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LIQUEFACTION or NATURAL GAS 

BACKGROUND OF INV ENTION 

This application is a continuation-in-part of our co» 
pending application, Ser. No. 843,427, filed July 22, 
l969 and entitled “Liquefaction of Natural Gas.” 
This invention relates generally to processes and ap 

paratus for the liquefaction of natural gas, and more 
speci?cally relates to a process and apparatus wherein 
both a nitrogen cycle and a let-down cycle are utilized 
to produce the refrigeration effecting'liquefaction. 
The usage of natural gas as a fuel in both commercial 

and household applications has increased tremen 
dously in recent years and an ever growing network of 
natural gas pipelines is spreading throughout the coun 
try. In order to anticipate seasonal loads (winter 
months), unexpected loads, and to insure continuity of 
service, it hasbeen found necessary to store natural gas 
at various locations throughout the country. The gas is 
stored in liquid form since this is the most economical 
way of storing a large quantity of gas. When a peak de 
mand occurs, the liquid storage is drawn down and va 
porized and supplied to the user to supplement the gas 
which is normally supplied from a gas distribution sys‘ 
tem. LNG plants have also been installed at points of 
shipment (i.e., seaports, etc.) since the gas is usually 
shipped in liquid form. 

In our aforesaid copending patent application Ser. 
No. 843,427, assigned to the assignee of the instant ap 
plication, there is disclosed a process for liquefaction 
of natural gas which constitutes a major step forward 
in the art. A plant built according to the teaching of‘ 
said application utilizes centrifugal machinery at high 
efficiencies and eliminates the need for cold blowers 
and cold pumps for the transfer of LNG to storage. The 
design contains a unique arrangement for the cleanup 
of the gas that is to be liquefied and provides for the 
control of composition of the LNG in storage and elim~ 
inates the high boilers in storage. In addition, natural 
gas is used in an efficient manner to regenerate adsorb— 
ers and then to drive a compressor. 
According to the general scheme of the aforemen 

tioned copending application, liquefaction of a natural 
gas stream is brought about primarily through use of a 
nitrogen cycle. Now, however, in accordance with the 
present invention, it has been found that important ad 
vantages and excellent results are obtained in a lique~ 
faction system which, while incorporating the advanta~ 
geous clean-up and boil'off features of the system 
taught in said copending application, makes use of a 
let-down cycle and a nitrogen cycle, to provide desired 
refrigeration. 

In accordance with the foregoing, it may be regarded 
as an object of the present invention, to provide a 
method and system for liquefaction of natural gas 
which advantageously utilizes ?ow and pressure of the 
incoming gas to, in part, provide the refrigeration used 
for liquefaction and to furnish additional power to the 
nitrogen refrigeration cycle. 

‘It is a further object of the present invention, to pro 
vide a method and system for liquefaction of natural 
gas wherein both a let-down cycle and a nitrogen cycle 
act in combination to effect required refrigeration. 

It is another object of the invention to provide a 
method and system for liquefaction of natural gas 
which effects efficient refrigeration via use of both ni 

5 

0 

5 

25 

35 

40 

45 

50 

60 

2 
trogen and let-down cycles and which, as well, utilizes 
the natural gas to regenerate adsorbers in an economi 
cal fashion and to drive the gas turbine for the main 
compressor of the refrigeration cycle. 

It is still an additional object of the invention to pro 
vide method and system for liquefaction of natural gas, 
which utilizes both a nitrogen and a let-down cycle for 
effecting refrigeration and wherein at least a part of the 
nitrogen refrigerant is used to ‘maintain a constant LNG 
composition in the storage tank by liquefying the va 
pors which are generated in said tank. 

