
 
 

NASA/TM-2010-216120 
 

 

Feasibility Analysis of Liquefying Oxygen 
Generated from Water Electrolysis Units on 
the Lunar Surface 
 
 
 
Frank F. Jeng 

 
 
Jacobs ESCG, Houston 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
National Aeronautics and 
Space Administration 
 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 
 
 
 
May 2010



 
 

The NASA STI Program Office . . . in Profile 
 

Since its founding, NASA has been 
dedicated to the advancement of aeronautics 
and space science. The NASA Scientific and 
Technical Information (STI) Program Office 
plays a key part in helping NASA maintain 
this important role. 
 
The NASA STI Program Office is operated 
by Langley Research Center, the lead center 
for NASA’s scientific and technical 
information. The NASA STI Program Office 
provides access to the NASA STI Database, 
the largest collection of aeronautical and 
space science STI in the world. The Program 
Office is also NASA’s institutional 
mechanism for disseminating the results of 
its research and development activities. 
These results are published by NASA in the 
NASA STI Report Series, which includes 
the following report types: 

• TECHNICAL PUBLICATION. Reports 
of completed research or a major 
significant phase of research that present 
the results of NASA programs and 
include extensive data or theoretical 
analysis. Includes compilations of 
significant scientific and technical data 
and information deemed to be of 
continuing reference value. NASA’s 
counterpart of peer-reviewed formal 
professional papers but has less stringent 
limitations on manuscript length and 
extent of graphic presentations. 

• TECHNICAL MEMORANDUM. 
Scientific and technical findings that are 
preliminary or of specialized interest, 
e.g., quick release reports, working 
papers, and bibliographies that contain 
minimal annotation. Does not contain 
extensive analysis. 

• CONTRACTOR REPORT. Scientific 
and technical findings by NASA-
sponsored contractors and grantees. 

• CONFERENCE PUBLICATION. 
Collected papers from scientific and 
technical conferences, symposia, 
seminars, or other meetings sponsored or 
cosponsored by NASA. 

• SPECIAL PUBLICATION. Scientific, 
technical, or historical information from 
NASA programs, projects, and mission, 
often concerned with subjects having 
substantial public interest. 

• TECHNICAL TRANSLATION 
English-language translations of foreign 
scientific and technical material 
pertinent to NASA’s mission. 

Specialized services that complement the 
STI Program Office’s diverse offerings 
include creating custom thesauri, building 
customized databases, organizing and 
publishing research results . . . even 
providing videos. 
 
For more information about the NASA STI 
Program Office, see the following: 
 
• Access the NASA STI Program Home 

Page at http://www.sti.nasa.gov 
 
• E-mail your question via the Internet to 

help@sti.nasa.gov 
 
• Fax your question to the NASA Access 

Help Desk at (301) 621-0134 
 
• Telephone the NASA Access Help Desk 

at (301) 621-0390 
 
• Write to: 
 NASA Access Help Desk 
 NASA Center for AeroSpace  
 Information 
 7115 Standard 
 Hanover, MD 21076-1320 
 



 
 

NASA/TM-2010-216120 
 

 

Feasibility Analysis of Liquefying Oxygen 
Generated from Water Electrolysis Units on 
the Lunar Surface 
 
 
 
Frank F. Jeng 

 
 
Jacobs ESCG, Houston 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
National Aeronautics and 
Space Administration 
 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 
 
 
 
May 2010



 

 

 

Available from: 
 

NASA Center for AeroSpace Information National Technical Information Service 
7115 Standard Drive 5285 Port Royal Road 
Hanover, MD 21076-1320 Springfield, VA 22161 
301-621-0390 703-605-6000 
 

 
This report is also available in electronic form at http://ston.jsc.nasa.gov/collections/TRS/ 



iii 
 

Contents 
 
 Summary ........................................................................................................... 1 
1.0 Introduction ....................................................................................................... 1 
1.1 Resources Available for Gaseous Oxygen Liquefaction on Lunar Surface ..... 1 
1.2 Desirable Liquid Oxygen Generation Rate ....................................................... 2 
2.0 Liquefaction of Gaseous Oxygen ..................................................................... 2 
2.1 Liquefaction by Directly Exposing Oxygen to Lunar Cold Environment ........ 3 
2.2 Gaseous Oxygen Liquefaction by Using Radiators, Joule-Thompson 

