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This invention relates to the liquefaction 
and separation of gases in gaseous mixtures, 
and particularly to the accomplishment of 
such separation in the most economical man 

5 ner for the purpose of recovering, the con 
stituent gases. This application is a division. 
of application Serial No. 341,958, filed Dec. 
2, 1919. 

It has been proposed heretofore, and com 
i0 mercial methods are now operated to separ. 

rate the constituent gases of a mixture, for example, atmospheric air, by liquefaction 
sand subsequent rectification. Methods, as 
heretofore practiced, have, however, a rela 
tively low efficiency, when compared to the 
theoretical possibilities, and it is with the 
object of increasing the efficiency and, there 
fore, the economy of liquefaction methods 
that I have undertaken extensive study of 
the fundamental requirements thereof. . 
The work required to separate the constitu 

ents of a gaseous mixture by liquefaction is 
made up of certain fundamental components 
which are, first, the work of separating the 
molecules of the constituent gases and bring 
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ing the partial pressures of the respective 
constituents, when separated, up to atmos- compressor provided with intercoolers, and 
pheric; second, the work required to remove 
heat leaking into the system from external 

30 sources and, third, the mechanical losses of 
the system. The first component is a con 
stant for given mixtures of gases, and the 
second and third depend upon efficiency of 
insulation and of the mechanical devices em 
ployed. Practically, however, a relatively 
enormous component has been added to the 
total energy expended in liquefaction and 
rectification of gaseous mixtures as a result 
of irreversible, pressure drops, which have 
heretofore been considered unavoidable. 

It is the object of my invention to substan 
tially eliminate the latter component, there 
by approaching more closely the theoretical 
limit of efficiency in the separation of con 
stituent gases of a mixture, and to provide 
an apparatus for the accomplishment of this 
purpose, thus cheapening the product and 
rendering it available for extended usage. 
Another object of the invention is the re 

50 duction of the total energy consumed in sep 
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arating the constituents of a gaseous mixture 
by expanding the gases leaving the appa 
ratus with the recovery of energy and the 
cooling of the mixture before compression 
to reduce the initial energy required. 
These and other objects and advantages of . 

the invention will be more clearly understood 
by reference to the following specification, 
when read in connection with the accom 
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panying drawing, in which I have diagram- 60 
matically illustrated one form of apparatus 
adapted for use in carrying out my inven 
tion, it being understood that, for the pur 
pose of clarity, no attempt has been made to 
illustrate details of construction and that the 65 apparatus is subject to rearrangement and 
modification, without departing substantially 
from the principles hereinafter set forth. 

In order that my invention and \the dis 
tinctive features thereof may be appreciated, 70 
I shall outline briefly the normal operation 
of a commercial oxygen apparatus, accord 
ing to a well known method E. in Let 
ters Patent No. 981,748. Thus, atmospheric 
air is compressed to a pressure of substan- 75 
tially thirty atmospheres in a two-stage 

aftercoolers supplied with water, and is 
thereafter cooled in temperature exchangers 
by indirect contact with gases resulting from 80 
the separation. A portion of the cooled air 
is conveyed to a liquefier and is cooled there 
in by indirect contact with the cold sepa 
rated gases, before the latter pass to the ex 
changers. The liquid produced in the lique- 85 
fier is conveyed past a pressure reducing 
valve to a pot at the base of a rectification 
column. E. other portion of the cooled air 
is conveyed to an expansion engine where it 
is cooled by expansion with external work to 90 
a pressure of four to five atmospheres, which 
is the pressure prevailing in the lower part 
of the column. The cooled air from the en 
gine passes into the pot, heretofore referred 
to, and thence upwardly through tubes of a 95 
vaporizer which contains liquid oxygen re 
sulting from rectification as hereinafter de 
scribed, and which is evaporating at a some 
what lower pressure than that of the air in 
the tubes. Oxygen and some nitrogen are 
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liquefied in the tubes and return to the pot, 
mixing with the liquid delivered from the 
liquefier. The pot is divided into two com 
partments, in one of which the liquid accu 
mulates as described. The second compart 
ment is connected to a series of tubes, 
through which the uncondensed residue of 
the incoming air, being substantially pure 
nitrogen, passes downwardly in indirect con 
tact with liquid oxygen in the vaporizer, 
The nitrogen is thereby liquefied and accu 
mulates in the second compartment. 
From the first compartment the liquid 

rich in oxygen is conveyed upwardly 
through a pipe, having a pressure reducing 
valve, and is discharged into the rectification 
compartment of the column, which is pro 
vided with a series of trays, holding a sup 
ply of liquid through which ascending vapor 
bubbles with resulting progressive enrich 
ment of the vapor in nitrogen. Since the 
pressure in the vaporizer at the base of the 
column must be released sufficiently to en 
able the liquid oxygen contained therein to 
liquefy the substantially pure nitrogen, cir 
culating in the tubes connected to the sec 
ond compartment, “throttling' of the liquid 
by means of the pressure reducing valve 
must be resorted to, and this causes an irre 
versible pressure drop and a serious loss in 
efficiency as hereinafter explained. The liq 
uid nitrogen from the second compartment 
is conveyed through a similar pipe and 
pressure reducing valve into the column and 
is discharged at a point above the inlet for 
liquid rich in oxygen. The liquid nitrogen 
must also be “throttled' down to the pres 
sure prevailing in the rectification compart 
ment with a corresponding loss in efficiency. 
Gaseous oxygen is withdrawn from the va 
porizer, and nitrogen, mixed with more or 
less oxygen, escapes at the top of the col 
umn. The gases are separately conveyed 
through the liquefier and exchanged to cool 
the incoming air by transfer of heat to the 
outgoing gases. 

