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This invention relates in general to the liquefaction of

‘gases; and more partreularly, to the purification of gases

undergoing liquefaction in a temperature range below
that of liquid nitrogen. As specifically disclosed, this
invention relates to the removal from the feed-stream of

hydrogen undergoing liquefaction, of remnant impurities

which sohdrfy below the temperature range of liquid
mtrogen

During the liquefaction of hydrogen or helium which

take place at temperatures below 35 degrees Kelvin, con-
centrations of the order of one percent by volume of
contaminating gases, including primarily nitrogen, remain-
ing in the feed-stream after conventional methods of
purification, have a deleterious effect, in that they freeze-
up and clog the expansion valves and heat-exchangers at

the lowest temperature levels of the quuefactron systems.

Such cloggings not only 1mpede the operation of the
ltquefaetten systems, but in certain cases, where solid
oxygen is involved, raise a danger of explosion.
over, it has been found that the applications of conven-
tional prior art methods for the removal of such impuri-
ties from the feed-stream gases by drying, scrubbing, and
absorption-filtering means prior to the final stages of the
liquefaction process are cumbersome and expensive.

Accordingly, it is a general eb]ec:t of this invention to
1mprove the ltquefactmn of gases in the range Ib,..,lewar the

temperature range of liquid nitrogen.
A more specific object of the invention is to render

conventional systems for liquefying hydregen more effi-
cient by providing simplified means for purging the feed-

stream of small concentrations of impurities such as ni-

trogen or oxygen which solidify and clog the systems at

the lowest temperature levels.
In accordance with the present mveptron these and

other objects are accomplished in a gas quuefactlen SyS-

tem operating through a cycle in which the gas is com-

pressed, cooled, partly reduced to the liquid phase, and the
remainder returned to the compressor for recycling, by
expanding the impure gas in the feed-stream at a low tem-

freeze out the impurities, separating the solidified impuri-
ties from the gas, such as by entraining them in the liquid

phase, and delivering the thus treated feed-stream to the

recycle stream.
More speerﬁcally, in the system which 1S presently dis-

" closed as an illustration of the invention, the feed-stream

of hydrogen, which may contain up to about one percent
by volume of nitrogen impurity, is first compressed to a
pressure within the range 20 to 100 atmospheres, and
then cooled through successive stages, including heat-ex-
changers, to a temperature not far above the freezing
point of nitrogen.
with a pertten of recycled gas which has already been
purrﬁed 1s by-pasaed around the lowest level heat-ex-

changer and is diverted through a low-level expansion de-

vice where it expands with the performance of external

work. ‘This lowers the temperature of the gaseous mix-

ture below the freezing point of the nitrogen impurity,
causing the latter to snow-out, fermmg a finely divided
suspension of impurity particles in the gas. The exhaust
from this low-level expander bearing the finely divided
~ impurities is. further combined with the fluid output from
the lowest-level heat-exchanger, nw]:ueh is substantially

More-

At this point, the feed-stream, together
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free of the condensable impurities and which has been

partially liquefied by Joule-Thompson expansion through
a throttle valve. As a resulf, the solid impurities become
entrained in the liquid. The combined fluid stream passes
into a receptacle where the vapor-phase is separated from
the liquid, and returns through a series of heat-exchangers
to the compressor for recycling. The impurities entrained
in the liquid fall to the bottom of the reeeptacle to form
a slurry which is periodically drawn of threugh a valve.

In accordance with a further step which is desirable,
although not necessary to the process, the last stage of the
recycled gas passes at high-pressure through a series of
ortho-para conversion chambers associated with the heat-
exchangers, the converted output from the cold-end of
which is further cooled and condensed to liquid in a coil
of pipe which is surrounded by the liquid from the throt-
tle-valve. This final product is drawn off at intervals, and
placed in another storage receptacle. The primary func-
tion of this last step is to facilitate storage of the liquid
hydrogen by expediting the ortho-para conversion and

abserbmg the heat which it generates.

‘The principal advantage of the improved system of the
present invention is that it enables adequate removal of
those remnant impurity gases which tend to freeze and
clog the lowest levels of the heat exchangers and expan-
sion valves in systems for the liquefaction of hydrogen

~and helium, by a method which is structurally simpler

and more convenient than the absorption-filter systems
and other prior art techniques for removing such impuri-
ties at higher temperature levels.

- The operation of the present invention wrll be described

~in detail herelnafter with reference to the drawings, in

which: -

FIG. 1 is a schematic showing of a typical system for
the liquefaction of hydrogen which has been modified in
accordance with the present invention for the removal of
solidified impurities at the lowest temperature levels; and

FIG. 2 is an enlarged schematic of the liquid receptacle
6 of the system of FIG. 1, showing a convenient form

which the bubble-cap 62 may assume.

It will be apparent to those skilled in the art that the

 teachings of the present invention are not restricted to the
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particular type of refrigeration cycle employed in the dis-
closed, illustrative embodiment; but may be used advan-
tageously in conjunction with any suitable refrigeration

~ cycle in which similar problems are encountered.

Referring to the drawing, a stream of hydrogen contain-
ing up to about one percent by volume of nitrogen, and
not more than a few parts per million of oxygen or car-
bon dioxide, is passed into the conventional feed-com-

- pressor 1. It will be assumed that at some time prior to

eempressien or alternatively, immediately following com-
pression, the hydrogen involved has been submitted to con-
ventional purification means, not here shown or described,
which as generally employed have been found to leave
small residues of nitrogen and other impurities, such as
oxygen and argon, the removal of which at a low tempera-
ture level, is the subject of the present invention. o
- The disclosed liquefaction system includes a pair of con-
ventional compressors 1 and 8 which serve to raise the
hydrogen from atmospheric pressure to a pressure within
the range of 20 to 100 atmospheres. For the purposes of
the present illustrative embodiment, 30 atmospheres has
been selected as an optimum pressure. The compressor 1
is adapted to accommodate the incoming hydrogen stream
before purification and the unit 8 is adapted to operate
on the recycled stream of hydrogen which has already
passed through a complete cycle of the liquefaction sys-
tem, including the low temperature expander and purifica-
tion unit which has been added in accordance with the
teachings of the present invention. Standard pressure
cauges 1a and 8a are respectively connected to measure
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the pressures of the exhaust gases of each of the com-
pressors 1 and 8.