Expansion and Compressors ............................................................................. 4 
2.2.1 Case A – Liquefaction with inlet gaseous oxygen at 1,265 psia 

(8.72 MPa) and 110°F (317 K) ......................................................................... 6 
2.2.2 Case B – Liquefaction with inlet gaseous oxygen at 865 psia 

(5.96 MPa) and 110°F (317 K) ......................................................................... 7 
2.3 Liquefaction by Using Pulse Tube Coolers ...................................................... 8 
2.4 Discussion of Liquefaction Technologies......................................................... 9 
3.0 Conclusion and Suggestions ............................................................................. 9 
4.0 References ......................................................................................................... 10 
 
 
 
 
 

Figures 
 
1 Schematic of gaseous oxygen liquefaction by direct cooling ........................... 3 
2 Percent inlet gaseous oxygen liquefied in Joule-Thompson process ................ 5 
3 Schematic of gaseous oxygen liquefaction using radiator, heat 

exchanger, and compressor ............................................................................... 7 
4 Photograph of National Institute of Standards and Technology oxygen 

liquefier and a schematic of the oxygen liquefier ............................................. 8 
 



iv 
 

Acronyms 
 
CM crewmember 
ECLSS Environmental Control and Life Support System 
ESCG Engineering & Science Contract Group 
EVA extravehicular activity 
GOX gaseous oxygen 
ISRU in-situ resource utilization 
JT Joule-Thompson 
LOX liquid oxygen 
NIST National Institute of Standards and Technology 
O2 oxygen 
OGA oxygen generation assembly 
PLSS Portable Life Support System 
SPR small pressurized rover 
 
 



 

1 
 

Summary 

Concepts for liquefying oxygen (O2) generated from water electrolysis subsystems on the lunar 
surface were explored. Concepts for O2 liquefaction units capable of generating 1.38 lb/hr (0.63 
kg/hr) liquid oxygen were developed. Heat and mass balance calculations for the liquefaction 
concepts were conducted. Stream properties, duties of radiators, heat exchangers, and 
compressors for the selected concepts were calculated and compared. 
 
 
1.0 Introduction 

Oxygen (O2) supply is essential in future lunar surface life support systems. Liquid oxygen (LOX), 
a potential oxidant for lander ascent stage rockets (1), is projected to be a primary product of a 
lunar in-situ resource utilization (ISRU) system (1). Water will also be generated from ISRU (1). 
High- or moderate-pressure O2 will be generated by a water electrolysis unit using product water 
from ISRU. High-pressure gaseous oxygen (GOX) can be directly stored for use in an 
Environmental Control and Life Support System (ECLSS) and extravehicular activity (EVA), if 
the GOX pressure is higher than the desirable storage pressures. Oxygen at 3,000 psia (20.7 
MPa) is now part of the baseline for the Portable Life Support System (PLSS) application (9). 
Gaseous oxygen generated from ISRU will have to be compressed and stored for filling PLSS O2 
bottles if the GOX is generated at a pressure lower than 3,000 psia (20.7 MPa). Storing GOX 
between 2,000 and 3,000 psia (13.8 and 20.7 MPa) for use in a regenerative fuel cell power system 
was suggested for powering the lunar habitat when lunar sunlight is not available (10). 
 
There are advantages to transferring and storing O2 in the liquid phase, if GOX could be liquefied 
at relatively low penalty on the lunar surface. The density of LOX is much higher than that of 
GOX, and the storage volume for a fixed mass of LOX will be smaller than that for the same mass 
of GOX. Since the saturated pressure of LOX is low at a cryogenic temperature, the design 
pressure of storage vessels and, therefore, the mass of storage vessels could be significantly 
lower than the mass with high-pressure GOX storage (2). In addition to these advantages in 
storage volume and storage vessel mass, LOX is almost exclusively used as the oxidant in 
spacecraft engines. 
 