It will be appreciated as this description 
proceeds that, while the method described is 
the most efficient heretofore known for the 
purpose, it is subject to a number of disad 
vantages, which prevent the highest efficien 
cy and which I propose to overcome as here 
inafter set forth. For example, although 
the gaseous mixture is primarily complessed 
to about thirty atmospheres at great expense, 
the products of the separation are dis 
charged at a pressure below three atmos 
pheres without recovery of energy except 
for three to four per cent. delivered by the 
expansion engine, and only one gas is recov 
ered in a substantially pure condition, the 
other, in this case, nitrogen, carrying up 
ward to six per cent. of oxygen. The mix 
ture of this oxygen with the proportion of 
nitrogen required by the composition of air, 
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amounts to substantially twenty-four per 
cent. of the air originally entering the ap. 
paratus and is discharged with the remain 
ing nitrogen to the atmosphere. A relative 
ly large proportion of the air escapes, the 'e- 
fore, after compression, cooling, etc., without 
separation, and represents a material loss () 
energy. 

I have discovered that the causes for the 
large loss of Oxygen in the vapo's leaving 
the top of the rectification column are not 
due to mechanical imperfections of the ap 
paratus, but are inherent in the rectification 
method, which requires the liquefaction of 
all of the gaseous mixture. In any rectifi 
cation method, maximum efficiency requires 
that the relative amounts of ascending vapor 
and descending liquid in the rectification col 
umn be such, that at the top and bottom the 
vapor has a composition closely approach- is 
ing that necessary for plase equilibrium 
with the liquid at those levels. We may as 
sume that the composition of the first or lic 
uid rich in oxygen includes substantially 
forty-seven per cent. of oxygen. 
liquid composition necessary for phase equi 
librium with the incoming air at the base 
of the column, and thus represents the max 
imum possible enrichment in Oxygen attain 
able without further rectification. 

If any of the second or high nitrogen liq 
uid be admitted to the rectification chamber 
above the inlet for liquid rich in oxygen, it 
is certain, if pure oxygen is to be obtained, 
that the upward passing vapor must vapor 
ize an amount of this liquid equivalent to its 
nitrogen content, being in part liquefied 
thereby. The result of this liquefaction of 
the upwardly passing vapor is the produc 
tion, at the entrance level of the first liquid, 
of a downwardly flowing liquid which is en 
riched in oxygen. The limiting composition 
of this liquid will be the same as that of the 
first liquid and will be attained only if the 
amount of the upwardly passing vapor liq 
uefied by the second liquid entering at the 
top of the rectifier does not exceed a certain 
definite amount. 

In the method under discussion, the 
amount of available nitrogen liquid is in ex 
cess of that required to produce the equilil)- 
rium composition at the lower inlet and if 
we allow nothing but pure nitrogen to es 
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cape at the top, the liquid passing down 
wardly will contain all of the oxygen of the 
original air mixed with 4 to 5% argon which 
must appear at the bottom of the rectifica 
tion chamber. On the other hand, if we va 
porize an amount of liquid sufficient to in 
sure the production of nothing but pure oxy 
gen at the bottom, the amount of downward 
ly flowing liquid is insufficient to liquefy the 
oxygen in the vapor and oxygen will appear 
at the top. It is apparent, therefore, that 
it is impossible to obtain pure oxygen with 
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out considerable loss of oxygen in the effluent 
gas from the operation of this method if all 
of the nitrogen liquid is admitted at the top 
of the column. 
The losses in the method described, which 

are due to “throttling' have already been 
mentioned. We have seen, for example, that 
the pressure in the rectification column must 
be low enough to enable liquid oxygen at 
the reduced pressure to condense pure nitro 
gen at a higher pressure inside the vertical 
tubes of the vaporizer, this difference of 
pressure being accomplished by “throttling” 
through the two pressure reducing valves 
employed, and that all of the nitrogen is liq 
uefied. 
To separate a mixture of two gases into 

its constituents, the theoretic minimum of work required depends upon the partial 
pressures exerted by the two constituents 
during an isothermal compression of each 
constituent up to a pressure equal to that 
exerted by the mixed gases, by means of a 
piston impermeable to one and permeable 

This work is thus independ 
ent of the difference between the condensa 
tion pressures of either constituent at any 
temperature. If the difference of pressure 
maintained between opposite sides of an ex 
pansion device is such that the loss of avail. 
able energy in the fluid mixture, because of 
the lowering of the pressure thereof, is just 
equal to the theoretic work of separation, 
then, since the latter work is theoretically 