The high pressure output stream from each of the com-
pressors 1 and & is led through pipes of any suitable ma-
terial, such as one of the nonferrous metals, to the inner
chambers of the fore-cooler-heat-exchanger 2, which is a
convenient, but not indispensable adjunct of the system
under description. A suitable refrigerant, such as di-
chlorodifluoromethane, which is known in the art by the
trade name “Freon 12” is circulated through the outer
shell of the fore-cooler-heat-exchanger 2. The latter may

4

recently constructed by S. C. Collins, and is described
with reference to Fig. 2.16 on page 32 et sequor of
Cryogenic Engineering by Russell B. Scott, supra. At this
level, the expansion engine 9 serves as an efficient and
simple method for cooling down the hydrogen to be lique-
fied, although it is not essential when employing the teach-
ings of the present invention, to have an expander at this
point. The exhaust from the expansion engine 9 passes

~ at a temperature of about 67 degrees Kelvin into the low

10

comprise carbon steel, or one of the nonferrous metals

such as copper, suitable for use at medium-low tempera-
tures. Moreover, fore-cooler 2 may assume any of the
forms well known in the art, such as that indicated in
Fig. 2.11, page 21 of Cryogenic Engineering by Russell
B. Scott, D. Van Nostrand Co., Princeton, New Jersey,
1959. The refrigerant evaporates in the outer shell 2Za
of the fore-cooler 2, extracting heat from two separate
incoming streams of high pressure hydrogen, the recycled,
purified stream passing through pipe 25, and the impurity-
bearing feed-stream passing through pipe 2¢. Simulta-

neously, the cold, low-pressure hydrogen stream, which is -

returning after expansion to the compressor 8 for re-
cycling in the system, also passes through the fore-cooler-
heat-exchanger 2 by way of the pipe 2d, absorbing heat
from the high pressure streams passing the opposite direc-
tion in pipes 26 and 2c. By this process, the incoming
streams of high pressure hydrogen in the system under
description are cooled to a temperature of 230 degrees
Kelvin at the outlet of the fore-cooler Z, at which point
the low pressure, returning stream is about 3 degrees be-
low, at 227 degrees Kelvin, .
From the fore-cooler 2, the two high-pressure stream
are passed into the relatively wanm heat-exchanger stage
3, which 1s constructed of any of the metals suitable for
medium-low temperature application, such as stainless
steel, aluminum or copper, and which may assume any of
the forms usually employed for such components, such
as, for example, that shown in Figure 2.8 and described
on page 18 of Cryogenic Engineering by Russell B. Scoft,
supra. | |

Heat-exchanger 3 includes channel 3a which carries

the high pressure, impurity-bearing feed-stream, channels
3b and 3¢ which carry the recycled streams of purified
hydrogen, and channel 3d which carries the low tempera-
ture, low pressure stream returning to the compressor.

It will be noted that the recycle stream 26 from the
heat-exchanger 2 is divided at the intake of heat-ex-
changer 3 into two parts, 35 and 3¢, for the purpose of

submitting one of the streams which passes through the

final cycle of the system, to ortho-para conversion.

At room temperature, the two molecular varieties,
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- suitable means, such as manual control through a system
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ortho- and para-hydrogen, which are distinguished by their

opposing nuclear spins, make up 75 and 25 percent, re-
spectively, of the hydrogen composition under equilibrium
conditions. However, almost the entire mass of the hy-
drogen converts to para at its boiling point, the reaction
being exothermic, and producing sufficient heat to evap-
orate about one percent of the liquid per hour. In order
to avoid this heat loss in the liquid hydrogen storage ves-
sel, it is desirable to catalyze the ortho-para conversion,

and effect the conversion during the liquefaction process:
prior to storage, so that the final liquefied product is

almost entirely para-hydrogen. This is carried out by
employing in channe! 3¢ of heat-exchanger 3, about 1

liter of hydrous ferrous-oxide to expedite the reaction in

a manuner described on page 50 of Cryogenic Engineering,
supra. | | |

As noted from FIG. 1, part of the high pressure recycle
stream 35 is further diverted at a temperature level of,
say, 148 degrees Kelvin to pass through the expander 9,
where it is cooled by expanding with the performance of
external work to a temperature of 67 degrees Kelvin. An
expansion engine of a form suitable for this purpose was
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pressure, low temperature stream returning to the com-
pressor through the passage 3d of the heat-exchanger 3.
In order to further reduce its temperature to below the

- critical temperature of hydrogen, the high pressure streams
~of gas at the cold outlets of channels 35 and 3¢ of heat-

exchanger 3 are passed through still another heat-ex-
changer 4, which is similar in form to the heat-exchanger
3, except for the fact that it is designed for a lower tem-
perature range, and accommodates only three streams of
gas, instead of the four accommodated by the latter.
There are the two high pressure recycle streams, 4b,
which passes ultimately to the Joule-Thompson throttle-
valve §, and 4c, the final-cycle purified stream, which
passes through channel 4¢ for ortho-para conversion in
a manner previously described with reference to channel
3c of heat-exchanger 3. In addition, the returning low
pressure stream. passes through the inner channel 4d and
serves to cool the incoming streams.

