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INTRODUCTION


There are five primary justifications for manned extravehicular surface operations on Mars: Geological exploration, Exobiology, other Mars Science, Base Construction, and Maintenance.  Accomplishing these first three goals is the primary intent of any manned Mars mission.


The EVA Systems, the Space Suit and Portable Life Support System (PLSS) together known as the EMU or Extravehicular Mobility Unit, are required for accomplishing those surface operations goals.  To the extent possible, those goals should drive the concept and design of Mars EVA systems, to maximize the successful returns from any manned Mars mission.


This paper discusses a portion of the results of a 1989-1991 study performed on issues involved in designing Mars EVA systems.  It concentrates on technology and systems issues involved in Mars EMU design.

EMU REQUIREMENTS


An EMU must provide a safe, comfortable environment for its occupant, maintaining atmospheric pressure, temperature, acceptable oxygen and CO2 levels, protect from contamination (physical and biological), handle other metabolic wastes, and provide physical protection from tears and punctures1.  To maximize useful work per EVA, 8 hour endurance is required.  A 30 minute backup life support system should be installed to maintain current safety levels.  The EMU should provide constant communications with other suits, rovers, or bases.  The occupant should be able to walk at 6.5 km/hr and drive a rover while wearing the EMU.


The EMU must provide all of these in a package which is light and mobile enough to allow the primary EVA goals to be accomplished as easily as possible.

EMU Weight


The Mars environment presents a unique challenge to EVA operations: significant surface gravity.  Its surface gravity is 0.36 earth's.  The moon, the only other surface EVA location to date, has less than half this gravity.


EMU systems have traditionally been quite massive.  The Apollo suits massed 38 kg, with a 62 kg PLSS for a total of 100 kg.  A total EMU mass of 100 kg would be overwhelming on the Mars surface; obviously system mass must be reduced.  The baseline rule determined by the study group was that the Mars EMU perceived weight (mass x gravity) on Mars should not exceed the Apollo EMU perceived weight on the moon.  The target system mass was therefore determined to be 45 kg.


This massively lower allowable EMU mass requires a fundamental rethinking of suit design concepts.

PASSIVE EMU COOLING


Around 14 kg of the Apollo EMU's mass is in its thermal control systems.  

This is a particularly attractive area for reduction of mass because the Mars atmosphere provides a cool sink which can be used to passively cool an EMU.


The general concept behind passive cooling is to design a suit such that the thermal balance of heat generated metabolically and absorbed from sunlight is balanced by convective and radiative losses to the Mars atmosphere, maintaining a stable and comfortable temperature for the user.  

Current suits seek to insulate the user from the environment as much as possible, removing metabolic heat via a liquid-cooled garment and heat rejection systems.  These systems, and the required insulation in the suit itself, are quite massive.


To determine the initial feasibility of passive suits, a simple suit thermal model was integrated with mars surface conditions data and various metabolic loads2.  We determined that a suit approximately 8 times as thermally conductive as the Apollo suits is well balanced for passive thermal control.  At this insulation level and a 250 watt metabolic rate, the user will remain comfortable over nearly the whole yearly cycle of day EVA operations on Mars.  A suit with variable layers of insulation from 60% more to 75% less of this value (an overcoat and no insulation except tear/dust and pressure restraint layers, respectively) can maintain comfort over the whole spectrum of operations.  In some hotter cases, the optimal solution is for the user to sweat to remove some metabolic heat, but this was accomplished with earth-normal amounts of sweating.  Followup work with other models has confirmed these general results3.


To verify that the assumed metabolic heat loads were reasonable, detailed breakdowns of EVA task type were made across a spectrum of EVA types (Exobiology, Geology, and Construction/Maintenance) based on discussions with planetary scientists and field geologists.  Our group assumed that the Mars metabolic rates (0.36 G) for these tasks could be estimated by averaging earth (1 G) values and measured lunar (0.16 G) values.  The average EVA metabolic loads ranged from 258 W to 268 W, with maximum peaks of 800 W.  This was within the working area of the thermal modeling.


The assumed average of earth and lunar metabolic data for Mars metabolic rates was generally confirmed by partial-gravity metabolic profiles generated in various testing at NASA Ames4.

Passive Cooling Technologies


Basic thermal modeling established that it is possible to manufacture a passively cooled EMU.  In addition to variable insulation suits (removable suit layers to tailor insulation level to climate and time of day, similar to earth outdoors clothing today), several technologies to enable actually building passive suits were investigated: dense membranes, to enable "sweating suits"; insulating properties of materials in Mars conditions; 

chemical and isotope heaters for extreme cold conditions; and phase change materials to stabilize temperature shifts.  The following sections address these areas.

Dense Membrane Technology


The accumulation of water produced by sweating within a passive suit is undesirable.  In addition to incompletely removing heat from the EMU system, it will become uncomfortable and potentially dangerous to have large amounts of collected water within the suit.


One potential solution to this problem is the Dense Membrane polymer5.  These are a family of polymers which are solid membranes, able to resist pressure and mechanical force, which actively transport selected molecules via diffusion.  