SUMMARY OF INVENTION 

Now in accordance with the present invention, the 
foregoing objects and others as will become apparent 
in the course of the ensuing speci?cation are achieved 
in a process and system according to which a natural 
gas stream is initially passed through driers and filters 
and then split. A minor fraction of the split stream is 
passed through CO2 adsorbers and enters the refrigera 
tion cycle for liquefaction. The major fraction of said 
split stream is work-expanded and passed through a 
heat exchanger wherein its reduced temperature is uti 
lized for high level refrigeration. The said major frac 
tion is then sent to the distribution pipeline and not fur 
ther used in the cycle. The remaining refrigeration is 
effected by a nitrogen cycle, which provides both low 
level refrigeration and part of the high level refrigera 
tion. The system includes a clean-up cycle for incoming 
gas in which the carbon dioxide adsorption units are re 
generated and cooled by circulating natural gas at op, 
erating pressure. The system further includes utiliza 
tion of liquid nitrogen produced in the nitrogen cycle 
for purposes of condensing the boil-off in the LNG 
storage tank, whereby to maintain constant purity in 
the tank. 

BRIEF DESCRIPTION OF DRAWINGS 

The invention is diagrammatically illustrated by way 
of example in the drawings appended hereto, in which: 
FIG. 1 and 2, when‘taken together, show a schematic ‘ 

flow diagram of a liquefied natural gas plant according 
to one embodiment of the present invention. 

DESCRIPTION OF PREFERRED EMBODIMENT. 
In the description that ensues, various system param 

eters such as pressures, temperatures, ?ow rates, etc., 
may from time to time be speci?cally set forth. In this 
connection it will be understood that such recitations 
are in no way intended to delimit the invention, but 
rather are supplied for the purpose of providing con 
crete illustration of the invention and thereby assisting 
the reader in gaining an understanding of such inven 
tion. 7 ' 

Referring to FIG. 1, natural gas enters the system 1 
through conduit 3. The feed gas generally comes from 
a distribution network or it may come directly from a ' 

natural gas wellhead or other source. The inlet temper-‘ 
ature, pressure and flow of the feed gas remain rela 
tively constant and the particular system is designed ac- v 
cordingly. In a typical instance the infeed gas is at ap 
proximately 200psig and 70°F and. flows at the rate of 
about 27 MM SCFD. The system would, of course, be 
readily adapted to accommodate other inlet pressures, 
temperatures and ?ows. , Y 

A typical natural gas feedstream contains methane, 
nitrogen, ethane and other hydrocarbons down to pen 
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tanes in varying proportions. A representative compo 
sition treated by the present invention may, for exam 
ple, have the following major constituents in mol per 
cent: N2 at 0.53 percent, methane at 94.5 percent, eth 
ane at 3.19 percent, propane at 0.53 percent, CO2 at 
0.98 percent and remaining heavier hydrocarbons and 
other impurities (odorant, H2O, etc.). 
The feed stream (a very small part of which is di 

verted into conduit 7 for purposes to be subsequently 
described) is passed through separator 5 which re 
moves the entrained liquids (water, oils, odorants, sul 
phurs, etc.). The feed gas is then dried to approxi 
mately —l00°F dew point in the desiccant drier 9, 
which is of the molecular sieve bed variety. Drier 9 is 
one of a pair of such driers 9, 9a, which serve to further 
remove moisture, heavy hydrocarbons, odorants, sul 
phurs and sulphur compounds from the feed gas 
stream. As shown in FIG. 1, drier 9 is on stream while 
drier 9a is being regenerated. The regeneration process 
will be described in detail hereinbelow. The feed 
stream then proceeds through a ?lter 11 which re 
moves any adsorber particles which may have been en 
trained in the gas stream as it passes through the bed 
of drier 9. - 
Upon leaving filter 11, the stream is split into two 

parts which proceed respectively through the two con 
duits 13 and 15. The major portion of the dried gas is 
directed toward an expander 17' (FIG. 2) by flow con 
trol valve 19. The remaining gas goes through a second 
molecular sieve bed CO2 adsorber 21 for removal of 
carbon dioxide. After this final purification and passage 
through a ?lter 22 a small'portion is diverted into con~ 
duit 23 to the cooling loop purge gas and the remaining 
gas is sent via conduit 25 toward heat exchanger 29 
(FIG. 2) and ultimate liquefaction. 
The carbon dioxide adsorbers 21a and 21b, not on 

stream, are regenerated and cooled by circulating natu 
ral gas at approximately operating feed gas pressure. 
Regeneration flow is circulated by blower 31 and 
heated in exchanger 37 to about 550°F by exhaust gas 
proceeding from gas turbine driven recycle compressor 

