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“On the sea, (pedple) had to continually do more with less. And in the air even
more severely so. Thus there were two completely different worlds which really
fostered advanced engineering.”*

“... Doing more with less does not mean trying to thin out any known piece of
design. It does (mean using) an alternate piece of design which gets the same
result. We have today, for instance, one communications satellite weighing one-
quarter of a ton outperforming the transoceanic communications capability of
175,000 tons of copper cable.”**

“Through improved materials and alternate systems—such as going from wired to
wireless telegraphy—we can produce ever higher performance per each pound of
material, minute of time, and watt of energy invested, accomplishing so much more
with so relatively little resource per function, that we are able to sustain all
humanity at a higher standard of living than heretofore experienced or dreamed of
by any human.””*#**

- R. Buckminster Fuller

* Transcript of RBF Address, University of Alaska, p. 1, April 20, 1972

** This is Your Grand Strategy, p. 23, February 4, 1968

*¥* My New Hexa-Pent Dome Designed for You to Live In, Popular Science, May 1972
(As edited by Popular Science)




PREFACE

“Designing for Human Presence in Space: An Introduction to Environmental Control and Life
Support Systems” serves as an introduction to the NASA/MSFC process of designing an
Environmental Control and Life Support System (ECLSS) for habitats to provide living and working
quarters in space and on the Moon or other planets. This book documents the knowledge gained by
experienced engineers and scientists, serves as a reference for basic information applicable to the
ECLSS design process, and answers general questions related to ECLSS design, including:

What are the functions which an ECLSS must perform?

What factors are important when designing an ECLSS?

How is an ECLSS design verified and certified for flight?

How were ECLSS’s designed for previous missions or applications?

What lessons have been learned regarding ECLSS designs?

How is the ECLSS for Space Station Freedom (S.S. Freedom) being designed?
What are the ECLSS considerations for missions beyond low Earth orbit?

What are the programmatic factors in the ECLSS design process?

While answering these questions, the requirements placed upon ECLSS’s for different
mission scenarios are discussed, the technical process of designing an ECLSS is described, the
analytical and test methods are discussed, and the documentation required to coordinate the diverse
activities that relate to ECLSS design is explained. The process of designing a space habitat ECLSS
is quite involved and coordinating the diverse aspects is a major endeavor. This book provides
insight into the ECLSS design process from both technical and programmatic aspects.

In part I, “Fundamentals of ECLSS Design,” the role of ECLSS’s in human exploration of
space is introduced in chapter 1, the functions essential to support humans in space are described in
chapter 2, general requirements and mission-specific design considerations are discussed in chapter
3, and the process of designing an ECLSS for a particular mission is described in chapter 4.
Additional details are provided in appendices A through H.

In part II, “ECLSS Applications,” examples of ECLSS’s developed for terrestrial, submarine,
airplane, and space habitat use are described in chapter 5; a detailed description of the design
process is given in chapter 6 using S.S. Freedom as an example; and additional ECLSS design
considerations for interplanetary missions and settlements on the Moon and other planets are
discussed in chapter 7. General conclusions are given in chapter 8. Additional details are in
appendices I and J.




The appendices contain more detailed information needed to understand the technical aspects
of the design process. This information was placed in the appendices in order to allow the broader
aspects to be addressed without innundating the reader with details. An extensive references and
bibliography section identifies sources for further information.

