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This paper discusses the proposal to use an intermediate Martian atmospheric (IMA) structure as a partial solution to the difficulties associated with current full pressure spacesuit (FPS) designs. An IMA is similar to a regular pressurized space structure, except that its pressurant is carbon dioxide from the Martian atmosphere instead of Earth standard air.  Astronauts can work in such a structure needing only breathing gear for EVA equipment.  Large volumes for workspace can be created in this manner without having to meet the exacting construction standards of a regular manned space vehicle.  Design options for the assembly and pressurization of such large structures are considered.  We explain the construction of a small intermediate atmospheric demonstrator that operates inside of a simulated Martian atmosphere.

Nomenclature

Ntotal
=
total power consumption (watts)

Sth
=
volumetric flow (m3/hr)

pa              =    pressure on the outflow side of a vacuum pump (mbar)

pv              =    pressure on the entrance of a vacuum pump (mbar)

I. Introduction

L

anding humans on Mars is a near term goal of future space exploration. One major challenge of supporting a manned mission to Mars is finding a way to live in an environment inhospitable to human life.  The Martian atmosphere poses three main threats to human life: the lack of sufficient oxygen, low pressures, and low temperatures. First, the atmosphere of Mars is 95% carbon dioxide with only 0.13% oxygen(. These oxygen levels are too low to support respiration.  The high levels of carbon dioxide are toxic and can combine with water to form carbonic acid. Second, the atmospheric pressure is 6-7 millibars, or 1/150th of Earth’s(. This pressure is comparable to that of Earth’s atmosphere at an altitude of 32 kilometers. At this level, the partial pressure of oxygen is too low for the alveoli in human lungs to operate (a deadly condition known as hypoxia), and water vapor and blood within the body boil causing the skin to expand(.  Third, the average surface temperature on Mars is between 200 and 245 K4.

The traditional solution to these problems is to wear a spacesuit. The only type of spacesuit used to date is a full pressure suit (FPS), which has some drawbacks, including stiffness and bulkiness. In designing a spacesuit, an appropriate pressure level and gas composition must be chosen.  NASA has determined a workable pressure and gas composition to be 296 millibars with 100% oxygen5.  However, a 296 millibar pressure differential still causes suits to be stiff and awkward.  Additionally, exposure to 100% oxygen levels for more than 2 weeks6 is toxic for humans.  To avoid oxygen toxicity and flammability concerns with pure oxygen, mixed gas suits can be used.  This requires higher pressure, however, and has other drawbacks as well.  These drawbacks include the added task of continually monitoring both the partial pressure of oxygen and another inert gas such as nitrogen, added weight and volume, and an increased risk for decompression sickness7. 

The restrictiveness of an FPS was not as critical of a factor in past missions to the moon because time on the surface was limited and physical work was minimal.  A mission to Mars, however, will be much longer.  A prolonged mission is dictated by the locations of the respective orbits of Earth and Mars.  R. Zubrin estimates an 18-month stay on Mars8 [1].  Besides time restrictions, the space suit chosen for such a mission also places certain restrictions on the ability of an astronaut to work effectively and efficiently. Work on Mars will be more frequent and demanding, as there will be a great need to do servicing, building, and maintenance work on Mars.  The nature of the work and the length of the mission magnify the negative aspects of an FPS. A new solution is necessary to facilitate astronauts on Mars in performing useful work. This study’s objective is unique in that its goal is not to develop a new space suit for Mars; rather, its goal is to work on a supplement to these developments in the form of an intermediate atmospheric (IMA) demonstrator, which will be explained in the next section. The purpose of the IMA, conceptually, is to allow astronauts to do much of the work that they would normally have to do outside of the habitat module without having to remain exposed to the outside environment.  

II. Intermediate Environments

On Mars, one major problem that must be addressed is low pressure. The pressure level chosen also affects the gas composition that can be used.  Unlike a vacuum, Mars has an atmosphere, but the atmospheric pressure isn’t high enough to keep a person alive even while breathing pure oxygen. However, if Mars’s atmosphere were compressed to a pressure greater than 30% of sea level, which is by a factor of 50 or more, it would provide sufficient counter pressure so that an astronaut breathing from a pure oxygen gas mask would not require a pressurized suit.   