At the cold end of the heat-exchanger 4, the high pres-
sure gas in the chamber 45 is permitted to expand freely
through a throttle-valve 5 to a pressure of one atmosphere,
without the performance of external work, whereby Joule-
Thompson cooling occurs, lowering the temperature to the
liquefaction point, causing a portion of the gas to liquefy.
‘The mixture, part in liquid and part in vapor phase, passes
into the connecting pipe 5a. Valve 5, through which the
Joule-Thompson expansion takes place, may be con-
structed, for example, of stainless steel, and so formed,
that for normal flow, the needle has to be considerably
withdrawn from its closed position, thereby providing an
opening which is not critical, and in which the tendency
to clogging is lessened. The valve-stem extends through
the top of the liquefier, and is subject to control by any

of pulieys. -

As pointed out in the early part of the specification, a
particular feature of the presently disclosed system lies in
the use of an expansion engine at a low temperature level,
through which the incoming, high pressure stream of im-
pure hydrogen is diverted, together with a portion of the
purified stream, and permitted to expand with the per-
formance of external work, thereby rapidly lowering the
temperature of the expanded gas, and resulting in the
solidification of impurities. The expansion engine 10,
which is provided for this purpose, may be similar in
form to that recently constructed by S. C. Collins, such as
described with reference to FIG. 2.16, page 32, of Cryo-
genic Engineering by Russell B. Scott, supra, and as
pointed out with reference to the earlier description of ex-
pansion engine 9. |

The high pressure stream of gas, bearing up to one per-
cent by volume of nitrogen, and certain other trace im-
purities, such as argon and oxygen, which has passed
through channel 3a of heat-exchanger 3, is by-passed
around the heat-exchanger 4, together with a portion of
the high pressure stream of pure gas from channel 3b5.
These merged streams pass through the expansion engine
18, where they expand with the performance of external
work, causing the temperature to drop from 67 degrees
Kelvin to 25 degrees Kelvin, the latter being considerably
below the temperature at which nitrogen solidifies. Con-
sequenfly, the nitrogen impurities “snow out” during the
course of the expansion, forming a fine suspension of tiny,
snow-like particles in the purified gas.

The exhaust from the expansion device 18, carrying
a suspension of finely divided particles of solid nitrogen,
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- or such other impurities as have a freezing point within
the temperature range 67 to 25 degrees Kelvin, is mingled
with the part-vapor, part-liquid output of the throttle-
valve § at the junction with pipe 54, the mingled streams
passing at substantially atmospheric pressure through in-
let pipe 7 into the receiving flask 6. The receptacle 6 may
be a dewar bottle of any of the forms well-known in the
art, having an inner shell, and an outer shell, the space
between which is evacuated, the surface facing the evacu-
ated portion bemg stlvered to reflect away the heat. Al-
ternatively, and in addition, other methods of insulation
may be employed, such as an enveloping layer of poly-
styrene foam. |
The receptacle 6 is provided with a vacuum-sealed in-
let 7 which serves to introduce the mingled gas and liguid
from the throttle-valve 5, together with the exhaust gas
including solidified impurities from the expander 10, into
the bubble-cap 6a. |
- The bubble-cap 6a, which is shown in enlarged sche-
matic in FIG. 2 of the drawings, is disposed within the
Liquid-receiving flask 6 so that it is supported just above
the surface of the liquid, with a portion projecting down

into- the liquid as indicated in the drawing. Although

the bubble-cap 6a may assume any one of a number of
forms well known in the art, in the present illustrative em-

bodiment it has the form of an inverted crown, closed at

the top. The cylindrical rim is slightly smaliler than the

inner circumference of the flask 6, the upper end being

closed with a flat, circular closure disposed parallel to
the surface of the liquid, and the lower end being open,
- and cut in a series of triangular slots about two inches

deep and a half-inch across at the bottom. The bubble-

cap 6a is adjusted with reference to the surface of the
liguid so that only a small area of each of the slots pro-
jects above, serving as a vent for escaping vapor. Bub-
ble-cap 6a may be formed of any of the materials which
are known in the art to be ductile at low temperatures,
and which are not corroded by the forming Iliquid.
Metals which have been found suitable for this purpose
are copper, brass, aluminum, cupro-nickel, 18-8 stainiess
steel, and those metals known by the trade names Monel
and Everdur.

When the intermingled stream, including liquid, vapor,
and suspended solid impurities, enters the bubble-cap 64
at the inlet 7 of flask 6, the solid impurities become en-

- trained in the liquid, and fall to the bottom of the flask &,

while the vapor portion escapes through the vents in bub-

ble-cap 6a, and rises above the surface of the liquid, pass-
ing out through -the outlet pipe 11, and passing, substan-

tially at atmospheric pressure, through chaunnel 44 of heat-
exchanger 4, channel 34 of heat-exchanger 3, and channel
2d of fore-cooler-heat-exchanger 2, in each of which de-
vices it serves to cool the incoming high-pressure streams.
From channel 2d, the low-pressure gas finally returns to
the recycle compressor 8 for recycling through the system.

The flask 6 is provided with an outlet 12, closed with
a vacuum sealed valve 13, which is opened from time to
time to remove the slurry formed when the solid impur-
ities fall to the bottom of the liquid hydrogen. A walve
controlled draw-off 12« 1s provided on the vessel 6 to per-
mit normal liquid hydrogen to be drawn off if this is de-
sired. It will be understood that the tap 12q preferably
is Iocated in the upper portion of the vessel 6 in the region
where the liquid hydrogen strata are relatively free of the
impurities ‘which tenc’l to collect at the bottom of the
vessel.

During the ﬁnal phase of the 11quefact10n process, the
recycled gas passes at high pressure, for example, thirty
atmospheres, through channel 25 of heat-exchanger 2,
and in succession, ortho-para conversion channels 3¢ and

4c of heat exchangers 3 and 4, respectively, passing from
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para-—hydrogen vapor to condense and form liquid. The
latter passes through outlet 15 of the condenser pipe 6b
under control of valve 16, from which it is led into a sec-
ond hqurd-receptacle 17, thmugh inlet pipe 18. T he re-
ceptacle 17 is a dewar bottle, and has a highly insulating
jacket such as described with reference to receptacle 6. A
vapor-vent 19 is provided at the top, to permit that por-
tion of the hydrogen which is not liquetied to return
through the heat-exchangers 4, 3, and 2 to the recycle
compressor 8.

A vacuum-sealed outlet 26 is provrded at the bottom
of the receptacle 17 to draw off the para-hydrogen liquid
nroduct for storage, under control of the valve 21.

All caleulations for the present illustrative embodiment
are based on data extracted from the temperature-entropy
diagram for hydrogen published in Research Papar #RP
1932 by Wooley, Scott and Brickwedde, which is repro-

 duced as FIG. 9.16 on pages 294-297, Cryo':remc Engi-
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neering by Russell B. Scoit, supra.

