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Abstract
The Mars In Situ Resource Utilization Experiment (MOXIE) will be an experiment onboard the M2020
mission to Mars. The goal of this project is to develop and demonstrate flight hardware which can ingest
Martian atmosphere and convert it to O2 and CO through solid oxide electrolysis. Air Squared, Inc was
tasked with designing a scroll compressor to capture the Martian atmosphere and compress the gas to a
specific pressure required to pass through the solid oxide electrolysis (SOXE) stack, converting the CO2
into O2 and CO.
Introduction
In Situ Resource Utilization (ISRU) technologies are critical to the advancement of human missions to
extraterrestrial bodies. For example, in a Design Reference Architecture mission study from 2009, it is
estimated that ISRU technology for generating oxygen will reduce the landed dry mass requirement from
100 to 70 metric tons. ISRU processes are achieved by collecting, separating, pressurizing or processing
materials found in the environment of extraterrestrial bodies.
In the MOXIE experiment aboard the M2020 mission to Mars, gasses from the Mars atmosphere are
collected and compressed for reaction in a Solid Oxide Electrolysis (SOXE) stack. The goal of this project
is to develop and demonstrate flight hardware which can ingest Martian atmosphere and convert it to O2
and CO through solid oxide electrolysis. The oxygen can be used to for breathable air for astronauts and
potentially to generate fuel for any return mission.
Air Squared has been working with JPL and NASA on developing flight-ready hardware for MOXIE. Air
Squared’s contribution to this system is a compressor that compresses CO2 from 5 torr up to at least 540
torr. The mechanism that feeds the MOXIE experiment with Martian atmosphere comprises an
electronically commutated direct current motor coupled to a “scroll pack” gas compressor. There is one
compressor assembly (motor plus scroll pack) in the MOXIE experiment. The compressor is of the scroll
type, with a moving (orbiting) scroll orbiting a stationary (fixed) scroll. The motion of the orbiting scroll is
controlled by ball-bearing mounted idler shafts. A brushless DC motor provides the rotational power.
Figure 1 shows an overview of the scroll compressor assembly.
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Figure 1. P09H026A-A01 Scroll Compressor Assembly
Scroll Compressor Major Components
Scrolls
The scroll involutes are the heart of the scroll compressor. The involutes are sized for each application
depending on the operating pressures, flows and operating fluid, among other variables. There are two
scrolls for this application, one is called the fixed scroll and the other is called the orbiting scroll.
The orbiting scroll operating principle can be seen Figure 2. The fixed scroll is represented by the white
involute, which is stationary during operation. The orbiting scroll, shown in blue, orbits in a circular motion
about the fixed scroll involute. The scrolls capture pockets of gas (Orbiting-1) in the two outside chambers
and compress that gas radially inward until the pocket discharges out the center of the scrolls (Orbiting -3).
The two outside chambers (Orbiting-1) are called the suction volume or displacement of the compressor.
The scroll compressor displacement is how much volume is captured and moved through the involutes per
revolution of the orbiting scroll. The process continues to expel gas at the center, while a new cycle of
compression begins with fresh pockets of gas at the outer diameter (Orbiting-4).

Suction Volume

Discharge Volume

Figure 2. Orbiting Scroll Operating Cycle
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The volume ratio of the compressor is defined as the ratio of the suction volume (Orbiting-1) to the discharge
volume (Orbiting-3). The built-in volume ratio of a scroll compressor directly impacts the compression
efficiency of the compressor, or how close the actual compression process is to an ideal compressions
process. In general, a large imposed pressure ratio over the machine will result in the selection of a large
volume ratio. Selection of the ideal volume ratio for an application is a complex optimization problem,
involving the compressor envelope, operating conditions, manufacturing considerations, as well as the cost
considerations.
Idler Shafts
There are many benefits to scroll technology, specifically for this application. This scroll compressor is what
Air Squared calls an oil-free design, which does not utilize any oil in the operating fluid for sealing.
Typically, oil is used in a scroll compressor to allow it to be a compliant design, which means that the orbiting
scroll involute directly contacts the fixed scroll involute. It is important for this application to not utilize oil in
the operating fluid due to the sensitivity to contamination of the downstream system.
Instead of utilizing an Oldham ring, which many oil lubricated refrigeration compressors use, the scrolls are
phased with one another using three idler shafts shown in Figure 3. The idler shafts not only control the
phasing of one scroll relative to the other, they also control the radial and axials gaps between the two
scrolls. The idler shafts have an offset shaft on a precisely toleranced “eccentric”. It is critical that the idler
shaft prevent the scrolls from touching for an oil-free design. Significant radial contact of the involutes could
result in a failure of either the scroll compressor or the downstream system from contamination.