5 recoverable, the whole operation is reversi 
ble and it will be just possible theoretically 
to completely separate the two constituents, 
by reversibly lowering the pressure on all 
the liquids produced to the pressures re 
quired. If, however, the loss of available 
energy by the lowering of pressure is great 
er than the theoretic work required for sep 
aration, there is a net amount of available 
energy expended by that operation. In this 
discussion, the assumption is made that the 
lowering of pressure upon the liquid is ac 
complished reversibly, i. e., this decrease of 
pressure occurs by reason of the liquid act 
ing as the working substance of an ideal 
adiabatic engine or liquid motor and thus 
the dissipation of available energy resulting 
in the actual case from the irreversible ex 
pansion through the reducing valves, is 
neglected. This dissipation of available en 
ergy is regarded as inevitable on account of 
the impracticability of employing a reversi 
ble engine to “expand' the liquid under the 
conditions prevailing. 
The excess liquid “throttled” in rectifica 

tion by the method described in which all 
of the liquid is “throttled' over and above 
that amount necessary to accomplish com 
plete separation, carries a definite amount 
of available energy, which becomes irrecov 
erable. This dissipation of available energy 

3. 

reduces the efficiency of the method and 
thus adds to its cost of operation. The effi 
ciency of the method is further reduced by 
“throttling' the liquid produced in the 
liquefier from the pressure delivered by the 
compressor down to that prevailing inside 
the lower end of the column. 

f) 

I have discovered that these difficulties 
may be readily overcome and that the lique 
faction and separation of gaseous mixtures 
may be improved to eliminate many of the 
losses heretofore experienced. My improved 
method will first be outlined to give a gen 
eral view thereof, after which the details of 
operation will be clearer and will be more 
fully set forth with reference to the draw 
Ing. 

idea of liquefying only a portion of a gase 
ous mixture, this being accomplished at the 
initial pressure, i. e., as delivered by the 
compressor. The mixture treated may, for 
purposes of illustration, be considered as 
air, although the same principles are appli 
cable to other gaseous mixtures. The por 
tion liquefied will carry all of the oxygen 
contained in the original mixture, together 
with some of the nitrogen and argon, the 
theoretical possible upper limit of oxygen 
content in the liquid being substantially 4 
per cent., which is the composition of liquid 
necessary for phase equilibrium with vapor 
of air composition. The remaining gas, 
consisting substantially of nitrogen and ar 
gon, will be withdrawn from the apparatus 
at the initial pressure. The nitrogen, which 
will carry a small amount of argon, may be 
used for any of the purposes to which it is 
adapted without further rectification or 
other treatment. 
The liquid portion will then be rectified 

by subjecting it in a suitable column to di 
rect contact with vapors arising from a Val 
porizer, containing substantially pure lic 
uid oxygen resulting from the rectification. 
The evaporating oxygen serves, by heat in 
terchange, to liquefy a portion of the in 
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Primarily, my invention rests upon the 
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coming air as hereinbefore explained, and 
the rectifying column may 
at a pressure somewhat below that of the 
incoming air, the difference in pressure be: 
ing produced by the necessary "throttling” 
of the liquid discharged into the coiumn 
from the receptacle in which it is accumu 
lated. This difference of pressure between 
the liquid oxygen surrounding the vertical 
tubes of the vaporizer and the gases passing 
upward in those tubes must be sufficient to 
enable liquid oxygen to cause, by indirect 
contact, condensation of the ascending gases 
in said tubes. I do not propose, however, to 
liquefy the substantially pure nitrogen leav 
ing the top of the tubular system, and it is 
clear, therefore, that a smaller degree of 
“throttling” of the liquid will be required, 

be maintained . 
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than is necessary in earlier methods where 
the liquid oxygen is called upon to condense 
substantially pure nitrogen. 

Since the composition of the liquid dis 
charged into the column is substantially that 
determined by phase equilibrium with gase-- 
ous air, the effluent from the top of the rec 
tification column will be air and may, after 
Serving to cool the incoming air, be dis 
charged to the atmosphere. As hereinafter 
explained, however, I contemplate “cycling” 
this air in the system so that all of the air 
passing through the apparatus is eventually 
separated into its constituents. The liquid 
passing through the reducing valve will thus 
include that derived from the air. which has 
been returned to the apparatus by “cycling,” 
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in addition to that derived from air taken 
into the system by the compressor. The 
amount of available energy expended by rea 
son of the “throttling' operation upon this 
liquid becomes as nearly equal as possible 
to the theoretically recoverable work of 
completely separating the two constituent 
gases of the mixture treated, i. e., the whole 
operation is rendered as nearly reversible as 
is practicable and hence its thermodynamic 
efficiency will approach as closely as possible 
the theoretic maximum. 