Any work of this scope requires the involvement of many people, and the technical knowledge
and expertise of civil service and contractor personnel were drawn upon during preparation of this
book. The engineers and scientists of the Environmental Control and Life Support Branch/ED62 and
other organizations at NASA/MSFC provided much information and many comments during the
review process, and engineers with McDonnell Douglas Space Systems Company (MDSSC) and
Sverdrup Technology (SvT) assisted with preparing the book as well as providing comments. The
civil service personnel (from ED62 unless noted otherwise) are: Reginald Alexander (PD22), Allen
Bacskay, Robert Bagdigian, Robyn Carrasquillo, Amy Cardno (EB42), Donald L. Carter, Kevin
Depew, Margaret Elrod (PD24), Robert Erickson, Gerald Franks, Cynthia Frost (PT31), Thomas R.
Galloway (CT12), Melissa Gard, Donald Holder, William R. Humphries (ED61), William R.
Humphries Jr. (EB22), Paul Johnson (EP63), James Knox, Cindy McGriff, Kenneth Mitchell, Robert
Morse (EL53), Kathryn Ogle, David Patterson, Jay Perry, Charles Ray, James Reuter, Barry
Roberts, Monsi Roman, Richard G. Schunk, David Tabb (co-op student), Mary Traweek, Larry
Turner, Sherry Walker (PD22), Douglas Westra (ED63), Wendy Williams, Michael Wright
(summer student from the University of Minnesota, PD24), and Jay Wyatt (EL64). Comments on
medical aspects were provided by Dr. Paul Hornyak, the JSC medical monitor for ECLSS testing for
S.S. Freedom at MSFC. The contractor personnel are: Robert DaLee and Bryce Diamant (MDSSC)
who contributed to chapters 4 and 7, prepared most of chapter 5, and contributed information in the
appendices; and Mark Griffin and Wesley Coleman (SvT) who contributed portions of chapters 3 and
4 and information in the appendices (especially on designing the PLSS for the EVA suit). Roger von
Jouanne (Boeing) provided information on the G-189A computer program. Charles Martin and Ken
McCormick (MDSSC) provided several of the figures of U.S. and U.S.S.R./Russian space habitat
ECLS systems. The cover art was designed by Becky Caneer (CN32) and the artist was Tom
Buzbee (CN32). Editing was performed by Diane Stephanouk (MSI) and Judy Maples (DPTI).

Comments concerning this reference publication are invited and may be sent to Paul Wieland,
NASA/MSFC/ED62, Marshall Space Flight Center, AL 35812.

P.O.W.

Use of SI Metric Units

The Office of Space Flight Metric Transition Plan (April 1991) states that the NASA program
development process will aid in implementing metrication. In accordance with this, all units in this
book are’stated in International System (SI) metric and followed by U. S. customary units unless the
SI unit is more commonly used. For more information on metric units see “The International System
of Units: Physical Constants and Conversion Factors,” NASA SP-7012, and “Preferred Metric
Units for General Use by the Federal Government,” Federal Standard 376B, January 27, 1993.
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PART1
FUNDAMENTALS OF ECLSS DESIGN




1.0 INTRODUCTION—ECLS AND HUMAN SPACE FLIGHT

Human exploration and utilization of space are on the verge of great advances as an
international space station* is built and becomes operational in the 1990’s. Missions to return to the
‘Moon and to venture to Mars will follow in the 21st century and a permanent human presence in
space beyond low Earth orbit (LEO) will result. An essential part of these missions is
Environmental Control and Life Support (ECLS), in addition to the transfer vehicles, propulsion
systems, habitats, and surface roving vehicles that will be required. The task of providing a healthy,
productive living and working environment away from the Earth’s biosphere becomes increasingly
challenging as human exploration of space leads to voyages of longer duration and to more distant
destinations. The ECLS system (ECLSS) provides the appropriate conditions for such an
environment.

Various scenarios for these missions have been considered, placing a wide range of
requirements on the ECLSS. Detailed studies of some long duration mission scenarios were
performed as early as the 1960’s and 1970’s.(1-9** Different mission scenarios are reflected in the
~ECLSS design. For example, a mission of short duration, such as during Project Mercury or a lunar
surface rover, can use a very simple ECLSS that does not recover any of the metabolic byproducts
(CO,, waste water, etc.), whereas for a longer mission, such as the international space station or a
mission to Mars, recycling mass is necessary to reduce resupply and storage requirements and cost.
As these examples indicate, for different mission requirements, the most appropriate approach for
performing the ECLS functions may be quite different, such that for some missions “open-loop”
approaches with no recycling of mass are best, whereas for others, “closed-loop” ones are
essential. For very long duration missions (on the order of years) maximum closure of the mass
loops ultimately requires that solid waste be recycled and that food be grown from the organic waste,
meaning that someday plants will become an integral part of the ECLS systems of habitats on the
Moon, Mars, and elsewhere. These ECLS systems may, in the distant future, begin to approach the
complexity of the Earth’s biosphere, which has many “built-in” redundancies and can accommodate
“subsystem” failures, such as drought, fire, or pollution, to a great extent, while maintaining the
basic requirements for life to flourish.