Figure 3. Scroll Compressor Idler Shaft
MOXIE Requirements
On the M2020 science rover, resources such as mass and power are constrained when compared to what
would be required for oxygen production on a human-scale mission. The volume available to the
compressor was severely limited in two dimensions due to the small packaging requirement for the MOXIE
experiment. Restrictions on all these resources drove design choices and compromises in compressor size,
operating speed, and performance.
Table 1. Compressor Requirements
Compressor Mechanical Requirements
150 x 96 x 175
Dimensions [mm]
1.96

Mass [kg]

Compressor Performance Requirements
4 to 7
Gas Inlet Pressure Range [Torr]
Gas Inlet Temperature Range [°C]

-45 to +55

Gas Outlet Pressure [Torr]

760

Mass Flow Rate Minimum [g/hr]

60

Life [hr]

60
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The specific inlet conditions for the compressor had to be narrowed down to a single point for sizing and
testing purposes. The specific design condition was for a nominal inlet condition of 20°C and 7.0 torr gas,
comprising ~95% carbon dioxide, 3% nitrogen and 2% argon. The compressor had to be able to handle a
gas inlet temperature range of -45°C to +55°C. Since the original requirements document was created, the
inlet conditions have since changed to more accurately reflect the landing site of the rover. Instead of the
inlet pressure being 7 torr, it will more likely be around 5 torr for the inlet pressure.
The original outlet conditions required were to compress the gas up to 760 torr, but further testing of the
SOXE system showed that lower outlet pressures were permissible without degradation to health of the
system.
Development Plan
Prototype
For the MOXIE operating conditions, an ideal volume ratio of 44.26 is required, which is not practical for
any scroll machine, let alone in the footprint requirement imposed by JPL. Just for reference, if the design
utilized a volume ratio of 44.26, it would require approximately 29 scroll wraps and the footprint would
increase by 465 millimeters. Instead of using a 44.26 volume ratio, the design again fit the largest volume
ratio within the given 95-mm footprint.
The 5.82 volume ratio results in a pressure-volume (P-V) curve as shown in Figure 4. The purple curve is
the ideal P-V curve for the operating pressures required. The compression process starts at the far right of
the curve, when the scrolls seal off the suction volume pockets. As the scroll rotates, the volume of the gas
pocket decreases, traveling right to left along the purple line. If the compressor were to have a volume ratio
of 44.26, the process would follow along the purple line all the way to the upper left corner of the curve until
it reached its desired outlet pressure of 760 torr, when the scroll pockets open. Instead, the volume ratio
was decreased to 5.8 and the compression process jumps from the ideal compression process around 0.18
on the x-axis.
The scroll compressor then relies on a downstream orifice to continue the compression process and reach
the desired outlet pressure. The additional work required to do the compression downstream is represented
by the pink area in the P-V curve in Figure 4. The total compression power for the MOXIE scroll compressor
is the purple area and the pink area of the P-V curve added together.

Figure 4. MOXIE Compressor P-V Curve
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Air Squared first provided a prototype compressor to JPL to permit demonstration of proof of concept. This
prototype design was based on previous Air Squared vacuum pumps, which also required a high built-in
volume ratio. The volume ratio settled on (5.84) was the largest volume ratio that could fit into the given
105-mm width. Air Squared used its patented delayed porting design to get this high of a volume ratio in
such a small footprint. Delayed porting (Figure 5) is a small radius towards the end of the scroll involute
which delays when the compression pocket opens by 180°. This additional 180° of rotation significantly
increases the compression ratio of the compressor, which improves the performance for this application.