Substantially pure oxygen is withdrawn 
from the vaporizer, hereinbefore referred to, 
and because of the simplification of the rec 
tifying operation, it is possible to produce 
Oxygen of a purity of 99 per cent. or better, 
without excessive loss of oxygen, a result, 
which has not been heretofore achieved. The 
Oxygen escapes at a pressure somewhat below 
the initial pressure and may be stored and 
used in the ordinary manner. 

in carrying out my method, I utilize and 
extend the principle of expansion after 
liquefaction as described and claimed in the 
application for Letters Patent of Montague 
H. Roberts and Claude C. Van Nuys, Se 
rial No. 280,515 filed March 4, 1919. This 
application involves the discovery of the 
advantages of liquefaction at the initial pres 
Sure and subsequent expansion of the sepa 
rated products. As has been previously 
noted, the nitrogen is delivered from the 
column at the initial pressure of the incom 
ing air and the oxygen and effluent air es 
cape at a slightly lower pressure. These 
gases are very cold and of substantially the 
Same temperature. The low temperature is 
transferred to incoming air and the gases 

60. 

thus warmed and at high pressure are ca 
pable of expansion, in suitable engines, to 
recover a large part of the energy, original 
ly expended in bringing the air to its initial 
pressure. This energy may be employed in 
compressing further quantities of air, the en 
ergy lost in the apparatus being made up 
from an external source. Preferably only 
the nitrogen and oxygen are thus expanded 

2,304,349 

in carrying out my method. The low tem 
perature of these gases, developed by expan 
sion, is utilized in cooling the column and in 
terchangers to make up liquid evaporated by 
the heat leakage through the walls thereof. 

also utilize and extend the principle of 
cooling of the incoming gaseous mixture 
prior to compression as described and 
claimed in the application for Letters Patent 
of Montague H. Roberts and Claude C. Wan 
Nuys, Serial No. 289,099, filed April 10, 1919. 
The latter application involves the discovery 
that the work required in compressing a 
quantity of gas corresponding to a pre 
determined effluent volume is reduced if the 
gas is cooled prior to compression. , there 
fore, employ an exchanger of temperature, in 
which the air prior to primary compression 
is subjected to heat interchange with a cold 
gas leaving the system, this arrangement 2E 
making it possible to utilize efficiently any 
excess refrigerant effect of the system over 
and above that necessary to maintain the low 
temperatures required in the liquefaction op 
eration. The air thus cooled is compressed, 5 
preferably in a single stage compressor, and 
is cooled in an intercooler supplied with cir 
culating water. 
As noted, the effluent air from the column 

is at high pressure, and, even after its heat 
interchange with incoming air, is still at low 
temperature. I propose to mix this effluent 
air with the incoming air from the first 
compression, thus cooling the mixture, which 
is then further compressed to the desired 
preSSuite, preferably in a single stage coin 
pressor. After being cooled in an after 
cooler supplied with circulating water, the 
incoming air passes to the exchanger for fur 
ther cooling by the gases from the column 
before entering the latter. By operating as 
described and avoiding as far as possible all 
irreversible temperature drops between me. 
dia at widely varying temperature, I am en 
abled to closely approach the theoretically 
possible thermodynamic efficiency in a liqué 
faction system, thus reducing materially the 
cost of recovering the constituent gases. in starting the operation, the apparatus 
is, of course, at atmospheric temperattire and 
there is no liquid collected, so that it is neces 
say to reduce the temperature of the appa 
ratus to that required for liquefaction and 
to produce a Supply of liquid before the nor 
inal operation is commenced, I provide, 
therefore, for the expansion of compressed 
air in the engines until the system is suffi 
ciently cooled and a supply of liquid has ac 
cumulated. 
The details of operation, including start 
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ing, will be more clearly understood by ref 
erence to the drawing. The rectification col 
umn comprises a shell 5 divided by parti 
tions 6, 7 and 8 to provide a pot 9, a gas 
chamber 10, a liquid chamber 11, and a 30 



rectification chamber 12. A plurality of 
tubes 13, passing through the partitions 6 
and 7 and terminating in a head 14, are 
adapted to permit passage of gas from the 
pot 9 to the head, in indirect contact with 
gas in the chamber 10 and liquid in the 
chamber 11. A plurality of baffles 15 are 
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disposed within the chamber 10 to direct the 
passage of gas therein downwardly and 
about the tubes 13, and a supplemental re 
ceiver 16 for liquid is supported within 
the chamber 11, so that liquid overflowing 
therefrom collects in the bottom of the 
chamber. The rectification chamber 12 is 
provided with a plurality of baffles 17 hav 
ing gas outlets 18 and caps 19 which permit 
the upward passage of gases through the 
baffles and the layers of liquid maintained 
thereon. 