An operating pressure of 30 atmospheres at the COm-
Pressors has been assumed. If a much lower pressure
is employed an increase of cycle flow-rate results with
attendant increase in exchanger losses. Accordingly, the
choice of 30 atmospheres is approximately optimum,
although the operative range may be said to extend from
about 100 to around 20 atmospheres. o

Using 30 atmospheres pressure for the compressor, and
one atmosphere for the receiver, as convenient values, and -
selecting convenient temperature ranges for the operation
of the various heat exchangers and expanders, one con-
sults the temperature-entropy diagram maferred to above
for the location of enthalpy values in calories per gram
to correspond to each temperature point. From this
information, one may compute the hheat transferred per
unit mass from the warmer to the cooler stream through
any element of the system by setting up enthalpy balances.

For the purposes of calculation, certain assumptions
have been made. It will be assumed that the forecooler
2 cools the high pressure stream to a temperature Ty of
230 degrees Kelvin; and that there is a temperature dif-
ference AT of 3 degrees between the high pressure and
low pressure streams  at the warm end- of the heat-
exchanger 3, making the temperature Ty of the returning,
low pressure stream 227 degrees Kelvin. It will be fur-
ther assumed that the ortho-para conversion of the prod-
uct fraction of hydrogen is completed to equihbrium at
each temperature level in exchangers 3 and 4. A heat

leak loss of 10%, 70 calories per gram, will be assumed

to be distributed below 140 degrees Kelvin. Moreover,
all of the high pressure streams in the heat exchangers
3and 4 have been assumed to be combined in one stream.
The exhaust temperature of the lowest level expander 18,
has been fixed at 25 degrees Kelvin. |

The sample calculations which follow are based on a
ligurd product of one gram. The subscripted T’s indicate
the temperatures at the various points in the system, as
indicated on FIG. 1. Corresponding values of enthalpy
and relative flow for these same points are indicated by

~ similarly subscripted values of H and M, respectively. |

60

65

K represents Kelvin, and S, entropy.
EXPANDER 10

M;—Hight pressure input stream (30 atmospheres pres-
sure) ;

H;=270 calorles per gram
T3—--T5—67 degm% K.
§=8.85 calories per gram per degrees K.

70 M,—Low pressure exhaust stream. (about one atmosphere

the cold end of heat—exchanger 4 through pipe 14 into the

copper coil 65, which is vacuum sealed into the lower

portion of the liquid-receiving flask 6, where it is sur-
rounded by liquid hydrogen, which causes the converted

5

pressure )

At atmospheric pressure—
H =162 calories per gram. |
AH (theoretical drop through expander 16) =H.
—H =108 calories per gram.
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But expander 16 has a Rankine efﬁmency of 80%; there-

fore, the actual enthalpy drop
AH =AH X .80=108 X .80=286 calorlers per gram

Hy=H;—AH’=184 calories per gram.
T4=25 degrees K.

This value was worked out empirically by finding a value
for Hz which would give the desired value of T,

EXCHANGER 4 (Flow From Exchanger 3)

- |[Minimum difference in temperature at warm end of
exchanger 4 (4 degrees K.)]

M,—Low pressure vapor, saturated at cold end of Ex-
changer 4 (about one atmosphere pressure):

Hy,=172 calories per gram.
I's=20.4 degrees K.

M;—High pressure fluid stream, cold end (30 atmos-
pheres pressure): H;=75 :calones per gram.

T, is assumed to be 1.6 degrees warmer than Ts; there-

- fore, T1=22 degrees K. |

Ms—High pressure fluid stream at cold end of Ex-
changer 3 (about 30 atmospheres pressure):

H;—=H3;=270 calories per gram.
Ts=T3=067 degrees K.

Assumed ortho-para conversion load-factor, distributed
through, exchanger 4—=62 calories per gram.

Distributed heat leak load factor, exchanger 4=30 cal-
OFies per gram.

Assumed heat leak factor, into receiving receptacle 6
=10 calories per gram.

b

Mg—ILow pressure output, warm énld heat-exchanger 4:

Let Hg=281 calories per gram.
Let T'g=63 degrees K.

These latter values are selected empirically, in order to
arrive at suitable heat-exchange relations in the heat-
exchanger 4.

Heat balance of heat-exchanger 4:

(Hy—H;)M,+ortho-para conversion factor
-+-heat leak factor=(Hg—H,) Mg (1)
- Substituting values from foregoing anailysrs in Egua-
tton 1:
(270—75)M14-62 30=(281-—-—172)Mﬁ
195M 1492 =109

Over-all balance of heat-exchanger 4, liquid receiver 6
and expander 10:
HsM1-+-HyM34-102=281M - 64
M1+M3—1 MG
Ms=Mg-}-1—M, (2.5)

270M -+ 184Mg+184—184M;+102=281M;-1-64 (3)
86M;—97Mg=—222 (4)

Substituting (2) in (4):

7

86M;—173.5M—82=—222

87.3M =140
M]_ — 1.6
From Equaition 4:
97M3-—222—|- 1.6 X86=359.5
Mg=3.71
But since the total liquid product My=1, then:
Me=Ms—1
Ms=4.71

Substituting in Equatioh 2.5:
M;=3.11

(2)
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' EXCHANGER 3

M;—High pressure fluid stream at cold end (30 atmos-
- pheres pressure): |
Hs=270 calories per gram: .