The Earth itself has been compared to a spaceship(1®) and the ECLS challenge for human
space flight is to duplicate the critical functions of the intricate, interdependent processes that occur
on the Earth. Atmosphere revitalization and water recovery are basic functions that are part of most
scenarios for future human missions. Airborne contaminant control is extremely important for long
duration missions since long-term exposure to even minute amounts of some chemicals can be
deleterious to people. On the Earth, many of these functions are performed by plants and
microorganisms which transform CO; into O via photosynthesis and purify air via other metabolic
reactions. Evaporation from the oceans is the major process for purifying water, but plants also purify
water via transpiration. Microorganisms are also important for purifying water by transforming

*Subsequent to completion of the manuscript for this document the Space Station Freedom program was replaced by an
international space station program including participation of Russia. References later in this document to Space Station
Freedom are therefore for illustration purposes only.

**Superscript numbers in parentheses refer to documents listed in the References section. The references are numbered
starting with (1) for each chapter and are grouped according to chapter in the References section.




contaminants into usable or benign forms. Biological life support systems for space habitats are
being studied, but they are not yet sufficiently well defined or understood, so we are dependent on
our understanding of physical and chemical processes to support human life away from the Earth.

The general trend with advancing technology is toward doing more with less, as stated by
R. Buckminster Fuller in the quotations preceding the Preface. This means developing and using
technologies that are inherently more reliable, capable, and efficient than prev1ously used
technologies; reducing the use of expendables; and developing other means of minimizing the total
mass, volume, power consumption, and cost of an ECLSS while ensuring safe operation. This
requires creatively using the available technologies in the design of a system. In addition to the
hardware and software performing the ECLS functions, an ECLSS involves spare parts, logistics
resupply, and intersystem impacts. To obtain maximum performance from minimum resources, it is
necessary to thoroughly understand the ECLS requirements for a particular mission, the capabilities
and limitations of the available technologies, and methods of ensuring that the requirements will be
met by the selected technologies. All of these aspects are discussed in the following chapters as
well as many of the lessons that have been learned from previous programs.




2.0 ECLS—PURPOSE AND FUNCTIONS

Specific needs must be met in order to support life, and the purpose of an ECLSS is to provide
these needs where the Earth’s natural “life support system” cannot, such as in space. The basic
needs are appropriate atmosphere composition and temperatures, which must be continually
satisfied; sufficiently pure water, which must be provided every few hours; and food, which must be
provided before the body’s internal stores of energy are depleted. The maximum durations for which
people can live without these basic needs are approximately 4 minutes without oxygen, 3 days
without water, and up to 30 days without food.(1) Figure 1 lists typical values for the needs and
effluents per person per day.?) In addition to metabolic needs and effluents, wash water, including
water for washing clothes and dishes, is included for completeness.

For short duration missions, it is not essential to recycle oxygen, water, or other mass since
sufficient quantities can economically be taken along, without the complexity and cost of a recycling
system. However, as missions become longer, functions such as O, recovery and recycling of waste
water and solid waste become important to keep the resupply and storage requirements from
becoming prohibitive. The need to recycle mass for long duration missions can be illustrated by a
corollary with the Earth’s biosphere. There are increasing concerns about the large percentage of
U.S. municipal landfills that will reach capacity during the next few years. The question arises “Can
we reduce the amounts of waste generated or convert the waste into usable products?” Due to
limited locations that are suitable for waste disposal, efforts to reduce by design the amounts of
waste generated, by making processes more efficient and eliminating unnecessary waste such as
excess packaging, and to recycle waste products into usable products are becoming increasingly
necessary. On long duration space missions, it is also necessary to ensure that processes are
performed efficiently and to recycle as much of the mass as possible, not because there is nowhere to
store or dispose of waste, but because it is expensive to replace discarded mass. And, also, because
discarding mass in space increases orbital debris, and discarding mass on planetary surfaces may
adversely affect scientific studies and lead to other problems.