This liquid is delivered to the rectification 
chamber 12 through a pipe 20, having a pres 
sure reducing valve 21 therein and communi 
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cating with the bottom of the pot 9 in which 
liquid, accumulates as hereinafter described. 
The liquid flowing downwardly, over the 
baffles. 17 gradually gives up its more readily 
vaporizable constituent and is finally deliv 
ered through a pipe 22 to the receiver 16. 
The liquid in the receiver 16 is evaporated 
by heat transferred from gas passing 
through the tubes 13 and the vapor thus re 
leased passes upwardly through the recti 
fication chamber 12, where it is joined by 
the more readily vaporizable constituent re 
leased from the liquid, while the more read 
ily liquefiable constituent therein joins the 
liquid flowing down through the rectifica 
tion. chamber and is returned to the re 
ceiver 16. 
The gaseous effluent escapes from the recti 

fication chamber 12 through a pipe 23. The 
liquid accumulating in the bottom of the 
chamber 11 comprises one of the constituents 
of the gaseous mixture, treated in a substan 
tially pure condition and, being vaporized by 
heat derived from the gaseous mixture pass 
ing through the tubes 13, it escapes through 
a pipe 24. A portion of the vapor passes up 
wardly through the column to assist in the 
rectification. The flow of vapor is regu 
lated by the valve 95 which controls the 
effluent from the top of the column. The 
gaseous mixture to be liquefied and sepa 
rated is delivered to the pot 9 through a 
pipe 25, and in passing through the tubes 13 
a portion only of the gas is liquefied and 
drops into the pot, the residual gas being 
delivered to the head 14 and escaping 
through a pipe 26. There are thus three 
separate gases delivered from the column 
and if air is the gaseous mixture treated, the 
effluent gas delivered through the pipe 23 
will have substantially the composition of 
air, while substantially pure oxygen and 
nitrogen are respectively delivered through 
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the pipes 24 and 26. These gases are ex 
tremely cold and serve as a cooling medium 
for the incoming gaseous mixture. 

therefore, provide an exchanger 27 in 
which the incoming gaseous mixture is sub- 70 
jected to heat interchange with the various 
products of the column. The exchanger 
comprises a shell 28 divided into sections 
A, B, C and D, each section comprising a 
plurality of tubes 29 and 30 and a plurality 75 
of baffles 31 which cause the incoming gase 
ous mixture surrounding the tubes to travel 
back and forth across the section as it ad 
vances. The pipe 25 is connected to the 
section A of the exchanger so that the gase- 80 
ous mixture, after circulating about the 
baffles 31, is delivered thereto and thence to 
the pot 9. The pipes 23 and 24, and a pipe 
32 communicating with the chamber 10 of 
the column, are connected to chambers 33, 85 
34 and 35 at one end of the section A of the 
exchanger with each of which a number of 
tubes 30 communicate. The pipe 26 is simi 
larly connected to a chamber 36 at the end 
of the section A with which the pipes 2960 
communicate. Thus, all of the products of 
the column are separately delivered to and 
pass through the tubes 29 and 30 in contact 
with the incoming gaseous mixture. 
The tubes 30 of section. A deliver the sev- 05 

eral gases to chambers 37, 38 and 39, inter 
mediate sections A and B of the exchanger 
and thence to the tubes 30 of section B. The 
gas passing through the tubes 29 in the sec 
tion A is delivered to a chamber 40 and 90 
thence through a pipe 41 to a chamber 42 
communicating with the tubes 29 of the sec 
tion B. A pipe 43 delivers the incoming 
gaseous mixture from the section B to the 
section A. The tubes 30 terminate in cham- 105 
bers 44, 45 and 46 intermediate the sections 
B and C and the tubes 29 terminate in a 
chamber 47 similarly disposed. 
The gas in the chamber 47 is delivered 

through a pipe 48 to a corresponding cham- ll0 
ber 49 in the section C of the exchanger. A 
portion of the gas, which in the treatment of 
air, is substantially pure nitrogen, is with 
drawn through a pipe 50, controlled by a 
valve 51, and is delivered to an engine 52 is 
where it is expanded with external work and 
thereby cooled. Thence the gas passes 
through a pipe 53 to the chamber 10 of the 
column and the cold produced by expansion 
is utilized therein in the preliminary lique. 
faction of the gaseous mixture. The cold 
gas circulates about the baffles 15 and es capes through the pipe 32 to the exchanger. 

rom the chamber 45 of the section B of the exchanger, the gas is conveyed through 
a pipe 54 to a chamber 55, with which tubes 
30 of section C communicate. A pipe 56 
conveys gas from the chamber 46 to a cham 
ber 57 with which tubes 30 of section C also 
communicate. Tubes 29 of section C com 
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municate with the chamber 49 receiving a 
portion of the gas from the chamber 4. A 
pipe 58 conveys gas from the section C of 
the exchanger to the section B, after the 
gas has passed about the baffles 31 therein. 
The tubes 30 deliver the gases passing there 
through to chambers 59 and 60 intermedi 
ate the sections C and D of the exchanger, 
and the tubes 29 deliver the gas conveyed 
thereby to a chamber 61. The gas from the 
chamber 61 is delivered through a pipe 62 to 
a chamber 63 in the section ID of the ex 
changer. The tubes 29 of section D com 
municate with the chamber 63 and the tubes 
30 with the chambers 59 and 60. The gase 
ous mixture in the section D escapes through 
a pipe 64 to the section C. The gases are 
delivered by the pipes 29 to a chamber 65 
and by the pipes 30 to chambers 66 and 
67 at the end of the exchanger. 
From the chamber 65, the gas, which, in 