T'5=67 degrees K.
Mg—Low pressure output from wanm end of exchanger 4
(about one atmosphere pressure):
Let Hg=281 calories per gram.] Values selected
Let Teg=63 d-errrees K. empirically,
My,—High pressure mput stream, warm end exchanger 3
- (30 atmospheres pressure):
- Hqp=7T75 calories per gram.
T5=230 degrees K.
Mg—Low pressure output stream, warm end exchanger 3
(cne atmosphere pressure):
Hg=7635 calories per gram.
Tg=227 degrees K.
Mg—High pressure input into expander % (30 atmospheres
pressure )
Hg=510 calories per gram.
Tg=148 degrees K,
This value for Ty was determined empirically, to provide
an enthalpy of 281 at the exhaust of expander 9, the ef-
ficiency of which is 80%.
Ortho-para comnversion loss factor=57 calories per
gram,
Heat leak loss factor=30 calories PEr gram
Heat balance of heat-exchanger 3:
(Hy—Hj5)Ms+-ortho-para conversion factord-heat leak
factor+4- (Hy—Hg) My=(Hg—Hg) Mg (5)
Substituting values from foregoing analysis in Equa-
tion 5:
(775—270)4.711+-57 430 |
+(775—510)Mq=(765—281)M4
505M5—]-87—|—265M9_484M3 (6)
But Ma':Mﬁ—l—Mg=3 71‘—|—M9, and Mﬁ"—_-‘-{l.?l
~ Substituting these values in Equation 6:
305X 4.714-87-265My=484M 414843 3.71
| ~—219My=1795—-85—2380=—670
M9=3 06
Mop=Myz4-My=4.71+3.06=7.77
M 3=M 7—'1 6 77
- Summary of flows:
Liquid product__ . My=1.00
High pressure output, heat- exchanger 4__.. Mi=1.6
Low pressure input, heat-exchanger 4__. My=M;z=3.71
Input, expander 3¢ ___ .. ___________. M3;=3.11
Exhaust, expander 10 o _______. M;=3.11
High pressure output, heat-exchanger 3_. M;=4.71
Low pressure output, heat-exchanger 4_. My=3.71
High pressure input, heat-exchanger 3__. M,=7.77
Low pressure output, heat—exchanger F_. Mg—=6.77
High pressure input, expander 9________ My==3.06
| Summary of power consumption:
Assumed production rate=30 standard cubic feet per minute.
=G0 Liters per hour.
Feed-l—recycle—iiﬂ)(?’ 71 =233 standard cubic feet per minute.
Expanders, work done; |
Expander 9—229X3.06=700 calories per gram;
Expander 10—86X3.11= 267 calories per gram.
Tolal WOI‘].{ product=967 calories per gram.
-—-1740 B.t.u. per number of produet
- =16,3(00 B.t.u. per hour.
| —4.4 kilowatts.
T'his is an efficiency of 90 percent,

Compressor power (2 stage)= 64.5 klowatts.
Fore-cooler, refrigeration 1.3 kilowatts.

65. 8 kilowatts,
) —4. 4 kilowatts.

—
—

Expander eredit

Net power consumed 61.4 kilowatts.
Kilowatt hours per liter =  1.02
Kilowatt hours per gallon = 3.98
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Table

10

[Heet exchanger 4; Enthalpy values et selected temperature levels of the high pressure streem (30 atmospheres) and corresponding
| Sﬂthalp}}" velues end resultant temperatures ef the low preeeure returning streem For mass flow values M;-l 6 and Mﬁ=3 71]

High pressure stregm Ortho- Tetel AQ/Map Low pressure stream
- . » AH, M;AH, | para | Heat heat equals | Temp,.
No. | | | cal./g. ¢al, factor, | leak |exchange| L.P.AH, | | 'dlﬁﬂ.
B Temp., Enthalpy | cal. factor | AQ, cal. | cal./g. | Enthalpy TEIpp., AT, ° K
°K H, cal./g. - H,cal/ge. | °K

| 22 £: 3 IRRURTS IO DUNEVUSIUUIUR: FVULIVRUIRY DUVUNIOROUEVUTE RUOU U 172 20. 4 1.6
Y. S 27 88 13 20,8 Joooeeee 4 24. 8 6.7 178.7 23.0 4.0
3 i 30 q7 9 14.4 | e 4 18. 4 5.0 183.7 25.0 5.0
': ST 35 118 |~ 21 33. 6 3 4 40, 6 10,9 194, 6 29.0 6.0
s S - 40 151 33 52. 8 7 4 63. 8 17.2 211. 8 30.5 4.5
o T - 45 184 33 52.8 10 4 G6. 8 18. 0 229, 8 43.0 2.0
Y il 204 25 40. ( 10 4 54.0 14, 5 244. 3 48. 5 1.5
> SRR ob 228 19 30. 4 10 4 44 4 11.9 256. 2 a3. 0 2.0
! S 60 246 18 28. 8 10 21 40, 8 11.0 267.2 57.0 3.0
10 oL 67 270 24 38, 8 12 oo 50. 4 13.6 281.0 - 63.0 4.0

From the foregoing table, it is apparent that the values
which have been assumed for Ty and T in heat-exchanger
4 produce a minimum spread of 1.5 degre-es at 50 degrees
Kelvin, which is satisfactory between the incoming and
outgoing streams. A similar calculation for heat-ex-
changer 3 has shown that the values selected for that
unit also give a satisfactory temperature spread between
incoming and outgoing streams. |

It will be seen that in the embodiment hercinabove
described in detail, the solidified impurities in the ex-
panded feed stream from the expander 10 are effectively
removed by entrainment in the liquid phase delivered
from the cold end of the exchanger 4 through valve 5.
‘In an alternative embodiment, however, the solidified
impurities from the expander may be effectively removed
from the expanded feed-stream by passage through a suit-
able filter device which may be, for example, a sintered

or porous metal element of stainless steel or nonferrous
 metal or of @ ceramic material which is provided with
openings of sufficiently small dimensions to effectively
retain the finely divided particles of solidified impurities.
In such embodiment, the expanded feed-stream thus re-
moved of its solidified impurities may be directly com-
bined with the cold vapor from the vessel 6 delivered to
the cold end of the heat exchanger compartment 4d inas-

much as it will not be necessary to contact the expanded

stream with the liquid from expansion valve § to effect
the separation of the impurities. It will be evident, of
course, in this embodiment that the recycled stream from
the expansion valve 5 may then advantageously be de-
livered directly to the vessel 6 where the purified, normal,
liquid hydrogen may be accumulated. The desired liquid
hydrogen product, of course, may then be readily drawn
off either from the vessel 6 or from the vessel 17 in the
para-form in substantially the identical manner described
previously in connection with the operation of the cycle
in FIG. 1. It will be seen that in such alternative em-
bodiment the heat balance described in connection with
the specific embodiment of FIG. 1 will be altered. How-
ever, the adjustment of the various flows and the control
thereof to obtain a desired thermodynamic balance in
~ such alternative form of the liquefaction cycle will be
obvious to those skilled in the art. The employment of
such alternative embodiment of the invention, while effec-
tive for the preducuen of liquid hydrogen, necessarily
involves suitable provision for the per10d1c replacement or
recharging of such filter means such as, for example, by
parallel switching filters or other similar exped1ents It
will be seen that the former embodiment, which is de-
scribed in greater defail as utilizing a liquid entrainment
- for the separation of solidified impurities, is more amen-
able to a continuous uninterrupted operation and is con-
sidered to be more advantageeus for the purpeses of the
present invention. |