Delayed Porting

Figure 5. Delayed Porting

Outlet
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Mounting Face
175 mm
105 mm
Figure 6. Prototype Scroll Compressor (P11H024A-A01)
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Another unique design feature that the prototype scroll compressor utilized was a flat fixed scroll plate with
the outlet routed through the base and pointing backwards towards the motor. The reason for this design
feature was primarily due to the mounting requirements given by JPL and the location of the MOXIE
experiment on the rover. The compressor will be mounted face down on the bottom of the MOXIE baseplate,
which will be acting as the heat sink for the compressor. It wasn’t possible to route plumbing through the
baseplate of the MOXIE system, so instead the fixed scroll routes the outlet flow towards the back of the
unit.
One discovery during testing of the prototype at JPL was the pressure oscillations that naturally occur in a
scroll compressor. It was feared that these may be detrimental to the SOXE, as it had never been tested
with a pulsating input flow. To reduce these pressure oscillations, a check valve and viscous flow control
device were inserted downstream of the compressor. These additional components not only decreased the
pressure pulsations, they also help prevent backflow through the compressor.
Another potential issue discovered with the prototype scroll compressor was that the bearing grease
seemed to be pulled through the bearing shields during pressure cycles, as shown in Figure 7. If bearing
grease were to enter the operating fluid flow, it could be detrimental to the SOXE stack. The thermal
decomposition of the grease would deactivate the catalytic active sites on the cathode. It has been
estimated that approximately 100 micrograms of halogenated compounds would destroy the stack,
although the number has a lot of uncertainty. Certain design changes would be implemented on the flight
unit to try and prevent this from becoming a major issue.

Bearing Grease

Figure 7. Prototype Idler Bearing Grease Loss
The prototype was inserted into the MOXIE testbed at JPL, where it was able to meet the flow and pressure
requirements desired by JPL. Succesful testing of the prototype unit led to a flight unit development
agreement between JPL and Air Squared.
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Flight Design and Development
Scroll Geometry
With the validity of the MOXIE architecture firmly established, flight design proceeded with tighter restriction
on the compressor’s footprint, mass, and power. With 10 millimeters less to work with on the width of the
compressor (95 mm), the involute needed to be resized from the prototype (105-mm width).
The decreased width of the compressor footprint drove the design to utilize a smaller involute pitch, which
decreased the suction volume of the compressor. Instead of keeping the same ratio of involute height to
involute spacing as the prototype, the height of the unit was increased to provide more margin on the
minimum mass flow rate requirement. The increased height added risk to the machining of the scrolls, but
after the first machining iteration, it was found not to be a concern.
Figure 8 shows the mass flow rate estimate for the flight compressor which was done at the start of the
design process. It shows that the major consequence to the performance was a lower overall mass flow
rate, which was reduced from 114 g/hr in the prototype to 84 g/hr for the flight unit for the 7 torr, 20°C inlet
condition.

Figure 8. MOXIE Compressor Sizing
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Figure 9. P09H026A-A01 Scroll Geometry
Bearing Configuration
The bearing configuration for the flight scroll compressor varied slightly from the prototype compressor. The
flight compressor now had to be designed for launch loads as well as normal operational loads, which
means that the bearings needed to be preloaded for launch. To accomplish this, the bearings used were a
ground, matched pair bearing set. The spacers used for ventilation, as shown in Figure 10, had to be
matched as well to ensure the preload on the bearings did not change. The spacers had cross holes put in
them as well as a groove machined in the outside to allow air trapped between the bearings to vent through
the side holes instead of pulling out bearing grease, which was an issue on the prototype.
The bearing grease used switched from a Krytox to a Braycote 600 Micronic EF, which is a better grease
for the specified operating conditions. Another important study conducted at the beginning of the flight unit
testing was a power draw study over the operating temperature of the compressor. It was found the lower
grease fill of 10% gave the most torque margin for startup torque at when the compressor is at -55°C.