the treatment of air, is substantially pure 
nitrogen, is withdrawn through a pipe 68 
controlled by a valve 69 and is delivered 
to an engine 70, where it is expanded with 
external work and is delivered through a 
pipe 71 to the chamber 57 of the exchanger 
where it mixes with the gas previously ex 
panded in the engine 52 and entering 
through the pipe 56. The cold produced by 
the expansion of the gas in the engine 70 
is thus utilized in cooling the incoming 
gaseous mixture. A portion of this cold gas 
is drawn from the engine 70 to a pipe 72 
controlled by a valve 73 and is delivered to 
an exchanger 74 as hereinafter described. 
Gas from the chamber 66 at the end of the 

exchanger, which, in the treatment of air is 
substantially pure oxygen, is withdrawn 
through a pipe 75 controlled by a valve 76 
and is delivered to an engine Y where, it is 
expanded with external work and delivered 
through a pipe 78 controlled by a valve 79 
to the exchanger 74. The exchanger 74 
is employed in precooling the incoming gase 
ous mixture and comprises a shell 80 and a 
Ery of tubes 81 terminating in cham 
ers 82 and 83. The gaseous mixture en 

ters the shell 80 through a pipe 84 and is 
delivered therefrom through a pipe 85. The 
pipes 72 and 78 supply cold gases from 
the engines 70 and 77 to the chambers 82 
and 83, and the gases pass through the tubes 
81 to the opposite chambers 82 and 83 from 
which they escape through pipes 86 and 
87. The incoming gaseous mixture is thus 
cooled by indirect contact with cold prod 
ucts from the column and the precooling 
thus accomplished causes a preliminary 
condensation of the gaseous mixture. Thus 
it is possible for the compressors, as herein 
after described, to handle a considerably 
greater volume of gas than would be pos 
sible if the gas entered at normal atmos 
pheric temperature. 

604:34.9 

The cold gaseous mixture is delivered 
from the pipe 85 to a single stage compres 
sor 89, where it is initially compressed. The 
compressed gaseous mixture escapes through 
a pipe 90 to an intercooler 91 in which the 
gaseous mixture is cooled by indirect con 
tact with water. Thence the gas passes 
through a pipe 92 to a compressor 93. A 
pipe 94 controlled by a valve 95 conveys gas 
which, in the treatment of air, is the effluent, 
escaping from the top of the rectification 
column and having substantially the com 
position of air, to the pipe 92 where it mixes 
with the incoming gaseous mixture. The 
gas delivered through the pipe 94 is very 
cold and serves, by mixing with the incom 
ing compressed gaseous mixture, to precool 
the latter in a manner similar to the precool 
ing in the exchanger 74 with a correspond 
ing effect upon the capacity of the com 
pressor 93. From the compressor 93 the 
gaceous mixture is delivered to a pipe 96 to 
an aftercooler 97 where it is subjected to 
the cooling action of water and is thence 
conveyed to a pipe 98 to the section D of 
the exchanger 27. In the exchanger, as 
previously described, the gaseous mixture 
is cooled by heat interchange with the vari 
ous products of the column and is finally 
delivered at an extremely low temperature 
through the pipe 25 to the pot 9. The gas 
in the chamber 67 at the end of the exchanger 
27 which has been previously expanded in 

30 

35 

90 

the engines. 52 and 70, escapes through a . 
pipe 99. 

Obviously in starting the operation, the 
entire system is at atmospheric temperature. 
and the desired low temperature, must be 
established by the expansion of the previ 
ously compressed gaseous mixture, For 
this purpose I provide a by-pass 100 con 
trolled by a valve, 101 and connecting the 
Rip 50 and 94 and a by-pass 102 controlled 
y 

78. In starting the valves 101 and 103 are 
opened and the valves 73, 79 and 95 are 
closed, while a valve 104 in the pipe 71 is 
opened fully, it being partially closed in 
normal operation. 
The gaseous mixture, after compression 

and passage through the exchanger 27, en 
ters the column through the pipe 25. A 
portion thereof escapes through the pipe 23 
and another portion leaves EER pipe 
24, the remainder being delivered through 
the pipe 26. The gaseous mixture reenter 
ing the exchanger 27 from the pipe 26 passes 
through the tubes 29 of sections A and B, 
and a portion is withdrawn and expanded 
in the engine 52, and is thereby cooled. The 
cooled gaseous mixture passes through the 
pipe 53 to the chamber 10, causing the pro 
gressive cooling of the incoming gaseous mix 
ture in the tubes, 73. The gaseous mixture 
escaping from the chamber 10 through the 
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pipe 32 travels through tubes 30 of the ex 
changer and is finally delivered through the 
pipe 99. 
Another portion of the gaseous mixture. 