A solution to addressing the astronauts’ need for counter pressure is to construct an intermediate environment on Mars. The contemplated buildings can be (but are not necessarily) quite large- up to the size of a football field- and can be pressurized with Martian atmosphere thereby providing counter pressure to the astronauts external to any spacesuit. The structure is termed an intermediate environment because it has a pressure similar to that of the living area of the spaceship, but uses plentiful Martian air for the ambient. The astronauts would need oxygen or mixed gas masks, but would not need their bulky outside suits to provide counter pressure. Without the need for the suit to provide pressure, a much thinner suit could be designed.  It would be similar to a cold environment or high-altitude suit; gloves could even be taken off briefly when needed.  A much thinner suit design will allow the astronauts greater mobility, dexterity, visibility and adaptability, ultimately increasing their ability to do work on Mars. This will be a tremendous asset in large projects such as building and servicing planes and rovers used for reconnaissance on Mars.

 A major advantage of this type of structure is that it only requires two major mechanical systems- the pressurizing pumps and possibly an automatic door for moving large objects in and out of the enclosure.  As such, the structure could be designed in a modular fashion to allow for its relocation to different construction sites.

There are several additional benefits to using a pressurizing hangar as an area for astronauts to do work.

First, by pressurizing the hangar, movement between the hangar and the living quarters is much easier.  A smaller pressure differential will decrease or possibly eliminate decompression time.  This is a huge advantage especially on a prolonged mission where the risk of decompression sickness is great9.

 Second, an inert carbon dioxide environment has the advantage of providing a natural and safe place for astronauts to exhaust pure oxygen while pre-breathing in preparation for departure on extra vehicular activity.  This is beneficial in minimizing flammability safety concerns and also provides a place for astronauts to do useful work.  Current pre-breathe procedures require astronauts to sit in an oxygenated room for extended period of times10.

Third, a thinner suit minimizes donning time.  This benefit, along with the lowered risk of decompression sickness, will allow the astronauts to leave other pressurized structures more frequently, be more productive, and enjoy better psychological health.  By removing the restriction of being contained to the living quarters, astronauts could have a greater sense of freedom.  A greenhouse could even be maintained within the intermediate environment.

Fourth, using Martian air to provide counter pressure will save payload weight by minimizing the amount of air brought to or extracted from Mars.

Fifth, this structure could also provide a safe haven from cosmic radiation storms, if properly shielded.

 
A visit to Sprung Instant Structures by a team of BYU students served the purpose of evaluating a proposed format for construction of an intermediate environment on Mars.  Ease of setup, size, resistance to high winds, and low weight of these structures make them good candidates for use on Mars.  The design, however, would have to be slightly modified for this purpose.

III. Design Options

 Many other design options need to be considered. Some of these will be discussed below, but a lengthier list of design questions can be found at the end of this document (see Appendix A). 

 
1. Hermetic Sealing:  One would need to create a seal on the bottom of the structure to contain a pressure differential within the structure. Currently the Sprung Instant Structures are designed to be free standing. One possible method of sealing the structure is to dig a trench into the surface of Mars and bury the bottom edges of the structure’s covering.  This would help keep the pressure sealed within the enclosure.  If the enclosure is hung from, instead of draped over, the framing, then the floor could be integrated with the covering.  However, small leaks in the structure might be allowed because the pressurizing agent (carbon dioxide) is abundantly available.

2. Entrances/Exits:  A simplified airlock can be placed anywhere around the perimeter of the enclosure.  Because a small amount of pressure leakage is not considered a serious loss in these structures, the airlock could be as simple as a rotating door akin to those used for dark rooms. These rotating doors can be described as two concentric cylinders. The outer cylinder has two cutouts located on opposite sides of the cylinder, while the inner cylinder has only one cutout. The inner cylinder rotates, exposing its opening to only one of the two openings on the outer cylinder at a given time (see figure 1). One option for controlling the pressurization cycles is to move a valve located in the ceiling.  The valve can be turned one way to allow pressurized gas in from the enclosure, and the other way to vent gas out into the atmosphere.  Many ways to carry out the pressurization/de-pressurization cycle are possible, though. 
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Figure 1: Concept for a rotating door airlock based on dark room doors.