NASA, because of the above-cited reasons, wants to explore the feasibility of liquefying GOX 
generated from an ISRU water electrolysis unit on the lunar surface. 
 
1.1 Resources Available for Gaseous Oxygen Liquefaction on Lunar Surface 

In this study, water was assumed as a product of the ISRU element and GOX will be generated by 
a water electrolysis system (1). While the operating pressure of the water electrolysis system is 
not yet determined, an operational pressure range between 200 and 3,000 psia (1.37 and 20.7 
MPa) was considered feasible in this analysis. 
 
It was assumed that a GOX liquefaction unit will be located near the ISRU system. Hasan et al. 
found that the temperature around shaded tanks could be between -305°F (85 K) and -190°F (150 
K). The following cold resource was assumed in this analysis: 
 
 Temperature of sinks on the surface: between -305 and -190°F (85 and 150 K) 
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1.2 Desirable Liquid Oxygen Generation Rate 

A desirable LOX generation rate was estimated based on crew O2 usage on small pressurized 
rover (SPR) excursion missions. It was assumed that carrying LOX on SPR excursions is an 
alternative option in addition to carrying high-pressure GOX. Estimated O2 usages (8) for the 
SPR excursions are as follows: 
 
 No. of Crew   4 
 Duration   3–14 days 
 Crewmembers (CMs) in EVA   4 (2 SPRs; 2 CMs per SPR) 
 EVA duration   4 hours 
 High-pressure O2 usage in EVA   1.6 lbs. (0.73 kg)/CM-EVA 
 Low-pressure O2 consumption with exercise   1.8 lbs. (0.82 kg)/CM-d 
 Low-pressure purge O2 consumption   0.17 lb. (0.077 kg)/CM-EVA  
 SPR atmosphere   8 psia (55 kPa) 
 Oxygen partial pressure in SPR   3.1 psia (21 kPa)  
 Nitrogen partial pressure in SPR   4.9 psia (34 kPa) 
 Contractable airlock volume   91.8 ft3 (2.60 m3) 
 Oxygen loss in each airlock operation   0.16 lb (0.073 kg) (with contractable  
    airlock  atmosphere gas recovery) 
Total O2 required in a 14-day excursion   187.4 lbs. (85.0 kg) 
 
Required O2 generation rate   1.12 lb/hr (0.51 kg/hr) 
(assuming LOX will be generated in 7 days  
before excursions) 
Additional LOX required in nominal EVA   0.27 lb/hr (0.12 kg/hr)  
(for generating high-pressure O2 from LOX) 
Desirable LOX generation rate   1.38 lb/hr (0.63 kg/hr) 
 
 
2.0 Liquefaction of Gaseous Oxygen 

To liquefy O2 into LOX, the O2 temperature must be cooled below its critical or saturation 
temperature and the GOX must be compressed to above its critical or saturation pressure. 
 
The critical conditions (3,4) for O2 liquefaction are: 
 
 Critical temperature:  -181.4°F (155 K)  
 Critical pressure:  731.4 psia (5.04 MPa) 
 
Corresponding saturation temperatures of O2 at pressures of interest in liquefaction are as follows 
(4): 
 
Pressure, psia (MPa) 25 (0.17) 50 (0.34) 100 (0.69) 150 (1.03) 200 (1.38) 731 (5.04) 
Temperature, °F (K) -288 (95.4) -273 (104) -255 (114) -243 (120) -234 (125) -181 (155) 
 
In addition to using the lunar cold environment for O2 liquefaction, further cooling of O2 can be 
achieved by flowing cold high-pressure O2 through a throttling valve (5) in an isenthalpic 
expansion process or using cryogenic cooling devices. 
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By using a high-pressure O2 source from a water electrolysis unit of an ISRU and a cold resource 
on the lunar surface or from a cryogenic cooling device, the desired low-temperature LOX can be 
generated. Some promising technologies for these tasks are discussed in the following sections. 
 