from the pipe 26 is withdrawn, after passage 
through the tubes 29 of sections C and D of 
the exchanger, and is delivered through the 
pipe 68 to the engine 70 where it is expand 
ed and thereby cooled. The cooled gaseous 
mixture is delivered by the pipe 71 to the 
exchanger 27 and, mixing with the expanded 
product of the engine 52, it passes through 
the tubes 30 in sections C and D to the 
pipe 99. 
The gaseous mixture from the pipe 23 

passes through the tubes 30 in sections A 
and B. of exchanger 27 and is delivered by 
the pipe 94 and by-pass 100 to the engine 52, 
joining the gaseous mixture from the pipe 26 
before expansion in the engine. The gaseous 
mixture from the pipe 24, after passing 
through the tubes 30 in all sections of the ex 
changer 27, is delivered by the pipe 75 to 
the engine " where it is expanded and 
cooled. The cooled gaseous mixture is de 
livered through the pipe 78, bypass 102 
and pipe 72 and 71 to the exchanger 27, mix 
ing with the expanded gaseous mixture from 
the engine 70 and after passing through the 
tubes 30 in sections C and D of exchanger 
27, the gaseous mixture escapes through the 
pipe 99. '. 

It will be apparent that in starting, all 
of the gaseous mixture is expanded after 
compression and that cooling of the gaseous 
mixture is thus progressively carried on 
until the desired low temperature is attained 
and liquid is deposited in the pot 9. The 
method is particularly effective in starting, 
the temperatures falling rapidly so that the 
methodis in full operation in a much shorter 
time than is possible with previously known 
methods. Of course, when the desired tem 
peratures have been attained, the valves are 
readjusted to the normal working conditions 
as previously described. 
With the arrangement of the apparatus 

clearly in mind, it will be apparent that the 
proposed method of liquefaction involves 
numerous novel principles which distinguish 
it from methods heretofore employed in the 
liquefaction and rectification of gases. As 
suming that the method is in operation and 

- that air is being treated, it will be noted that 
the air is subjected in the column to cooling 
by indirect contact, first, with the cold gas 
eous product and subsequently by contact 
with an evaporating liquid so that the more 

6) 

6. 

liquefiable constituent is separated and flows 
into the pot 9, while the residual gas which is substantially pure nitrogen passes off 
through the pipe 26. During the liquefac 
tion operation, there is no release from the 
pressure of the gaseous mixture and conse 
quently the nitrogen escapes from the col 

7 

umn at its initial pressure and after giving 
up its cold, it is expanded in suitable engines 
to recover a large proportion of the energy 
Originally employed in bringing the gaseous 
mixture to the initial pressure. The nitro 
gen is, moreover, withdrawn from the cycle, 
so far as the further treatment of the gaseous 
mixture is concerned and is never liquefied. 
The liquid accumulating in the pot 9 is 
substantially 47% oxygen and Eiver 
through the pipe 20 with slight throttling 
by the valve 21 to the rectification chamber 
12 of the column. 
The effluent gas escaping through the pipe 

23 from the column has the equilibrium com 
position for a liquid such as is deposited in 
the pot 9 and consequently this effluent gas 
corresponds in composition to atmospheric 
air. The effluent gas is extremely cold and 
after passing through the exchanger it may 
be discharged to the atmosphere through a 
valved outlet 95. However, as above noted, 
it is preferably employed while still in a cold 
condition and at a pressure of the upper part 
of the column to precool the gaseous mix 
ture before the latter passes to the second 
compressor. 
through the rectification compartment 12 
meets vapors arising from the liquid in the 
receptacle 16 so that nitrogen is gradually 
separated from the liquid which finally ar 
rives in the bottom of the chamber 11 as 
substantially pure liquid oxygen. The liquid 
is there vaporized and escapes through the 
pipe 24. It will be here noted that both 
oxygen and nitrogen in a substantially pure 
condition are delivered from the column, and 
that the separation is accomplished without 
an excessive pressure drop. 
The oxygen escaping through the pipe 24 

and air escaping through the pipe 23 at 
very nearly the initial pressure of the in 
coming air. The Oxygen, being at high pres 
sure, may, after it has been warmed by in 
direct contact with the incoming air, be ex 
panded in a suitable engine to recover the 
portion of the energy originally expended in 
compressing the incoming air, the recovery 
of energy, from this source when combined 
with that recovered by the expansion of ni 
trogen delivered from the column, compris 
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The liquid passing down 
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ing the major portion of the energy origi 
nally employed in compressing the air. 
The energy recovered in the various en 

gines in starting as well as in normal opera 
tion, may be utilized in driving the compres. 
sors, and inasmuch as the energy recovered 
is a material proportion of that employed in 
the initial compression there is a marked 
saving in operation, Precooling of the gas 
before compression introduces a further sav 
ing and the elimination of one constituent, for example, nitrogen, without liquefaction 
completes the possible economic advantages 
to be effected in a liquefaction operation, 
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The pressures and temperatures attained 
in the practice of the method will depend 
upon Well known principles of liquefaction 
and will vary with gaseous mixtures of dif 
ferent character. It will not be necessary, 
however, to employ initial pressures as high 
as has been heretofore essential, nor will the 
the tenperatures be so low as is required 
when all of the gaseous mixture treated must 

10 be liquefied. Because they are subject to 
wide variation no attempt is made herein 
to set forth in detail the pressures and tem 
perature employed. It is sufficient to note 
that in the treatment of air, initial pressures 

15 upward to 30 atmospheres will be quite suf 
ficient and that a temperature well above the 
critical temperature of nitrogen may be de 
veloped for example-156° C. in the lique 
faction Zone. 