The specific ECLS functions that are needed for a mission depend on the mission
requirements. For this reason, the definition of an ECLSS will vary from one mission to another. As
described in this chapter, the ECLS functions include: atmosphere revitalization, atmosphere control
and supply, temperature and humidity control, water recovery and management, waste management,
and fire detection and suppression. Other functions that may be considered part of the ECLSS
include: food storage and preparation, plant growth facilities, radiation protection, external dust
removal, thermally conditioned storage, and hyperbaric chambers and airlocks. These functions and
their subfunctions are shown in figure 2.

When describing the equipment that performs the ECLS functions, specific terminology is
used for different levels of complexity. Together, all of the equipment performing the ECLS functions
constitute the ECLSS, which is made up of subsystems such as atmosphere revitalization and water
recovery and management. The convention used in this book for identifying the complexity level of
the hardware and software performing the different levels of functions is described in appendix A.




Needs

Oxygen = 0.84 kg (1.84 1b) ==

Food solids = 0.62 kg (1.36 1b) =]
Water in Food = 1.15 kg (2.54 Ib) =
Food Prep Water = 0.76 kg (1.67 1b) s

Drink = 1.62 kg (3.56 Ib) =]

Metabolized Water = 0.35 kg (0.76 1b) ==»
Hand/Face Wash Water = 4.09 kg (9.00 1b) =
Shower Water = 2.73 kg (6.00 Ib) =4/

Urinal Flush = 0.49 kg (1.09 1b) =

Clothes Wash Water = 12.50 kg (27.50 Ib) =={»-
Dish Wash Water = 5.45 kg (12.00 Ib) =

Effluents

=g Carbon Dioxide = 1.00 kg (2.20 1b)

'S Respiration & Perspiration
Water = 2.28 kg (5.02 Ib)

Food Preparation,
Latent Water = 0.036 kg (0.08 Ib)

=~ Urine = 1.50 kg (3.31 Ib)
= Urine Flush Water = 0.50 kg (1.09 Ib)
=~ Feces Water = 0.091 kg (0.20 1b)

—» Sweat Solids = 0.018 kg (0.04 Ib)
- Urine Solids = 0.059 kg (0.13 Ib)

=g Feces Solids = 0.032 kg (0.07 Ib)

- Hygiene Water = 12.58 kg (27.68 1b)

= Clothes Wash Water
Liquid = 11.90 kg (26.17 Ib)

Total = 30.60 kg (67.32 1b)

Latent = 0.60 kg (1.33 Ib)
Total = 30.60 kg (67.32 Ib)

Note: These values are based on an average metabolic rate of 136.7 W/person (11,200 Btu/person/day) and
a respiration quotient of 0.87. The values will be higher when activity levels are greater and for larger than
average people. The respiration quotient is the molar ratio of CO2 generated to O2 consumed.

Figure 1. Human needs and effluents mass balance (per person per day).
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Figure 2. ECLSS functions and subfunctions.
2.1 Atmosphere Revitalization

The air surrounding the Earth is composed (by volume, for dry air) of 78.084 percent nitrogen,
20.948 percent oxygen, 0.934 percent argon, 0.0314 percent carbon dioxide, and minute quantities of
other gases.(3:4) Water vapor is also present in amounts up to the saturation level. The degree of
saturation (i.e., the relative humidity) depends upon temperature and pressure.(5) Additional
components include trace contaminants, dust, and smoke particles. The components of concern with
regard to space habitats are oxygen, carbon dioxide, nitrogen, water vapor, trace contaminants, dust,
and smoke particles.

Oxygen is consumed by people and animals and is converted into carbon dioxide during the
process of converting food into usable energy and body mass. It is, therefore, imperative to maintain
a sufficiently high level (partial pressure) of oxygen and a sufficiently low level of carbon dioxide. The
methods by which acceptable levels can be maintained are discussed in the following sections. It is
necessary to minimize the amounts of trace contaminants, dust, and smoke particles in a space
habitat atmosphere, due to health hazards and the possibility of damaging equipment.




Generally, the term “atmosphere” refers to the gas either surrounding a planet or contained
within a sealed vessel such as a space habitat, and the term “air” refers to the specific composition
of the Earth’s atmosphere, especially the nitrogen, oxygen, carbon dioxide, and water vapor
components. Therefore, the atmosphere of a space habitat may or may not be “air”” and typically has
not been. For consistency, the term “atmosphere” will be used throughout this document when
referring to the breathable gas in space habitats.