In order to remove a large object (such as an airplane) from the structure, it will be necessary to either deconstruct the enclosure or build a large door. If the structure is a temporary construction shed, then the first option may be reasonable, since installing a twelve meter tall garage door is not a trivial task. Many structures will be permanent, though, so the door design should be considered.

By observation, it can be seen that many large construction bays have telescoping doors that open horizontally.  Smaller hangars may have doors that open vertically, like a garage door.  Both types of doors are hard to move around with a portable structure, but they may not be any more difficult to move than the support structures themselves.  If the walls of the structure are made of thin sheets of plastic, though, both of these options use doors that are considerably heavier and stronger than the enclosure materials, which is probably unnecessary.  A couple of zippers embedded in the plastic covering could act as a door such as the type that many pop-up tents that are used for camping have.

3. Pressurization: A roots-blower-style vacuum pump acting as a compressor may be well suited to the conditions in which the intermediate Martian atmosphere would sit.  For example, a Leybold WA-2000 has a compression ratio of 40:1 at an inlet pressure of 6 millibars11 (see figure 1).   A slightly higher compression ratio pump could produce all of the necessary pressurization without the need for a secondary pump.  The calculated power consumption of the Leyebold WA-2000 pump for practical purposes is described by the equation:
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The constant in this equation is a number between 18 and 72.  If the enclosure (as assumed for this study) is 30 m long by 15 m wide by 15 m tall, then the total volume would be 6,750 m3.  With a 50:1 compression ratio, 337,500 m3 of Martian atmosphere would need to be compressed. With an artificial time limit of four hours for complete re-pressurization after total air evacuation, the air flow rate through the pumps would be 84,375 m3 / hr. Power consumption would then be between 792 and 927 kW, depending on the value of the constant. While this is a high level of power consumption, it would not need to be maintained on a continuous basis as full re-pressurization would only be needed when large objects are moved in and out of the structure. Regular operating power would only need to be high enough to replenish the small amount of CO2 that leaks out of the enclosure.  It should also be noted that carbon dioxide compression on this scale could create very high temperatures in the enclosure, so it might be necessary to spread the compression cycle over a larger period of time, thereby reducing the maximum power consumption requirements.
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Figure 213:  This figure shows the maximum compression ratio that a Leybold WA-2000 roots blower can produce based on the input pressure.  The chart shows that the best compression ratio occurs nearly at Martian atmospheric pressure (the red line). 

Multiple pumps should be used to reduce the workload in moving the structure from one location to another as well as to provide redundancy.


It is also possible that, in the right location, separate pumps might not even be necessary.  For example, a fuel production facility that pulls carbon dioxide out of the air to make methane rocket fuel already needs to pressurize large amounts of CO214.  The excess CO2 that is usually vented could instead be injected into an IMA. 

4. Enclosure Covering Material: Any number of materials could be used including sheet metals, fabrics, plastics, and ceramic bricks.

Metals have the disadvantage of being heavy and difficult to form. Large amounts of heat energy would be necessary to extract the metal from the ore and to form and heat-treat the material. The advantage of metal is that it is ubiquitous on the Martian surface in the form of iron oxide15.

The forming of ceramic bricks requires large amounts of water, heat, and time. Additionally, bricks are poor insulators and can crack when large temperature swings occur. On the other hand, in comparison to metal, they can be formed very easily. Recent findings also suggest that water is more common on Mars than was once thought, so the lack of water might be a mute point16.


Fabrics could be used, especially if they are layered.  NASA’s Transhab space station module concept used multiple layers of fabrics and synthetics to provide a strong, stiff, airtight enclosure17. This technology was purchased by Bigelow Aerospace for use in space hotels18.  If the structures are mass produced and not intended to be portable, then the use of layered fabrics/plastics is an excellent option.


Plastics are another good option since they are lightweight, flexible, and air tight.  Aluminizing the surface of the plastic sheets can increase the insulating value of the material as well.

5. Power Sources:  As noted in the section on pressurization, a maximum of about 1,000 kW would be needed to power the pressurization pumps for a very large structure. The two primary options for a power source are solar panels or a nuclear reactor. Assuming a reasonable power production of 20 W/m2, the necessary solar panels would cover approximately 50,000 m2, or ten football fields. This is a large area, but it may not be unreasonable if thin film cells can be constructed in situ. 