Figure 10. Flight Compressor Idler Bearing Venting Configuration
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Motor and Thermal Performance
Another major change between the prototype compressor and flight compressor is the motor. The
compressor still uses a BLDC motor, but it is a housed motor design instead of a frameless motor which
was used in the prototype. The primary reason for the motor change was to use a motor vendor that has
flight heritage, which the prototype motor did not have. The major concerns with the new motor design are
heat transfer from the motor, increased motor mass, and additional tolerance stack-up with the motor shaft
alignment to the scroll pack.
The change to a flight motor came with many tradeoffs and design changes to accommodate the motor.
First, the motor was much heavier than the prototype motor, partly due to the torque margin required, but
also due to the stainless steel housing. The stainless steel housing was used to better match up the CTE
of the motor winding and bearings to the motor housing, which helps prevents losing the fit on the stator
and the bearings. Due to the heavier mass of the motor, additional weight needed to be removed from the
compressor and housing to get closer to the mass spec. The majority of the mass was removed from the
fixed scroll base, which needed to be thicker for the cross hole to be drilled through the base.
An important design factor of these compressors is the mounting interface, which were designed to be
mounted on the flat fixed scroll face. This is beneficial when it comes to removing the heat of compression
from the fixed scroll, but it is far from optimal for removing heat from the hall sensors, which are located at
the back of the motor. With the de-rated maximum temperature of the hall sensors set to 105°C, getting the
heat out of the motor through the housing and fixed scroll into the heat sink became a challenge. It was
discovered during the testing phase that only mounting the motor to the housing and having a small
interface to transfer heat out of the motor would not result in acceptable temperatures at the hall sensor
locations. The worst case operating condition, which is a 70°C fixed scroll, resulted in a hall sensor
temperature of approximately 135°C. Figure 11 shows a correlated thermal model of the original scroll
compressor, without a motor sleeve, which has a temperature differential across the motor alone of 37.2°C.
This is greater than the allowable temperature differential across the entire compressor, which led to the
housing-motor-sleeve design.

Figure 11. MOXIE Compressor Thermal Model
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The heat transfer concern is being mitigated by changing the housing design to use an aluminum thermal
sleeve, shown in Figure 12, which is bonded to both the motor housing using Nusil. This sleeve improved
the thermal path for the hottest part of the system, the stator, and better conducts it down through the
housing to the fixed scroll. The steady state temperature gradient across the compressor for the hot
operating condition (70°C) was ~35°C, or a decrease of 30°C from the non-sleeved motor.

Motor Thermal Sleeve

Original Heat Path

Hall Sensors
Hall Sensors

Figure 12. Motor Thermal Sleeve (Original on Left, Updated on Right)
Compressor Performance
The scroll compressor was still tested at the original 7-torr design condition and the results are shown in
Figure 13. The prototype performance very clearly informed the performance estimates of the flight unit
(shown in blue) and even though the flight unit was scaled down, the efficiency estimates from the prototype
were still accurate, as the actual performance shows in yellow.

Figure 13. Performance Estimate vs Actual
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As the compressor design matured, so did the proposed landing sites for the rover. The landing site has
been narrowed down and there is now a better understanding of the inlet conditions the compressor will
see. A more likely inlet pressure for the compressor is now 5 torr, instead of the original 7-torr inlet pressure
that Air Squared designed around. This clearly will influence the mass flow rate of the unit, since the density
of the inlet fluid has been reduced by ~28%.
The compressor is still capable of reaching the minimum requirement of 60 g/hr, even with the 5-torr inlet
pressure. A complete flow curve can be seen in Figure 14 for the 5-torr inlet condition. At 3500 RPM, the
nominal speed for the compressor, it can produce ~63 g/hr of CO2 flow at a discharge pressure of
~660 torr.

Figure 14. Flight Unit Performance Curve - 5 Torr Inlet
Conclusion
The major challenges that arose during the design and testing process was the heat removal and grease
retention. The heat removal from the motor was improved by ~30°C by adding an extension to the aluminum
compressor housing to increase the conductance from the motor housing to the MOXIE baseplate, or heat
sink. The grease loss concern was mitigated, and no significant grease has been detected on the
compressor outlet by providing vent holes for all trapped air pockets between bearings to vent during
pressure cycles.
The flight compressors have survived shock, random vibration, thermal cycling and a qualification unit
survived an 18-hour life test. The flight units will soon be delivered to JPL for integration into the MOXIE
system, which has an estimated launch of summer 2020.
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