1t will be apparent to these skilled in the art that where-

as the present invention has been described with reference
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to specific apparatns, and whereas specific values

for the parameters of the system have been assumed in

order to teach the practice of the disclosed invention, the
scope of the invention, as embraced in the appended
claims, is not limited or circumscribed by the particular
forms of apparatus shown, or the specific values disclosed
by way of illustration.

I claim: |

1. In the liquefaction of gas in a liquefaction system.
through a cycle and recycle which includes the steps of
compressing the said gas including a feed-stream and a
recycled stream, cooling the said stream of compressed
recycled gas, and freely expanding the cooled, compressed
recycled gas through a throttle-valve to produce a partially
liquid output, the method of removing small amounts of
low-boiling impurities which tend to freeze within a tem-
perature-pressure range above the liquefaction point of
said gas and clog the low temperature stages of said
liquefaction system dincluding said throttle-valve, said
method including the steps of cooling the compressed
feed-stream. of the gas including said impurities to a
temperature slightly above the freezing point of said im-
purities, diverting the entire compressed feed-stream into
a path which by-passes said low-temperature stages in-
cluding said throttle-valve, expanding said diverted feed-
stream in an expansion device with the performance of
external work to lower the temperature of said feed-steam
below the freezing point of said impurities at the output
pressure of said expansion device causing said impurities
to freeze in said feed-stream, and thereafter causing said
expanded feed stream dncluding said frozen impurities to
mingle with a portion of the partially liquid output derived
from, said throttle-valve, permitting said impurities to be-
come entrained in said liquid, and permitting the gaseous
residue of said expanded feed-stream purged of said im-
purities to return in said system through a path whereby
it cools said compressed gas including said feed-stream and
sald recycled stream, and i1s subsequently oempressed as
said recycled stream.

2. In the liquefaction of gas in a hquefaetmn system
through a cycle and recycle which include the steps of com-
pressing the said gas including a feed-stream and a recycled
stream, cooling the said stream of compressed recycled gas,
and freely expanding the cooled, compressed recycled gas
through a throttle-valve, to produce a partially liquid out-
put, the method of removing small amounts of low-boiling
impurities which tend to freeze within a temperature-pres-
sure range above the liquefaction point of said gas and clog
the low temperature stages of said liquefaction system in-
cluding said throttle-valve, said method including the steps
of cooling the compressed feed-stream of the gas including
said impurities to a temperature slightly above the freezing
point of said impurities, diverting the entire compressed
feed-stream into a path which by-passes said low-temper-
ature stages including said throttle-valve, expanding said
diverted feed-stream together with a portion of purified
recycled gas in an expansion device with the performance
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of external work to lower the temperature of said feed-
stream below the freezing point of said impurities at the
output pressure of said expansion device causing said
impurities to freeze in said feed-siream, and thereafter
causing said expanded feed-stream including said frozen
impurities to mingle with a portion of the partially liquid
output derived from said throttle-valve, permitting said
impurities to become entrained in said liquid, and per-
mitting the gaseous residue of said expanded feed-stream

purged of said impurities to return in said system through:

a path whereby it cools said compressed gas including said
feed-stream and said recycled stream, and is subsequently
recompressed as said recycled stream.

3. Ina process for liquefying hydrogen in a hquefactmtn
system through a cycle and recycle which include the
steps -of compressing said gas including a feed-stream and
a recycled stream to a pressure within the range of 20
to 100 atmospheres, cooling the said stream of com-
pressed recycled gas to a temperature below the critical
temperature of hydrogen, and freely expanding said com-
pressed, cooled recycled hydrogen through a throttlie-
valve to produce a partially liquid output, the method of
removing small amounts of impurities which tend to
freeze within the temperature-pressure range above the
liquefaction point of said gas and clog the low tempera-
ture stages of said liguefaction system including said
throttle-valve which comprises the steps of ccoling the
compressed feed-stream of hydrogen including said im-
purities to a temperature slightly above the freezing point
of said impurities, diverting the entire compressed feed-
stream into a path which by-passes said low-temperature
stages including said throttle-valve, expanding said di-
verted feed-stream in an expansion device with the per-
formance of external work to substantially atmospheric
pressure to lower the temperature of said feed-stream
below the freezing point of said impurities at said pressure
causing said impurities to freeze out in said feed-stream,
and thereafter causing said expanded feed-stream includ-
ing said frozen-out impurities to mingle with a portion of
partially liquid hydrogen derived from said throttle-valve;
permitting said impurities to become entrained in said
liguid, and permitting the residue of gaseous hydrogen
from said feed-stream purged of said impurities to return
in said system through a path whereby it cools said com-
pressed gas including said feed-stream and said recycled
stream, and is subsequently recompressed as said recycled
stream. | |

4, In a system for liquefying a gas having a critical
temperature below about 35 degrees Kelvin, said system
operating through a cycle and recycle in which the gas in-
cluding a feed-stream and a recycled stream is compressed
and a portion of said recycled stream cooled and con-
verted to the liquid phase in a throttle-valve, and the re-
mainder of said recycled stream returned for recompres-
sion and recycling in said system, the method of removing

12

compressed gas in said system and is subsequently com-

. pressed as said recycled stream, and permittings said 1m-

10

purity particles fo be entrained in said liquid.