2.1 Liquefaction by Directly Exposing Oxygen to Lunar Cold Environment 

Figure 1 is the schematic of this concept. Moderate-pressure O2 generated from a water 
electrolysis unit is dried first to remove the moisture content carried with GOX during the 
electrolysis. Molecular sieve desiccant beds were selected to remove the moisture. To take 
advantage of the higher moisture removal efficiency at a lower desiccant bed temperature, a two-
stage moisture removal process was conceptualized to remove essentially all of the moisture. 
Two radiators are used to cool GOX to generate LOX at –240°F and 165 psia (122 K and 0.84 
MPa). A sink temperature of –280°F (100 K) was assumed. The LOX temperature is limited by 
the cold environment available on the surface with this concept. However, by adding a pressure let-
down valve or cryogenic cooler, the temperature and pressure of the generated LOX can be further 
lowered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic of gaseous oxygen liquefaction by direct cooling. 
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Results from heat and mass balance calculations for this technology are as follows: 
 

Stream 1 2 3 4 5 
From OGA2 1st drier 1st radiator 2nd drier 2nd radiator 
To 1st drier 1st radiator 2nd drier 2nd radiator product tank 
O2 flow rate, lb/hr 
(kg/hr) 

1.38 (0.626) 1.38 (0.626) 1.38 (0.626) 1.38 (0.626) 1.38 (0.626) 

Moisture flow rate, 
lb/hr (kg/hr) 0.0024 (0.0011) 

1.55 × 10-5 
(7.03 × 10-6) 

1.55 × 10-5  
(7.03 × 10-6) 

0 0 

Temperature, °F (K) 109 (316) 120 (322) -25 (241) -25 (241) -240 (122) 
Pressure, psia (MPa) 225 (1.55) 210 (1.45) 195 (1.34) 180 (1.24) 165 (1.14) 
Enthalpy1, 
BTU/hr (W) 

169 (49) 172 (50) 127 (37) 127 (37) -45 (-13) 

Note: 1) Enthalpies were calculated based on National Institute of Standards and Technology (NIST) data. 
2) OGA – oxygen generation assembly. 

 
Duties of the radiators are as follows: 
 
Components  1st Radiator 2nd Radiator 
Duty, W  47  173 
 
The above information regarding the stream properties and duties of the components can be used 
for component sizing in future trade studies.  
 
2.2 Gaseous Oxygen Liquefaction by Using Radiators, Joule-Thompson Expansion, 

and Compressors 

Using a combination of radiators, heat exchangers, the Joule-Thompson (JT) expansion process, 
and compressors, colder LOX than that obtained from the previous section can be generated from 
GOX. By passing a high-pressure, cold GOX stream through a throttling valve, a fraction of the 
inlet GOX could be liquefied. Oxygen flowing through a pressure throttling valve is a constant-
enthalpy process. The fraction of an inlet cold O2 stream that is liquefied can be calculated by 
applying an energy balance around the JT valve (5,7). 
 
Assumptions in the isenthalpic process are as follows: 
 
  Inlet     Outlet   
 GOX  1 lb.   GOX  1-x lb.     
      LOX  x lb. 

 Enthalpy Hig   GOX  Hog 
      LOX  Hol 
 Hig= (1-x) Hog + (x) Hol 
 x = (Hig – Hog) / (Hol – Hog)  

 
It is assumed that LOX saturated at 50 psia (0.34 MPa) is desirable for propulsion, ECLSS, and 
EVA applications. Given a GOX stream that has been cooled to -178°F (156 K) and the down-
stream liquefaction equilibrium condition at 50 psia (0.34 MPa) and -272.9°F (104 K), fractions 
of inlet GOX liquefied as the GOX passes through the JT valve are listed in the following table: 
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Pressure, psia 
(MPa) 

800 
(5.52) 

1,000 
(6.89) 

1,200 
(8.27) 

1,400 
(9.65) 

1,500 
(10.3) 

1,600 
(11.0) 

2,000 
(13.8) 

% liquefied1 32.6 42.7 45.3 46.8 47.3 47.7 48.9 
Note: 1) Enthalpies from NIST data were used in the calculations. 