The atmosphere compositions that have been used on U.S. space habitats are described in
appendix B, along with atmosphere revitalization (AR) requirements and design information. As
shown in figure 3, the functions that are required in order to revitalize the atmosphere in a closed-
loop manner can be separated into CO, removal, O, generation, trace contaminant control, and
recovery of Oy from CO, (CO; reduction). Temperature and humidity control (discussed in section
2.3) is also required in order to provide the proper temperature and moisture levels, and filters (or
some other means) of removing dust particles and microorganisms are required as well. Plants and
microorganisms can perform many of the AR functions simultaneously and are being studied for use
in space habitats. Such “bioregenerative” life support systems are discussed in appendix H.
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Figure 3. Atmosphere revitalization.
2.1.1 CO» Removal

The concentration of CO, must remain at a very low level in order to avoid adverse physio-
logical effects. (See section 3.2.1.1 for the requirements.) Because CO, is generated during normal
metabolic respiration at an average rate of 1 kg (2.2 1b) per person per day, in a closed volume, the
level of CO, would quickly increase to unacceptable levels (greater than 1.6 kPa or 12 mmHg)
without some method of removing it. Many different methods of removing CO, from the atmosphere
have been considered for use on space habitats. These methods are based on absorption (chemical
or electrochemical reaction with a sorbent material), adsorption (physical attraction to a sorbent
material), membrane separation, or biological consumption. The method which has been used on
most U.S. space habitats is absorption by lithium hydroxide (LiOH). In the process of absorbing
CO,, a nonreversible chemical reaction occurs which means that the LiOH must be periodically
replaced with fresh material. This works well for short duration missions, but for missions lasting
longer than about 2 weeks, the storage requirements of this nonregenerable method become
prohibitive. For this reason, on Skylab a regenerable molecular sieve was used to adsorb CO,. A
molecular sieve (such as zeolite) has a crystalline structure with an extremely large surface area



due to microscopic pores. CO; is trapped in these pores, while O, and N, pass through.(3.6) Because
no chemical reaction occurs the molecular sieve can repeatedly adsorb and desorb CO, (for example,
by exposure to space vacuum as on Skylab, or by heating and reducing the pressure with a vacuum
pump). This avoids the storage requirements of LiOH. Other regenerable methods which have been
tested, although not yet used on a flight, include chemical or electrochemical absorption and
desorption.

2.1.2 CO» Reduction

When CO, is vented overboard as on Skylab, there is no need to process it further. However,
on longer duration missions, this loss of mass, particularly the Oy, will lead to increased storage or
resupply requirements which will be expensive for missions such as S.S. Freedom and prohibitive for
missions to the Moon or Mars. To recover this O,, there are several methods which have been
considered. These methods include reacting CO, with Hy at high temperature in the presence of a
catalyst to produce H,O and either methane or solid carbon, direct electrochemical separation of O,
from CO;, or biological methods. So far, no U.S. space habitats have required recovery of the O from
CO,, but two methods are being considered for use on S.S. Freedom: the Bosch reactor which
produces solid carbon and H,0O, and the Sabatier reactor which produces methane and H,O. Both of
these methods react CO, with H, at relatively high temperatures (480 to 650 °C (900 to 1,200 °F)).

2.1.3 O Generation

The concentration of O, must be maintained at a sufficiently high partial pressure—near the
sea-level partial pressure of 21.4 kPa (3.1 psia)—to avoid adverse physiological effects such as
decreased night vision, impaired memory and coordination, unconsciousness, convulsions, and death
of nerve tissue. These effects can begin within a few seconds of O, deprivation, depending on the
degree of hypoxia (lack of oxygen), so it is extremely vital to maintain an adequate O, supply.
Higher partial pressures of O, (starting at about 32.4 kPa (4.7 psia)) can also lead to physiological
problems such as lung irritation.(4) The acceptable and unacceptable ranges of O percentages for a
range of total atmospheric pressures are shown on figure 4.(7)