These dense membranes are solid sheets, giving high biological isolation in both directions and able to function as a pressure bladder (with suitable restraint layer for mechanical support).   Microporous membranes (for example, Gore-Tex) use porous materials treated to prevent liquid leakage by using surface tension to keep the liquid out of the pores.  They are not pressure tight, and contamination or pressure can force liquids through the pores anyway.  Dense membranes, with a solid structure, hold gas pressure and will not leak unless torn.  The active diffusion will continue under basically any circumstances.


Dense membrane polymers able to transport sweat water at metabolic production rates exist, such as PTS High-HVTR Polyurethane.  This material enables the construction of sweat-through passively cooled suits.

Insulation Characteristics


Our group was unable to locate good references on thermal properties of insulation materials under Mars surface conditions.  Some data from the Viking program was available. Other studies indicate that traditional Multi-Layer Insulation (MLI), used on current suits, degrades significantly at pressures found on the Mars surface.  Alternative insulation materials must be tested and identified to provide a good database for suit materials selection.

Chemical and Isotope Heaters


Passively cooled suits exhibit a potential problem in extremely cold conditions and low metabolic workloads: the extremities of the suit occupant will cool quickly.  Extra insulation in the suit gloves severely 

impedes user dexterity.  To solve these problems, and other cold-climate situations, the ability to add heat to specific areas of the body is highly advantageous.


Three methods were investigated: electrical heating, chemical heaters, and isotope heaters.  All three offer localized heating in areas that may require it, can be activated only when needed, and do not impede dexterity by adding additional insulation around the fingers.


Further investigation of these localized heating methods and of the development of heat pipes within gloves to transfer heat along glove fingers is considered useful, but was beyond the scope of our study.  Some research in this area was performed at Stanford university as part of a concurrent Mars mission design.  It suggested that a thermally conductive silver mesh be used to transfer heat within the glove, and that a radioisotope heater element, about 23 grams of alpha-emitting fuel with additional shielding be used to generate 2 watts of thermal energy per glove6.

Phase Change Materials


It is possible to incorporate into a suit materials which change phase (freeze) at temperatures which will be encountered within the suits operating range.  As materials undergoing a phase change absorb heat during that freezing (at a constant temperature), the incorporation of phase change materials can stabilize suit temperature at that point for an extended period depending on the materials' enthalpy.  Phase change materials such as Glycerol Triacetate may be of great use in Mars EMU design.  They are already being used in ski clothing manufactured in Japan, to good effect7.

ELECTRICAL SYSTEMS


The electrical power system is another area which may produce significant mass reductions.  The Apollo EMU had an average electrical power usage of 47 watts over its eight-hour lifetime.  Most of this was used to drive ventilation and the liquid cooled garment cooling system.  The Apollo suits (and shuttle suits today) had 5 kg batteries to provide this electrical power.

Power Requirements


As has been stated earlier, passive suits remove the cooling system requirements.  This then directly reduces the battery mass significantly.  Improvements in communications equipment power efficiency will provide further mass savings.  Reduction of ventilation airflow rate may be possible.

Battery Options


The Apollo suits used silver-zinc batteries with one cycle lifetimes and an energy density of 83 W-hr/kg.  The current Shuttle spacesuits use silver-zinc batteries with an energy density of 102 W-hr/kg and 8 cycle lifetimes.  Current silver-zinc technology extends life to as much as 50 cycles at energy densities of 90 W-hr/kg.


A Mars mission may well stay for on the order of years, with EVAs on a nearly daily basis.  Several hundred EVAs can be expected.  As can be seen, several sets of EVA batteries would have to be brought along with silver-zinc EMU batteries.  There are alternative battery technologies which can potentially reduce these replacement requirements, and potentially increase battery efficiency.


Nickel-cadmium batteries have an energy density of only 36 W-hr/kg, but lifetimes in the range of 35,000 cycles.  NiCad is a very heavy solution with life significantly higher than required.  


Nickel-hydrogen batteries have energy density of 60 W-hr/kg, and about 15,000 cycle lifetimes.  These are improved solutions, but still heavier than current batteries in the suit.  


Sodium-solid electrolyte batteries are available which have energy densities up to 150 W-hr/kg, an improvement over current technology, and lives up to 1000 cycles.  This is approximately the desired lifetime, and the improved energy density is helpful.  However, these batteries operate at temperatures ranging from 440 to 700 K, quite hot for use in an EMU system.


Lithium-Titanium Sulphide batteries are the most recent development.  They operate at normal temperatures, have energy densities around 100 W-hr/kg, and have lifetimes of 300 cycles.  While not a mature technology at this time, Li-TiS2 batteries appear to be a good balance of lifetime and energy density.

Power System Design


Ideally, the Mars EMU will be a passively cooled system with power usage of at most 25 watts, around half what the Apollo suits used.  Over an eight-hour EVA, this amounts to 200 W-hr of power.  A number of battery options providing 100 W-hr/kg of storage capacity exist, so it is safe to say that the battery on a Mars EMU can be as light as 2 kg8.