 Based on the estimation that an 80 kWe reactor has a mass of 3.5 tonnes19, a megawatt level nuclear reactor would have a mass of 44 tonnes. Essentially, the reactor mass would by itself consume the entire payload of a heavy lift launch vehicle similar to the one NASA is currently planning20,21. This is a large expense, but since most of the structures will only be using the pressurization pumps for four hours once every 7-10 days (or possibly even less often), a single reactor could be used to power as many as forty industrial size intermediate atmospheric enclosures, or hundreds of smaller greenhouses.    

6. Floor Covering:  A floor covering may or may not be necessary, depending on what the purpose of the structure is.  If the structure is to be used as a covering for a construction project that will be digging a foundation, then a floor would be impractical and unnecessary. If, however, the structure is to be used as a large machining shop, then a mostly flat flooring surface might be required. In a portable structure, the flooring should be modular, so that it can be easily disassembled for removal.  Adequate provision should be made to ensure that the floor is well insulated, air tight, and sturdy enough to handle the load on it.  Other considerations for the flooring are beyond the scope of this project.
IV. Demonstration Model

The IMA is composed of four primary elements; namely, a carbon dioxide tank, a vacuum pump, a vacuum chamber, and a pressurized enclosure (see figure 3).
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Figure 3: Diagram of the IMA demonstrator.  CO2 flows from the tank into the vacuum chamber which holds the simulated Martian atmosphere. The roots blower compresses the CO2 and moves it from the chamber into the IMA demonstrator.

 At 36” in diameter and 24” tall, the aluminum vacuum chamber is the largest system component (see figure 4). The chamber is used to simulate the Martian atmosphere. Carbon dioxide is fed into the chamber from a high-pressure tank. Pressure inside of the chamber is maintained at the Martian atmospheric level of 6 millibars.
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Figure 4:  Picture showing the vacuum chamber that is used as the Martian atmospheric simulator.  Human arm is shown for scale.


An external vacuum pump moves carbon dioxide from the vacuum chamber to the pressurized enclosure. The vacuum pump is a 1.5 horsepower roots blower (see figure 5).  Its motor uses a three phase power setup and nominally operates at a current of 4.9 amps.  Because the pump was designed to create a vacuum in spaces the size of a small closet, it is expected that it will fill the small demonstration enclosure (which has a volume of about 0.03 m3) in less than two seconds.
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Figure 5: Roots blower vacuum pump used to compress and move CO2 from the atmospheric simulator to the IMA enclosure.

The pressurized enclosure is made of mylar. The enclosure is made airtight by heat-sealing the mylar around the edges and the hose attachment is attached by gluing it to a cylindrical extension of the mylar. The enclosure hangs from an aluminum frame (see figure 6), which is itself modular and can be quickly assembled. Hanging the enclosure from a solid frame allows for the decompression of the enclosure without its collapsing in on itself.

[image: image7.jpg]




Figure 6: The aluminum frame from which the intermediate atmospheric enclosure hangs. 

V. Goals


The construction of the IMA demonstrator is nearing completion. There are two primary goals in building this demonstrator. One goal is to see if the pump fills the enclosure using the same amount of energy as calculations suggest that it should. This will be done by placing an ammeter on the pump’s power supply and placing a pressure gauge on the intermediate atmospheric enclosure’s CO2 inlet line. The power supply requirements are calculated using equation 1. The second goal is to test how well the enclosure handles the pressurization process. If the enclosure survives pressurization, then it will be clear that its design was good.

Once these objectives have been met, the research group will build a larger enclosure that will be large enough to hold a human adult. A person will be perform various tasks inside of this enclosure while wearing breathing gear and assess the advantages or disadvantages of the IMA over wearing a space suit and working outside. The comparison can be made because of the experience the group has already had in simulating Martian EVA at the Mars Society’s Desert Research Station.  Research along these lines will continue into the near future.  

Appendix A: Design Questions
1. What types of things are to be built in the hangar?  How large do the hangar and door need to be?