5. Ina system for liquefying hydrogen through a cycle
and recycle in which the recycled stream of hydrogen is
compressed and a portion of said recycled stream cooled
and converted to liquid phase in a throttle-valve, and the
remainder returned for recycling and recompression, the
method of removing small amounts of impurities which
solidify in the hydrogen mixture below the temperature
range of liquid nitrogen but above the liquefaction tem-
perature of hydrogen which comprises the steps of com-

- pressing and cooling the feed-stream of said hydronen
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from the low-temperature stages of said system including

said throttle-valve small amounts of impurities which |

solidify in the mixture of said gas below the temperature
range of liquid nitrogen but above the liquefaction tem-
perature of said gas, which comprises the steps of cool-
ing the high pressure feed-stream of said gas including
said impurities separately from the high-pressure recycled
gas to a temperature slightly in excess of the freezing
temperatures of said impurities, diverting the entire com-
pressed feed-stream into a path which avoids said throttle-
valve, expanding said diverted feed-stream in an expan-
sion device with the performance iof external work thereby
causing said ampurities to freeze out of said feed-stream
in a fine suspension at a temperature-pressure point above
the liquefaction point of said gas, and thereafier passing
said expanded feed-stream including said frozen-out im-
purities in suspension into the liquid phase formed in
said system, whereby the purified gas bubbles through said
liquid and returns through a path whereby it cools said
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containing said impurities to a low temperature in excess
of the freezing point of said impurities separately from
sald hydrogen recycle stream, expanding all of said feed-
stream. in an expansion device with the performance of
external work causing said impurities to freeze-out in a
fine suspension at a temperature-pressure point above the
liquefaction point of said hydrogen, thereafter passing said
expanded stream containing the frozen-out particles of
sald impurities into the liquid phase formed in said sys-
tem, permitting the purified portion of said expanded
hydrogen siream to bubble through said liquid and re-
turn through a path whereby it cools said compressed
hydrogen in said system and is subsequently compressed
as said recycled stream, and permitting said impurity par-
ticles to be entrained in said hqmd for subsequent
removal. |

6. The method of removing impurities which solidify
below the temperature range of liquid nitrogen and above
the liquefaction temperature of hydrogen from the feed-
stream of hydrogen in a system for liquefying hydrogen
wherein said hydrogen undergoes a cycle and recycle in
which it is compressed, cooled, a portion of the recycled
purified hydrogen converted to liguid-phase through a
principal liquefaction path, and the remainder of said re-
cycled hydrogen returned for recompression and recycling,
said method comprising the steps of compressing and
cooling the impure feed-stream of said hydrogen to a tem-
perature slightly above the freezing temperature of said
impurities, diverting the entire said impure feed-stream
away from the principal liquefaction path of the recycled
purified hydrogen, similarly diverting a portion of the
purified recycled stream of said hydrogen after compres-
sion and cooling to said same temperature above the
freezing temperature of said impurities, forming a mixture
of said diverted purified portion with said impure feed-
stream, expanding said mixture in an expansion device
with the performance of external work causing said im-
purities to freeze-out in a fine suspension at a temperature-
pressure point above the liquefaction point of said hydro-
gen, and thereafter intermingling said mixture including
said frozen-out impurities in suspension with the liguid-
phase of said hydrogen, permitting the purified gas of
said mixture to escape from said liquid phase and return
through a path whereby it cools said compressed hydrogen
for recompression in said recycle compression step where
it becomes a part of said recycled hydrogen in said sys-
tem, and permitting said impurity particles to become
entrained in said liquid for subsequent removal.

7. In a system for liquefying hydrogen through a cycle
and recycle in which said recycled stream of hydrogen is
compressed to a pressure in excess of 20 atmospheres,
cooled to about the liquefaction temperature of hydrogen,
and a portion converted to liquid by expansion without the
performance of external work, and the unliquefied remain-
der of said recycled stream is returned to be recompressed
and recycled in said system, the method of removing small
amounts of impurities which solidify in the hydrogen mix-
ture below the temperature range of liquid nitrogen but
above the liquefaction temperature of hydrogen in said
system, which comprises the steps of compressing the
feed-stream of hydrogen to said pressure and cooling said
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feed-stream containing said impurities to a point below

the liquefaction temperature of nitrogen but above the
freezing point of said impurities, forming a mixture of the
entire said feed-stream with a portion of said recycled
remainder at substantially the same temperature and pres-

sure, expanding said mixture including the entire said feed-

stream in an expansion device with the performance of
external work to substantially atmospheric pressure caus-
ing said impurities to freeze-out from the gaseous portion
of said mixture in a fine suspension, and thereafter min-
gling said mixture including said frozem-out impurities in
suspension with said liquid, permitting said gaseous por-
‘tion to escape from said liquid and return with said un-
liguefied remainder for recompression as said recycled
stream of hydrogen and recycling in said system through
a path whereby it cools said compressed hydrogen, and
permitting said impurity particles to Ibecome entrained in
said liguid for subsequent removal.

8. The process of liquefying and pumfymg hydrogen
through a cycle and recycle which includes the steps of
separately compressing the feed-stream, inciuding nitro-
gen and other low-boiling impurities, and the returning,
recycled streams of said hydrogen to a pressure within
‘the range of 20 to 100 atmospheres in compressing
means, cooling a portion of the recycled streams to about
the liquefaction temperature of hydrogen, freely expand-
ing a portion of the recycled streams through a throttie-
valve to substantially about atmospheric pressure, caus-
ing the said portion to be partially converted to liquid,
separately cooling the compressed feed stream {o a tem-
perature above the freezing point of nitrogen, expanding
said entire compressed, cooled feed-stream, together with
a portion of said compressed, cooled recycled stream, to
substantially atmospheric pressure below the freezing
point of said impurities and above the liquefaction point

of said hydrogen with the performance of external work

in an expansion device through a path which avoids said
throttie-valve, thereby causing said immpurities to freeze-
out and form a suspension in sald streams, thereafter
causing said feed-stream including gaseous hydrogen and
said suspended impurities to mingle with the partially
liquid recycled stream, permitting said impurities to be-
come entrained in the liguid of said recycle stream, per-
mitting said purified, gaseous hydrogen to return to said
recycle compressing step thereby cooling the compressed
 feed stream and recycled streams enroute, and in the final
stage of said process, after recompressing and cooling
said purified gaseous stream of hydrogen as one of said
recycled streams, submifting a portion of said recycled
~ stream to ortho-para conversion, cooling the para-
hydrogen product of said conversion to a final low tem-
perature below the liquefaction temperature of hydrogen
and condensing said product to liquid by the step of pass-
ing said portion through a cooling bath of liquid formed
in the earlier stages of said process.