0 

5 

25 

35 

40 

33 via conduit 35. The said ?ow is then passed through . 
the adsorption unit being regenerated (such as ad 
sorber 21b), cooled to allowable blower inlet tempera 
ture in exchanger 37 and recirculated. A similar loop 
is provided by blower 39 and heat exchanger 41 for 
cooling the carbon dioxide adsorber 21a ‘after regener 
ation. The three adsorbers 21, 21a, and 21b are ar 
ranged so that at a given period of time one unit is in 
active service, one is in regeneration and the third is in 

I a cool-down period. The ?ows for these three opera 
tions are sequenced by an automatic timer controlling 
pneumatic valves in a manifolded system. These latter 
items are not explicitly shown in the present drawings 
but are standard in the art and well understood by those 

. skilled in flow control techniques. 
The regeneration and cooling recycle streams are 

continuously purged with a bleed stream of puri?ed, 
dry natural gas to prevent an excessive buildup of con 
taminants. The bleed stream flow enters the cool-down 
recycle stream from conduit 23, is in turn vented into 
the regeneration recycle stream via conduit 43. A con 
nection via conduit 45 is provided between cooling re 
cycle stream and conduit 47 in'the cooling and regener 
ation loop for off-stream drier 9a. Depending upon the 
positions of valves 49 and 51 cooling or regeneration 
(via a separate pass 53 in heat exchanger 37) may be 
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effected for the off-stream drier. Driers 9 and 9a are ar 
ranged so that at a given period of time one unit is in 
active service and the other is regenerating or cooling. 
The ?ows for these operations are sequenced by an au 
tomatic timer controlling pneumatic valves in a mani 
folded system. Such sequencing and flow'controlling 
means are not explicitly shown in the present drawings 
as they are standard in the art and well understood by 
those skilled in ?ow control techniques. 
The purge stream is subsequently vented into the fuel 

gas system for the gas turbine driver 93 of recycle com 
pressor 33 via the valves 54 and 55. 

Referring now especially to FIG. 2, it is seen that the 
dry, puri?ed approximately 200 psig natural gas pass 
ing through conduit 25 (FIG. 1) is conveyed to heat ex 
changer 29 and there sent through pass 53 where such 
gas is cooled by nitrogen and expanded natural gas 
from its original (ambient) temperature to approxi 
mately —l20°F. At this pressure and temperature ap 
proximately 1.0 percent of the feed gas will separate as 
liquid in heavy ends separator 55. This liquid contains 
essentially all of the pentanes and heavier components 
and a majority of the butanes included in the design 
feed gas speci?cation. Heat input of the LNG to stor 
age can thereby be controlled by the amount of fore 
cooling provided to the natural gas through exchanger 
29. 
The liquid accumulated in heavy ends separator 55 

is passed through conduit 57 and valve 59, mixed with 
cold expanded gas from high level expander 17 and va 
porized and warmed in exchange pass 61 against in 
coming let-down gas in pass 63, incoming feed gas in 
pass 53 and incoming nitrogen in pass 119. The mixture 
is warmed to near ambient temperature and sent via 
conduit 65 to the distribution pipeline. 
The gas phase from separator 55 is passed via conduit 

67 to heat exchanger 71 and conveyed through ex 
change pass 69 wherein it is lique?ed and subcooled to 
about —~2.60°F. The condensate is then passed through 
conduit 73, expanded to tank pressure through eductor 
75 and sent to LNG storage tank 77 with no ?ash. Flow 
control valve 79 maintains the desired liquefaction rate 
for the system. 
High level refrigeration is provided by expanding nat 

ural gas to approximately 75 psia and ——65°F in high 
level expander 17. The gas, as has been previously 
mentioned, is supplied from conduit 13; a portion is 
passed through conduit 81 and temperature control 
valve 83; the bulk, however, is cooled in pass 63 prior 
to expansion. The expanded gas is mixed with heavy 
ends from separator 55 and warmed to near ambient 
temperature as described above. ' ’ 