 
Figure 2 shows a plot of the fraction of GOX liquefied as a function of the inlet GOX pressure. This 
plot shows that, with inlet GOX at -178°F(156 K), as GOX pressure increases more inlet GOX 
will be liquefied. However, the liquefaction fraction approaches a limit of 50% as the GOX 
pressure increases to 2,000 psia (13.8 MPa). As GOX pressure increases, so too will the power 
penalties associated with the compressor and the OGA. In addition, the temperature of the inlet 
GOX stream significantly impacts the fraction of liquefaction achievable. Gaseous oxygen 
pressures above 2,000 psia (48.9 MPa) cannot be justified in GOX liquefaction. 
 

GOX  Liquefaction by Joule-Thompson Expansion
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Figure 2. Percent inlet gaseous oxygen liquefied in Joule-Thompson process. 

 
If the generation of LOX is an objective, the optimum OGA operation pressure could be found 
from a trade among mass of subsystem components, power consumption associated with the OGA 
and the compressor, and the LOX generation rate. 
 
The following subsections address two liquefaction cases (Case A and Case B) using combina-
tions of radiators, heat exchangers, and compressors. 
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2.2.1 Case A – Liquefaction with inlet gaseous oxygen at 1,265 psia (8.72 MPa) 
and 110°F (317 K) 

Figure 3 is a schematic of a GOX liquefaction case study given an OGA operating pressure at 
1,265 psia (8.72 MPa) and a desirable LOX production rate at 1.38 lb/hr (0.63 kg/hr). It was 
assumed that LOX saturated at 50 psia (0.34 MPa) is a desirable product. Oxygen generated at 
1,265 psia (8.72 MPa) and 110°F (317 K) from a water electrolysis unit passes through desiccant 
beds to remove the moisture that comes with the O2 product in the electrolysis unit. The “bone-dry” 
O2 is joined with a recirculating O2 stream that flows through a radiator. The temperature of the 
mixed O2 stream is cooled to -162°F (165 K) by exposing the mixed O2 stream to the cold envi-
ronment of the lunar surface. The cold O2 stream is further cooled to -178°F (157 K) in a recup-
erative heat exchanger that exchanges heat with a cryogenic O2 vapor stream venting from an LOX 
storage tank. The cold O2 exiting the recuperative heat exchanger then flows through a throttling 
valve, and 45.3% of inlet GOX can be liquefied. Liquid oxygen product from the JT valve is collected 
in an LOX tank. The vaporous GOX is pulled through the recuperative heat exchanger by a compres-
sor. The compressor compresses the recirculated O2 stream from 35 psia (0.24 MPa) to 1,250 psia 
(8.62MPa) to join with the O2 generated from the OGA. An overall cooling load of 66 W can 
be obtained with this concept. Stream properties calculated from heat and mass balance analyses 
are summarized in the following table and are also shown in figure 3. 
 
Stream 1 2 3 4 5 6 7 8 9 

From 
Compressor 
and OGA 

Radiator 
Heat 
Ex. 

LOX 
Tank 

Heat 
Ex. 

Compres- 
sor 

OGA 
JT 

Valve 
LOX 
Tank 

 
To Radiator Heat Ex. 

JT 
Valve 

Compres- 
sor 

Com-
pressor 

 
OGA+ 
Com--
pressor 

LOX 
Tank 

LOX 
User 

Flow rate, lb/hr 
(kg/hr) 

3.05 
(1.38) 

3.05 
(1.38) 

3.05 
(1.38) 

1.67 
(0.76) 

1.67 
(0.76) 

1.67 
(0.76) 

1.38 
(0.63) 

3.05 
(1.38) 

1.38 
(0.63) 

Temperature, °F 
(K) 

15.5 
(264) 

-162.0 
(165) 

-178.0 
(156) 

-272.9 
(104) 