CO2 REMOVAL SYSTEM


Current PLSS designs utilize lithium hydroxide to scrub carbon dioxide metabolic waste from the EMU air supply.  About 2kg of LiOH are consumed per 8-hour EVA.  While this is the most EMU mass-efficient option, it is also a large mass impact on the overall mission: A mission staying 600 days, with a 2-man EVA every day, would thus consume about 2400 kg of lithium hydroxide (plus packaging factor) during its ground stay.  Lithium Hydroxide can be regenerated with a complex process, but it is energy intensive and complex.  Lithium Hydroxide regeneration was ruled as impractical for initial missions.


Alternatives to Lithium Hydroxide are available.  Magnesium Hydroxide, Mg(OH)2, will work nearly as well as LiOH and requires only about 50% more mass, or about an additional kilo, in the PLSS.  It can be regenerated by heating to 500 K in a vacuum or near-vacuum for 20 or more use cycles.


Another option is to use KO2 as both the oxygen gas supply and carbon dioxide scrub chemical.  It appears to be viable, based on initial information, though further work is needed.


Other alternatives including Ag2O, molecular sieves, and membrane diffusion all appear to be overly massive for Mars surface applications, requiring at least five times as much mass.

PLSS MASS ESTIMATES


A preliminary system tradeoff analysis was made to help select general EMU configuration9. It assumed 8-hour EVAs, 0.6 kg. of oxygen consumption and 0.6 kg CO2 production, factors of safety of 1.4 in gas supplies and 2.5 in chemical supplies, moderate suit leakage to the environment, and a packaging factor of 2.2 for all subsystem masses (the Shuttle EMU packaging factor).  Eight suit configurations were examined.  Three involving overboard dump were immediately ruled out as the projected PLSS mass exceeded the total allowable EMU mass.  The surviving five options included one demand-breathing configuration, using tanked oxygen and lithium hydroxide for carbon dioxide removal, and four helmet circulation options.  Three of the helmet circulation PLSS configurations used LiOH, Mg(OH)2, and Ag2O respectively for carbon dioxide scrub.  The fourth used KO2 as both oxygen supply and carbon dioxide scrub.  The estimated PLSS masses for these five options are listed in Table 1, along with the estimated resupply mass per 8-hour EVA in kilograms of material brought from earth.

Table 1

PLSS CONFIGURATIONS

Configuration
System Masses (kg):


O2
CO2 rem.
Elect.
Total
Resupply

Demand/LiOH
3.2
3.0
0
13.6
1.9

Helm./LiOH
3.2
3.0
2.6
19.4
1.9

Helm./Mg(OH)2
3.2
7.3
2.6
28.8
0.10

Helm./AgO2
3.2
3.8
2.6
21.1
0.08

Helm./KO2
4.7
0
2.6
16.1
2.9

Notes: Demand is demand breathing through mask, with seperate helmet pressurization.  Helm. is full circulation in helmet of breathing gas.  Total mass includes packaging factor.

Following the initial tradeoff study, a more detailed design was done on a sample helmet circulation / gaseous O2 / Mg(OH)2 PLSS.  The results of that design study are shown on Table 2, compared to initial project target 

masses and a 2-hour endurance demand breathing open system PLSS which was conceived as a special purpose or emergency PLSS.

Table 2

BEST CONFIGURATIONS

System
Target mass (kg)
Mg(OH)2 PLSS (kg)
2 hr (kg)

Thermal
5.0
0
0

Vent/Press
2.0
3.2
0.6

Main O2
3.0
3.2
6.9

Emerg O2
6.0
2.8
2.8

CO2 Scrub
5.0
3.8
0

Elect./Com.
6.0
5.0
5.0

Misc.
2.0
2.0
2.0

TOTAL:
28.0
20.0
17.3

Allowable packaging factors:
1.4
1.6

PACKAGING FACTOR


One critical improvement needed to design successful Mars EMUs is that the PLSS system packaging factor must be controlled.  Current Shuttle EMU systems have a packaging factor of 2.2: every kilogram of actual life support or other system in the PLSS has 1.2 kg of structure and other packaging.  A careful re-examination of the design philosophy of PLSS units is required.  Current engineering will produce unbearably heavy PLSS systems for Mars. 

DIRECTIONS FOR FURTHER STUDY


A number of items were identified as areas for further work in defining Mars EMU design:


¥ More detailed task analysis, possibly including field work


¥ Mars gravity metabolic rates for various tasks


¥ Improved thermal modelling


¥ Materials research


¥ Materials test chamber development


¥ Thermal control optimization


¥ Glove development


¥ Metabolic waste removal systems


¥ Helmet configuration


¥ Carbon dioxide scrub systems


¥ Emergency systems configuration


¥ PLSS packaging factor


¥ PLSS mechanical design


At least two of these areas have been worked on in the two years since the project at UC Berkeley was completed: more advanced thermal modeling (Ref. 3), and Mars gravity metabolic rates for various tasks (Ref. 4).

CONCLUSION


The Mars environment presents a very different challenge for EMU design than those environments man has already explored: the higher gravity demands lighter EMU designs, and the atmosphere provides a relatively stable thermal environment capable of being used in EMU design.  Much lighter, passively cooled EMU designs appear possible, and other advanced technologies can contribute to optimized EVA systems for use in Mars exploration and development.
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