Low level refrigeration is provided by a closed loop 
nitrogen expansion cycle. In general the working pres 
sure levels selected in this nitrogen cycle represent an 
optimization of the'required cycle thermodynamics and 
enable use of standard hardware with operating sim 
plicity and high reliability. 
The initial nitrogen charge and subsequent nitrogen 

make-up enters the system from conduit 85 and is 
passed by control valve 87 to the closed loop. The ni 
trogen then proceeds via conduit 89 to the compressor 
section 91 of gas turbine driven recycle compressor 33. 
As was described in connection with FIG.1, purge gas 
from the gas conditioning section of system provides 
the majority of the fuel required for the gas turbine 
driver 93 of recycle compressor 33; supplemental fuel 
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is derived from the gas ?owing through conduit 7. The 
nitrogen is intercooled during compression by an inter 
cooler 95 associated with compression section 91. The 
nitrogen is then cooled in aftercooler 97, split into con 
duits 99 and 101, and compressed to about 620 psia by 
compressors 103 and 105. The compressors 103 and 
105 mentioned are seen to be driven respectively by 
process expanders 107 and 17; expander 107 and com 
pressor 103 together comprise the low level exp/comp 
unit generally designated as 109; similarly, exander 17 
and compressor 105 together comprise the high level 
exp/comp unit generally designated as 111. 
The high pressure nitrogen in conduit 113 is again 

cooled in aftercooler 115, and then conveyed by con 
duit 117 to exchanger 29. There the nitrogen proceeds 
through pass 119 where it is forecooled by expanded 
natural gas and separated heavy ends in pass 61 and by 
cold return nitrogen gas in pass 121. The nitrogen then 
flows via conduit 123 to pass 125 of exchanger 71. The 
flow is splitintermediate such pass with the bulk of the 
flow being sent through conduit 127 to low level ex 
p/comp unit 109 where in expander 107 the nitrogen 
is work‘expanded to approximately 80 psia and 
—265°F. The expanded nitrogen then flows through 
pass 129, there providing the majority of the refrigera 
tion for liquefying and subcooling the remaining natu 
ral gas passing through pass 69 and liquefying the 
minor stream of nitrogen passing through pass 125. The 
cold nitrogen then passes upwardly through pass 121 of 
exchanger 29, there being warmed to near ambient 
temperature and supplementing the high level refriger 
ation provided by natural gas ?owing through pass 61. 
The nitrogen ?ow through expander 107 is controlled 
by adjusting variable inlet guide vanes with a suitable 
control means 131. Therefore, with a constant amount 
of let-down natural gas available for expander 17, the 
liquefaction capacity and heat input of the LNG can be 
controlled by adjusting such means 131. 
That portion of the high pressure nitrogen entering 

pass 125 which is not split into conduit 127, is cooled 
and lique?ed and'used for recondensing LNG tank va 
pors in boil-off condenser 133, which vapors reach 
condenser 133 via conduit 78 and valve 80. More spe 
ci?cally the nitrogen passes through conduit 135'to ni‘ 
trogen separator 137. A level of nitrogen is maintained 
in separator 137 by a level controller 147 which con 

' trols valve 145. Liquid nitrogen passes through conduit 
139, exchange pass 143 and return pass 141a. Nitrogen 
gas is returned via conduit 149 and joins the low tem 
perature gas coming from the expander 107.. 
Make-up nitrogen to the refrigeration cycle is con 

trolled by the position of valve 87. A pressure control~ 
ler 87a senses the pressure in the high pressure line 117 
and when the line pressure drops below that desired, 
additional nitrogen is added to the pressure suction to 
recycle compressor 33. Generally nitrogen is stored in 
liquid form and vaporized as necessary for supply to 
line 85. 