-171.7 
(160) 

-54.9 
(225) 

110.0 
(316) 

-272.9 
(104) 

-272.9 
(104) 

Pressure, psia 
(MPa) 

1250 
(8.62) 

1225 
(8.45) 

1200 
(8.27) 

50 
(0.34) 

35 
(0.24) 

1250 
(8.62) 

1250 
(8.62) 

50 
(0.34) 

50 
(0.34) 

Enthalpy1, 
BTU/hr 
(W) 

91.7 
(26.9) 

12.4 
(3.63) 

-0.64 
(-0.19) 

38.0 
(11.1) 

61.7 
(18.1) 

71.5 
(20.9) 

116.1 
(34.0) 

-0.64 
(-0.19) 

-47.2 
(-13.8) 

Phase GOX GOX GOX GOX GOX GOX GOX L + G LOX 
Liquefaction at JT valve: 45.3% 
Note: 1) Enthalpies were calculated based on NIST data. 
 
Duties at the radiator, heat exchanger, and compressor are as follows: 
 
Components   Radiator Heat Exchanger Compressor 
Theoretical duty, W  71  12   37 
Actual duty, W       122 
 
High efficiencies are expected at the radiator and the recuperative heat exchanger. A 30% efficiency 
was assumed in calculating the power load for the recirculating compressor. 
 
Sizing of the components for this conceptual design has not been conducted because this work is 
beyond the scope of the current task. 
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Figure 3. Schematic of gaseous oxygen liquefaction using radiator, heat exchanger, and compressor. 
 
2.2.2 Case B – Liquefaction with inlet gaseous oxygen at 865 psia (5.96 MPa) and 

110°F (317 K) 

To evaluate the impacts of GOX pressure on its liquefaction, heat and mass balance calculations 
were conducted for an OGA operated at 865 psia and a desired LOX production rate at 1.38 lb/hr 
(0.63 kg/hr). It was again assumed that LOX saturated at 50 psia (0.34 MPa) is a desirable product. 
Again, an overall cooling load of 66 W is achievable with this concept. Properties of streams (refer 
to figure 3) from heat and mass balance calculations are summarized in the following table: 
 
Stream 1 2 3 4 5 6 7 8 9 

From 
Compressor 
and OGA 

Radiator 
Heat 
Ex. 

LOX 
Tank 

Heat 
Ex. 

Compres- 
sor 

OGA 
JT 

Valve 
LOX 
Tank 

 
To Radiator Heat Ex. 

JT 
Valve 

Compres- 
sor 

Com-
pressor 

 
OGA+ 
Com-

pressor 

LOX 
Tank 

LOX 
User 

Flow rate, lb/hr 
(kg/hr) 

4.23 
(1.92) 

4.23 
(1.92) 

4.23 
(1.92) 

2.85 
(1.29) 

2.85 
(1.29) 

2.85 
(1.29) 

1.38 
(0.63) 

4.23 
(1.92) 

1.38 
(0.63) 

Temperature, °F 
(K) 

254.4 
(397) 

159.0 
(344) 

156.7 
(342) 

104.0 
(313) 

153.3 
(341) 

207.7 
(371) 

316.7 
(431) 

104.0 
(313) 

104.0 
(313) 

Pressure, psia 
(MPa) 

850 
(5.86) 

825 
(5.69) 

800 
(5.52) 

50 
(0.34) 

35 
(0.24) 

850 
(5.86) 

850 
(5.86) 

50 
(0.34) 

50 
(0.34) 

Enthalpy1, 
BTU/hr 
(W) 

384.6 
(112) 

102.1 
(29.9) 

42.9 
(12.6) 

108.8 
(31.9) 

168.0 
(49.2) 

221.2 
(64.7) 

163.6 
(47.9) 

42.9 
(12.6) 

-65.2 
(-19.1) 

Phase GOX GOX GOX GOX GOX GOX GOX L + G LOX 
Liquefaction at JT valve: 32.6% 
Note: 1) Enthalpies were calculated based on NIST data. 
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Duties at the radiator, heat exchanger, and compressor are as follows: 
 
Components   Radiator Heat Exchanger Compressor 
Theoretical duty, W  82  17   52 
Actual duty, W       174 
Note: A three-stage compressor with 30% efficiencies was assumed. 
 