20 I am aware that various changes may be 
made in the apparatus herein described with 
out departing from the invention or sacrific 
ing any of its material advantages. 
I claim:- 
1. In an apparatus for separating the 

constituents of gaseous mixtures, the combi 
nation of means for subjecting the mixture 

Nto selective liquefaction to form a liquid con 
taining the constituents and a residual unliq 

30 uefied gas, means for withdrawing and ex 
panding the residual gas, means for cooling 
the entering gaseous mixture with the ex 
panded gas, a rectifier, means for delivering 
said liquid to the top of the rectifier, means 
for withdrawing an effluent having substan 
tially the composition of the entering gas 
eous mixture from the top of the rectifier 
and means for separately withdrawing the 
vapor formed from the rectified liquid. 

40 2. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 
selective liquefaction to form a liquid con 
taining the constituents and a residual un 

2 s 

s 

45 liquefied gas, means for withdrawing and , 
expanding the residual gas, means for cool 
ing the entering gaseous mixture with the 
expanded gas, a rectifier, means for deliver 
ing said liquid to the top of the rectifier, 

50 means for withdrawing an effluent having 
substantially the composition of the entering 
gaseous mixture from the top of the recti 
fier, means for returning the effluent for 
further separation and means for separately 

55 withdrawing the vapor formed from the rec 
tified liquid. 

3. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 

60 selective liquefaction to form a liquid con 
taining the constituents and a residual un 
liquefied gas, means for withdrawing the 
residual gas, means for successively expand ing separate portions of the residual gas, 

65 means for utilizing the expanded residual 

gas to maintain the required low tempera 
ture in the apparatus and means for recti 
fying said liquid. 

4. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 
selective liquefaction to form a liquid con 
taining the constituents and a residual un 
liquefied gas, means for withdrawing the 
residual gas, means for warming the residual 
gas, means for successively expanding sepa 
rate portions of the residual gas, means for 
utilizing the expanded residual gas to main 
tain the required low temperature in the ap 
paratus and means for rectifying Said liquid. 

5. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 
selective liquefaction to form a liquid con 
taining the constituents and a residual un- & 
liquefied gas, means for rectifying the liquid, 
means for withdrawing vapor produced by 
evaporation of the liquid product of the 
rectification, means for separately expanding 
the residual gas and said vapor and means 
for utilizing the cold products of expansion 
to maintain the required low temperature 
of the apparatus. 

6. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to se 
lective liquefaction to form a liquid contain 
ing the constituents and a residual unlique 
fied gas, means for rectifying the liquid, 
means for withdrawing vapor produced by 
evaporation of the liquid product of the 
rectification, means for warming the residual 
gas and said vapor, means for separately 
expanding the residual gas and said vapor 
and means for utilizing the cold products 
of expansion to maintain the required low 
temperature of the apparatus. 

7. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 
selective liquefaction to form a liquid con 
taining the constituents and a residual un 
liquefied gas, means for rectifying the liq 
uid, means for withdrawing vapor produced 
by evaporation of the liquid product of the 
rectification, means for successively expand 
ing the residual gas, means for separately 
expanding the vapor and means for utilizing 
the cold products of expansion to maintain 
the required low temperature of the appa 
ratus. - 

8. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 
Selective liquefaction to form a liquid con 
taining the constituents and a residual un 
liquefied gas, means for withdrawing the 
residual gas and means for subjecting the 
liquid to rectification only with vapors aris 
ing from preceding portions thereof to sepa 
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rate an effluent having substantially the com 
position of the entering gaseous mixture. 

9. In an apparatus for separating the con 
stituents of gaseous mixtures, the combina 
tion of means for subjecting the mixture to 
selective liquefaction to form a liquid con 
taining the constituents and a residual un 
liquefied gas, means for withdrawing the 
residual gas, means for subjecting the liquid 
to rectification only with vapors arising 
from preceding portions thereof to separate. 
an effluent having substantially the composi 

15 

tion of the entering gaseous mixture and 
means for returning the effluent for further liquefaction. 

10. In an apparatus for separating the 

constituents of gaseous mixtures, the combi 

3) 

nation of means for subjecting the mixture 
to selective liquefaction to form a liquid 
containing the constituents and a residual 
unliquefied gas, means for withdrawing the 
residual gas, means for subjecting the liquid 
to rectification only with vapors arising 
from preceding portions thereof to separate 
an effluent having substantially the compo 
sition of the entering gaseous mixture, means 
for warming the effluent and means for com 
bining the effluent with the entering gaseous 
mixture after initial compression thereof. 
In testimony whereof affix my signature. 

CLAUDE C. WAN NUYS. 
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