2. What form should the hangar take?  (Dome, teepee, triangle tent, box?)

3. Where will the structure be located?  This will affect temperature, radiation, lighting, etc.

4. What are the desired internal pressure and temperature?

5. What should the wall materials thermal coefficient be?

6. How much pressure should the floor be built to withstand?

7. What type of foam should be used to insulate the floor?

8. How much carbon dioxide leakage should be allowed?

9. Given the leakage rate, what is the required flow rate necessary to pressurize the structure?

10. What is the type of power source for the fan? (Electric or gas turbine?)

11. What are the power limits?

12. How efficient can the pump be?  The filter? The flow path?

13. Given the flow rate and efficiencies, what size, type, and speed of pump should be specified?  Does it fall within the power allowance?

14. Is the fan too loud? If so, should it be insulated, muffled, or redesigned?  Would multiple smaller fans operate more quietly?  How would these changes affect power consumption?  Should the astronauts just wear earplugs?  Do earplugs create a workplace hazard?

15. How will the astronauts communicate with each other inside of the enclosure?  Can they hear each other talking, or will radios be necessary?

16. What type of mechanism, given the size, lifetime requirements, leakage allowance, operational environment, accessibility requirements, etc., should the hangar door use?  (Zipper, garage door, swinging door, sliding door, something else?)

17. What material should the hangar walls be made from?

18. Will the amount of water vapor released by breathing, sweating, etc. be significant enough to cause icing or damping?  Could the water vapor affect other systems?  If so, how will it be removed?

19. How should the hangar be anchored to the ground? (Stakes, concrete, paperweights, etc.?)

20. Can Martian dust significantly damage the wall materials?  How will the dust be removed if it gets inside of the hangar?  Should a full scale CO2 circulation system be used?  If so, what are its maintenance requirements?  Is it less than manual maintenance would require?  Is it significantly safer?

21. What material should the supporting struts be made from?  Are struts necessary?

22. How much does the structure weigh?

23. What are the radiation shielding requirements?  Does the chosen wall material meet these requirements?  If not, how much would something else (regolith?) piled on top weigh?  What is the source of the regolith?  If the source were a hillside, how much geologic analysis would be necessary to ensure safety from rockslides?  Would a magnetic field be practical instead?  

24. How does radiation affect chemical breakdowns in the wall material?  Is the material choice still a good one?

25. What size and cross section of struts will minimize the amount of structural mass while still leaving enough of a margin of safety?  What should the margin of safety be?  (Typical aerospace requirements are about 10%, but this is a static structure, so it probably can be many times higher.)

26. How should the support struts be integrated/assembled?

27. Does wind in a worst-case scenario generate a significant amount of stress on the walls or struts?  If so, would a change of strut or wall materials be necessitated?  Would there be enough mass allowance to allow for additional strengthening?

28. Is the structure fail safe?  How damage tolerant is it?

29. How do the struts chemically affect the wall materials, bolts, flooring, etc?  Over time, will diffusion from one material to another create unacceptable levels of lattice strain?

30. What is the structure’s natural frequency of vibration?  Is it high enough so that wind, fan operation, power turbine rotation, etc. won’t cause severe instabilities?  Are marsquakes a potential problem?

31. How much time should be devoted to structural inspection?  How many and what kinds of strain gauges, if any, should be used for monitoring the structure by computer?  Where should the gauges be located to provide the most useful information?

32.  What are the illumination requirements?  How is illumination to be provided?  What is the energy efficiency of the light source?  What is the total power requirement for lighting?  Do fixtures need to be replaced?  Where are replacement parts to be obtained?  What is the expected lifetime of the light sources?  Are these safe?  Is it possible to add windows?

33. Should the pressurization system use an active feedback loop?

34. Where should pressure sensors and pressurization vents be located? 

35. Would it be advantageous to partition the hangar?  How much additional mass/ construction work would partitioning require?

36. How will a small airlock be attached?

37. How will the walls be repaired if a leak forms?

38. How large of a hole can be tolerated to allow enough time for safe continued operation and repair?  How much excess power can the fan utilize to compensate for rapid pressure drops?

39. How do temperature swings affect the material characteristics of the walls and struts?  If they have significantly different thermal expansion coefficients, will damage result?

40. What local resources are available for use in construction?  What percentage of the total hangar mass can be gleaned from these local resources?  What is the cost of manufacturing parts in situ?  How does this compare with the cost of transport from Earth?  At what volume of production does it cost less to build locally?

41. If biological controls are in place, how will the release of microbes into the Martian environment be prevented?
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