9. An apparatus for the liguefaction and purification
of hydrogen through a cycle and recycle which comprises
in combination means for separately compressing to a
pressure within the range of 20 to 100 atmospheres both
~ the incoming feed-stream of said hydrogen including up
to about one percent by volume of nitrogen, oxygen and
other low-boiling impurities and the recycled stream of
said hydrogen gas, means for cooling the compressed, re-
cycled stream to about the liquefaction temperature of
hydrogen, means including a throttle-valve for permitting
said compressed, cooled, recycled stream to expand freely
partially forming liquid, a receptacle connected to receive
and store the liquid so formed, means for cooling said
compressed feed-stream including said impurities to a
temperature-pressure range slightly above the freezing
point of nitrogen, means for diverting the entire said
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with a portion of said compressed, cooled recycled stream
to permit said streams to expand with the production of
external work to substantially atmospheric pressure
whereby said impurities snow-out and form a suspension
in said streams, means including said liquid receptacie
for permitting said expanded streams exhausted from said
expansion engine and including said suspension of solid-
ified impurities to mingle with the liquid formed in said
throttle-valve, means including a bubble-cap disposed in
said receptacle for entraining the suspended impurities in

~said liquid and permitting the escape of the gaseous por-

tions of said streams, and means including said cooling
means for returning said gaseous portions at substantially
atmospheric pressure to said recycle compression means,
whereby the incoming, compressed streams are cooled by
said returning gaseous portions, and an outlet valve in

- said receptacle for periodically removing the slurry
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feed-stream through a path which avoids said throtile- |

~ valve, said path including an expansion engine connected
to receive said compressed, cooled feed-stream together

15

formed by said impurities entrained in said liquid.

110. An apparatus for the liquefaction and purification
of hydrogen through a cycle and recycle which comprises
in combination means for separately compressing to a
pressure within the range of 20 to 100 atmospheres both

the incoming feed-stream of said hydrogen including up

to about one percent by volume of nitrogen and other
low-boiling impurities and the recycled stream of said
hydrogen, means for cooling the compressed recycled
stream to about the liquefaction temperature of hydro-
gen, means including a throttle-valve for permitting said
compressed, cooled, recycled stream to expand freely
partially forming liquid, a receptacle connected to receive
and store the liquid so formed, means for cooling said
compressed feed-stream including said impurities to a
temperature-pressure range slightly above the freezing
point of nitrogen, means for diverting said entire feed-
stream through a path which avoids said throttle-valve,
said path including an expansion engine connected to
receive said compressed, cooled feed-stream together with
a portion of said compressed, cooled, recycled stream to
permit said streams to expand with the production of
external work to substantially atmospheric pressure
whereby said impurities are caused to snow-ouf and form
a suspension in said streams, means including said liqud
receptacle for permitting said expanded streams ex-
hausted from said expansion engine and including said
suspension of solidified impurities to mingle with the
liquid formed in said throttle-valve, means including a
bubble-cap disposed in said receptacle for permitting said
suspended impurities to become entrained in said liquid
and for permitting the gaseous portions of said streams
to rise out of said liquid, means including said cooling
means for returning said gaseous portions at substantially
atmospheric pressure to said recycle compressing means
whereby the incoming, compressed streams are cooled by
said returning gaseous portmns ortho-para conversion

aneans connected to receive a portion of the recycled

stream from said cooling means in the final stage of
liquefaction and to convert ortho to para-hydrogen, cool-
ing and condensing means including a coil of pipe dis-
posed in said receptacle and surrounded by the liquid
stored therein for partially liquefying the para-hydrogen

product of said conversion means, means for storing the

para-hydrogen liquid so formed, and means for return-
ing the unliquefied portion of said para-hydrogen product
to said compression means for recompression and re-
cycling. |

11. The method of liquefying and purifying a hydro-
gen stream containing minor amounts of low boiling im-
purities including nitrogen which comprises compressing
the impure hydrogen stream, cooling said stream to a
temperature-pressure range substantially above the point
at which said impurities are solidified, expanding said
entire impure stream in a work-expansion step to a tem-
perature-pressure range below the freezing point of said
impurities and obtaining said impurities as finely divided
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solid particles in the fluid exhaust of said expansion,
maintaining a body of liquid hydrogen containing im-
purities. precipitated therein, introducing said expanded
hydrogen fluid containing said solid particles into said
body of liquid hydrogen, segregating the said solidified
impurities in said liquid hydrogen body, withdrawing
vaporized hydrogen from said body of liquid substaﬂtia_lly
free of said impurities, compressing said withdrawn im-
purity-free hydrogen vapor, cooling said compressed im-

5

purity-free vapor by heat exchange, converting to liquid g

at least a portion of said compressed, cooled 1mpurity-
free hydrogen vapor by expansion, and delivering said
impurity-free liquid hydrogen portion to replenish the
said body of liquid hydrogen containing prempﬂated 1m-
purities therein. |
- i12, The method of liquefying rand purifying a- hydro-
gen stream in accordance with claim 11 in which said
entive impure stream is expanded in a work-expansion
step from which the impurities are obtained as finely
divided, solid particles in a substantially gaseous exhaust.

13. The method of liquefying and purifying a hydro-
gen stream 1n accordance with claim 11 in which another
portion of said compressed, cooled impurity-free hydro-
gen vapor is converted to liquid by condensation in a
coil surrounded by a refrigerant, said last-named portion
of liquefied hydrogen being delivered to separate storage
means containing another body of liquid hydrogen sub-
stantially free of sald Impurities.

20

16
14. The method in accordance with olaim 13 wherein
said Ibody of liquid hydrogen containing precipitated im-
purities is utilized as the said refrigerant for the con-
~densation of said impurity-free hydrogen vapor prior to
dehvery to said separate swrage means.
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