It will be readily apparent that the process and system 
described in detail above is especially suited for situa 
tions wherein only a selected portion of the feed gas is 
lique?ed. The LNG which is stored in the storage tank 
77‘ may be withdrawn in liquid form. To ship lique?ed 
natural gas by truck, etc. to remote locations, it is thus 
only necessary to withdraw the liquid through conduit 
15]. A trailer loading pump 153 may assist in transfer‘ 
ring the liquid to trailer station 155. 
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During times when the liquefier is not in operation, 

the vapor which is in the tank above the liquid is with 
drawn through conduit 78. To bring the gas up to 
proper pressure for entrance into the distribution net 
work, it is passed through a heater 157 and then com 
pressed in boil~off compressor 159', it is then cooled in 
after-cooler 161 and passed through valve 163 to the 
distribution network. Certain compressor designs will 
handle low temperature gas and if such designs are 
chosen, then heater 157 may be dispensed with. For 
peak demand requirements, liquid may be withdrawn 
through conduit 165 and pumped by LNG liquid send 
out pump 167 to vaporizing unit 169. The vaporized 
product may then be forwarded to the distribution net 
work as desired. 
Although the invention has been described primarily 

with respect to the liquefaction of natural gas and is es 
pecially suited therefor, it may also be used for the liq 
uefaction of other gases. The temperatures, pressures, 
flow rates, etc. would under such circumstances be ap 
propriately adjusted to render the system compatable 
for processing of the gas in question. 7 
The unique combination’ of a letdown cycle and a 

nitrogen cycle provides for a most economical lique?er - 
arrangement. In the instant embodiment the let-down 
cycle provides a major part of the refrigeration for the 
liquefier. The amount of refrigeration available in let 
down is determined by the available energy, in the in 

- coming feed gas. If less energy is available, the let-down 
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cycle may only provide a minor part of the refrigera 
tion. As shown in the drawing, ‘the let-down expander 
is compressor loaded to provide a part of the compres 
sor work of the nitrogen refrigeration cycle. If condi 
tions permit the letdown expander could be generator 
loaded. In the cycle shown, letdown provides a substan 
tial portion of the nitrogen cycle horsepower require- 7 
ment. . 

While the present invention has been particularly de~ 
scribed in terms of specific embodiments thereof, it will 
be understood in view of the present disclosure, that 
numerous variations upon the invention may be made 
by those skilled in the art, which variations are yet 
within the proper scope of the instant teaching. Ac 
cordingly the invention is to be broadly construed, and 
limited only by the scope and spirit of the claims now 
appended hereto. ' 

We claim: 
1. A system for the low temperature liquefaction of 

natural gas and for the storage of the liquefied product, 
comprising, means for splitting a stream of natural gas 
into at ‘least first and second fractions upstream of a 
heat exchanger means having a high and low level heat 
exchanger means; means cooling at least part of the 
said ?rst fraction in the high level heat exchanger 
means, then directing the first fraction to expansion 
turbine means for work-expanding said ?rst fraction to 
cool said ?rst fraction and then returning said ?rst frac 
tion for heat exchange to said high level heat exchanger 
means, said high level exchanger means also reducing 
the temperature of said second fraction by heat ex 
change with said cooled ?rst fraction, said low level 
heat exchanger means further reducing the tempera 
ture of said second fraction to at least liquefaction tem 
perature by heat exchange with a low temperature ni~ 
trogen stream; conduit means for directing said second 
fraction through said high and low level heat exchanger 
means; A 
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a closed nitrogen refrigeration cycle having passes 
through said high and low level heat exchanger 
means, said nitrogen cycle including a source of 
gaseous nitrogen, means for compressing said ni 
trogen driven at least in part by the power devel 
oped at said turbine means, means for passing said 
compressed nitrogen through said high level heat 
exchanger means in countercurrent relationship 
with said cooled first fraction of natural gas to pre 
cool said nitrogen, means to expand at least part of 
saidpre-cooled nitrogen to further cool said nitro 
gen and means to pass said further cooled nitrogen 
successively through said low and high level heat 
exchanger means in countercurrent relationship to 
the said second fraction; 

LNG storage means, means for conveying the lique 
fied product from said low level exchanger means 
to said storage means; and means to selectively 
withdraw LNG from said storage means and fur 
nish product to gas distribution means. 