2.3 Liquefaction by Using Pulse Tube Coolers 

A single-stage, pulse tube O2 liquefier was developed, built, and tested by the NIST for the 
NASA Johnson Space Center in 2000 (6). Figure 4 presents a picture of the system; the accom-
panying schematic illustrates its function. The unit was designed with a cooling load of 15 W and 
an LOX generation rate of 0.29 lb/hr (2.2 g/min) with a sink temperature at 84°F (302 K). Test data 
showed the unit cold end could reach -387°F (40 K) with no load at its cold end, which is colder 
than the freezing point of liquid oxygen. Liquid oxygen with extremely low pressure and low temp-
erature could be generated using this technology. However, the average efficiency of four test 
runs was low at 8.0% (6). This technology seems appropriate for an application with a low 
cooling load. 

 
Figure 4. Photograph of National Institute of Standards and Technology oxygen liquefier and schematic 

of the oxygen liquefier 
 
The pulse tube cooler consists of several components: the compressor, connecting lines, 
aftercooler, regenerator, cold end, cold end heat exchanger, pulse tube, warm end heat exchanger, 
orifice, inertance tube, reservoir volume, and condensing fins. 
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2.4 Discussion of Liquefaction Technologies 

Without detailed sizing and a trade analysis, this discussion is just qualitative. Gaseous oxygen 
liquefaction by direct cooling using radiators or by using a combination of radiators, recuperative 
heat exchangers, JT expansion processes, and compressors has higher efficiencies and is appropriate 
for liquefaction applications with higher cooling loads. A pulse tube cooler, because of its low 
efficiency, is appropriate for low cooling load applications. 
 
The analysis cases using inlet GOX from an OGA operated at 865 psia (5.96 MPa) or 1,265 psia 
(8.72 MPa) show that LOX can be liquefied at either pressure. The compressor power loads are 
122 W for an inlet GOX at 1,265 psia (8.72 MPa) and 174 W for an inlet GOX at 865 psia(5.96 
MPa). A more detailed sizing and trade analysis is needed to discover the optimal operating pres-
sure for the water electrolysis unit in a GOX liquefaction subsystem. 
 
An integrated fluid analysis trade comparing storing/transferring high-pressure O2 with 
storing/transferring LOX for EVA, ECLSS, SPR, and power is also desirable and suggested. 
 
 
3.0 Conclusion and Suggestions 

A brief thermodynamic analysis of GOX liquefaction processes has been completed. 
 
Concepts of O2 liquefaction units capable of generating 1.38 lb/hr (0.63 kg/hr) LOX were devel-
oped. The equivalent cooling load of the concepts is 66 W. These concepts use combinations of 
radiators, recuperative heat exchangers, JT pressure expansion, and compressors. 
 
Without detailed sizing and a trade analysis of the selected liquefaction technologies, a qualita-
tive comparison indicates that technologies using direct cooling with radiators or a combination 
of radiators, recuperative heat exchangers, and compressors are appropriate for O2 liquefaction 
applications with larger cooling loads. A pulse tube O2 liquefier is good for a unit appropriate for 
low cooling loads. 
 
Gaseous oxygen pressure and temperature play important roles in the overall system mass and 
power penalties associated with the GOX liquefaction system. A thermodynamic analysis indicates 
that pressures above 2,000 psia (13.8 MPa) are unnecessary for GOX liquefaction. A detailed trade 
analysis is needed to determine the optimal water electrolysis pressure for O2 liquefaction. 
 
An integrated fluid analysis trade comparing strategies between storing/transferring high-pressure 
O2 with storing/transferring LOX for EVA, ECLSS, power, and SPR is also suggested. 
 
A trade study is suggested for comparing liquefaction technologies if LOX is chosen for storing/ 
transferring oxygen. 
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