in-
clude a relatively low yield and hmvy“gmre]'mncecticgggimt
turbo-expanders. The most critical design problem is that of
u:bxgvmg high efficiency from the turbo-expanders. Expander
efficiences of from 75 to 85 percent of isentropic are required
to make this cycle competitive with other modern cycles.

In summarizing liquefaction cycles it can be =aid that in
the past hydrogen liquesiem were based on the simple Linde

the cycle are its use of liquid ni

4, tng p e,

cycle b of its si and proven desi, indi
p esign. As indicated
by the curves of Fig. 7 for Iarger liquefaction plants the dif-

Cryogernics
in eycle performance become important enough to
e pport mare comp} Low or intermediate p
- ibly with turbo-expanders, are indicated for future
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Table 1....Emfs of Some 'I'he.rrmcw'ple Materials at
Low Temperatures

(Ewfs Are for Thermocouples Mode of Copper With fhe Indicated Alioy as

phats producing more than 20,000 liters of liquid per day. the Other Hement}
uquefucﬁm Equipment Eectromotive Force
Despite the low temperatures involved and hazardous na~ ~ o For
o o material bydrogen ueier are consrucied with T | o G| oo | i e
;wisinnsfar plosion-proofing, purging or isolation, com- x " erovolts s
mercisl equip t is used lusively for p ,
acuum pumps, instruments, controls and gas handling equip- g gg ggg
weot. High pressure cycle heat exch on valves, 1 8.04 2.76
hquid valves, and liquid lines have been constructed as cus- 6 17.76 6.14
tom items. B ded-surface heat hangers are 8 37.01 10.79
commercially available for low-pressure cycles. 10 47.57 16.64
all liquef ponents, hydrogen turbo-expand 12 87.23 23.66
stsnd a5 the main item requiring some degree of development. 14 89.78 31.78
This is due to the high sonic velocity of hydrogen and the 18 115.0 40.97
mall sise of hydrogen liq Sers built in previous years. The g };23? g;g 0.0
bigh sonie velocity of hydroger imposes higher tip speeds on 2595 918 0.65
the turbinz wheel than is common with air expanders and
results in high rotative speeds for small units. However, even 30 360.1 134.1 2.05
with turbine wheels of 4 to 6 in. diameter, the possible 35 472.6 178.6 4.25
hroughput of 8 hydrogen expander is large. Thus, there isa h 558 o o4
minimum size of plant for which a turbo-expander is prac- ‘50 £69.0 342.8 15.25
i 60 1171.1 474.7 24.10
MEASUREMENT OF LOW TEMPERATURES g }gg.z; t;g: i:;?g
The gas th ter is the most te means of determ- 90 2190.3 9605 495
mining the true thermodynamic temperature according to the 100 2555.8 1149.8 57.1
definition of Lord Kelvin, Precision gas thermometry is an 110 2930.5 1351.9 64.2
arduous and 4 pation and pequi plex and 120 3312.6 1566.5 711
bulky equipment that is not suitable for m.dinn.ry practical 130 3700.6 17831 7.9
temperature measurement. However, a mmpélei eonmnwd (o- }453 . %g % g gag
volume thermometer is sometimes very well sui or . . .
7 o s S+ bomomeer o co 10| 8811 E8E |
sist of & bulb having a volume of one or two cl_lbic inches 180 5693.3 3106.7 109.4
connected by & capillary tube to a manometer or dial pressure
gage of small volume and filled with pure helium. The pres- 190 6098.1 2 115.9
sure will be almost proportionsl to the absolute temperature gl)g ) gg%g 2&%; {g»g
of the bilb, so ealibration at a few points is sufficient. 20 7.6 302.7 1353
A vapor-pressure thermometer consists of a butb partly 230" 4702.2 142.2
filled with  volatile liquid or solid and partly with vapor in 240 8131.9 5051.9 148.8
equilibrium with the condensed phase, connected by a pres- .
sare-transmitting tube to a pressure measuring instrument. % % g g;é%; 155.5
This § t is especially adapted to certain applicati 210 9351.1 6161.5 169.7
because it is simple and quite sensitive in certain temperature 280 9756.3 6551.7 177.1
regions. Also its reproducibility is limited only by the pressure . ?333 igg g me-'i';’; . ig g
measuring device. The principal disadvantages of the vapor- -

pressure thermometer are its limited temperature range and
its non-li Apr jon that should be observed
very strietly when using a vapor-pressure thermometer is to
make certain that the bulb is the coldest part of the ther-
mometer.

Thermocouples are widely used to measure low tempera-
tures. They can be used in relatively i ible locati

mon practice to calibrate a few pieces of wire from apools of
copper and constantan and use the calibration for all thermo-
couples made from the same two spools. The constantan wire
should be of thermocouple quality for good results because
some tan wire has inh ities that will behave

bave low heat capacity, respond quickly to peraty
changes, and can be read at a convenient location. Their dis-
advantages are that they require expensive accessory equip-
ment and they become rather i itive at very low temp
tures. The itivity of all ther ples approach

at absolute zero. Many materials have been used to construct
thermocouples of which the most popular for low-temperature
use at the present time are copper and constantan. It is com-

fike local thermocouples and cause errors when t.he_y are lo-

cated in & p gr Ther ple junct
may be made with soft or hard solder or by welding. The
method of making the junction will have no effect on the
calibration of the ther ple. For low temperature work
it is usually advisable to use rather smail thermocouple wire,
for example, No. 30 B&S gage. Care should be exercised in