2. A system according to claim 1, further including 
conduit means for conducting said ?rst fraction from 
said highglevel heat exchanger means to said distribu 
tion means. > 

3. A system according to claim 2, further including 
drier means for removing moisture from said stream of 
natural gas before the stream is split. 

4. A system according to claim 3, further including 
carbon dioxide adsorber means positioned to remove 
carbon dioxide from said second fraction of said natu 
ral gas prior to liquefaction. _ 

5. A system according to claim 4, wherein said car 
bon dioxide adsorber means and said drier means are 
respectively members of groups of such units, said sys 
tem including means for activating one adsorber means 
and one drier means at a time, said system further in 
cluding means for regenerating the members of said 
groups with a ?ow of warm natural gas and for cooling 
said members following regeneration with a ?ow of 
cool natural gas and means for withdrawing a portion 
of said second fraction of natural gas for use in purging 
said regeneration and cooling flows to prevent an ex 
cessive build-up of contaminants. 

6. A system according to claim 5, further including 
boil-off condenser means for receiving boil-off vapors 
from said LNG storage means and condensing said va 
pors, means for returning the condensate to said stor 
age means to maintain the constituency at said storage, 
means for forming liquid nitrogen in‘said low level heat 
exchanger means, conduit means directing said liquid 
nitrogen to said condenser means to effect cooling 
thereat and means to return the nitrogen after passage 
through said condenser means to said low level ex 
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8 
changer means. _ 

7. A process for liquefying natural gas, comprising 
splitting a natural gas stream into at least first and sec 
ond fractions upstream of a heat exchanger means in 
cluding a high level heat exchanger means and a low 
level heat exchanger means; removing moisture and 
carbon dioxide from at least said second fraction by 
passing said fraction through adsorption units; regener 
ating said adsorption units-with warm and then cool 
streams of natural gas, purging said regenerating 
streams with a natural gas stream to prevent an exces 
sive build-up of contaminants; cooling at least part of 
said first fraction in said high level heat exchanger 
means, then directing the first fraction to expansion 
turbine means for work-expanding said first fraction to 
cool said first fraction and then returning said first frac 
tion for heat exchange to said high level heat exchanger 
means; reducing the temperature-of said second frac 
tion by heat exchange with said cooled first fraction at 
said high level heat exchange means; further reducing 
the temperature of said second fraction to at least liq 
uefaction temperature by heat exchange with a closed 
nitrogen refrigeration cycle; using the power developed 
in said expansion of said ?rst fraction to drive a com 
pressor in said nitrogen cycle, engine-expanding a ni 
trogen stream in said cycle to produce low temperature 
nitrogen gas, using said low temperature nitrogen gas 
to liquefy said second fraction reducing the pressure of 
said lique?ed stream to a desired storage pressure and 
directing the same to a storage facility; and condensing 
the boil-off from said storage facility byheat exchange 
with a stream of liquid nitrogen obtain from said nitro 
gen cycle. 

8. A process as de?ned in claim 7, further comprising 
sensing the pressure in said nitrogen cycle and supply 
ing additional nitrogen to said cycle to maintain desired 
cycle operation. 

9. A system in accordance with claim 1, further in~ 
cluding means for diverting at least a portion of said 
natural gas stream upstream of said heat exchanger 
means, and work expanding said portion at a second 
turbine means; and wherein said means compressing 
said nitrogen is driven at least in part by the power de 
veloped at said second turbine means. 

10. A method in accordance with claim 7, further in 
cluding diverting at least a portion of said natural gas 
stream upstream'of said heat exchanger means, and 
work expanding said portion at a second turbine 
means; and wherein said means compressing said nitro 
gen in said nitrogen cycle is driven at least in part by 
the power developed at said second turbine means. 

* * * * * 