On all U.S. missions to date, the O, has been supplied from tanks which carried sufficient O,
for the duration of the mission. For longer duration missions, the storage or resupply penalty is
excessive, and some method of recovering O, from waste mass is required. For S.S. Freedom, the
0, will initially be resupplied, but will later be generated by electrolysis of recovered waste water.
Other methods include electrolysis of water vapor and electrolysis of CO,. There are also biological
methods for generating O, including algae or other microorganisms and higher plants such as salad
vegetables.(®

2.1.4 Trace Contaminant Monitoring and Control

The atmosphere of a space habitat does not have the volume, relative to contaminant
sources, of the Earth’s atmosphere and, as a result, does not have much buffering capacity to dilute
contaminants. Because of this, even a small amount of a contaminant in a space habitat may result in
a hazardous condition. It is, therefore, essential to closely monitor the amounts of contaminants in
the space habitat atmosphere and to have effective methods of removing excess contaminants. The
sources of trace contaminants include offgassing from materials, metabolic byproducts from the crew
(feces, urine, perspiration, etc.), food preparation, housekeeping cleaners, and scientific experiments.
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Figure 4. Physiological effects of oxygen concentrations.
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Passive contamination control, such as careful selection of materials to minimize offgassing and dust
particle generation, can significantly reduce the amounts of contaminants which must be actively
removed and is a necessary first step. However, active contamination control is necessary, and is
increasingly important as mission durations become longer.

Various methods of trace contaminant monitoring are used on Earth, including gas
chromatography/mass spectrometry (GC/MS), specific contaminant monitoring (e.g., combustible
gas sensors), infrared (IR) dispersion/spectroscopy, and ultraviolet (UV) spectroscopy. For space
habitat applications, a carbon monoxide (CO) sensor was used on Mercury spacecraft, gas detector
tubes (containing compounds sensitive to specific contaminants) were used on Skylab to monitor CO
and toluene diisocyanate (a product of polyurethane foam decomposition), and a CO monitor along
with a GC/MS will be used on S.S. Freedom to monitor about 200 contaminants of concern.
(Appendix B contains a listing of contaminants and a method of calculating the toxicity of
contaminant mixtures.) Particulate levels will be monitored by a “nondispersive infrared” (NDIR)
technique on S.S. Freedom. For Gemini, Apollo, the orbiter, and Spacelab, no on-orbit monitoring for
trace contaminants was (or is) performed, but samples of the atmosphere were (or are) collected
and returned to Earth for analysis.

Contaminants such as dust particles and trace gases are present in the Earth’s atmosphere.
Dust is removed by gravity and rainfall, and trace gases are transformed by physical, chemical, or
biological processes. In space, gravity effects are minimal so other means of removing dust particles
are needed. The usual methods are screens and high efficiency particulate atmosphere (HEPA)
filters in the ventilation system. Other methods of dust removal are electrostatic precipitation and
wiping surfaces where dust particles collect. Trace gases, which may be deleterious to the crew,
must be actively removed by absorption, adsorption, or catalytic oxidation. For example, the liquid
water formed in condensing heat exchangers absorbs water soluble contaminants (similar to the way
rainfall absorbs contaminants); LiOH chemically absorbs acidic contaminants; activated charcoal
physically adsorbs high molecular weight nonpolar organic contaminants; catalytic oxidation at
ambient temperatures using platinum or palladium impregnated charcoal controls CO, Hy, and Ny Ha;
and high temperature catalytic oxidation reactors (approximately 400 °C (750 °F)) with a palladium
catalyst on alumina (Al,O3) control low molecular weight organic compounds such as CH4 by
reacting them with O, to form CO; and H,O.

2.1.5 Microorganism Control

Microorganisms can spread very rapidly when present in the atmosphere of a space habitat
due to forced convection ventilation and reduced gravity. Pathogenic microorganisms are of special
concern. HEPA filters can be used to remove them from the atmosphere, depending on the pore size
of the filters and the size of the microorganisms. These filters are placed at strategic locations in the
ventilation system to ensure that microorganisms, and particulate contaminants, will be removed to
maintain acceptable levels.

2.2 Atmosphere Control and Supply

The composition and pressure of the atmosphere of a space habitat is decided during the
design process based on physiological, technical, and mission requirements. It is important to
maintain the proper composition and pressure to ensure optimal performance of the crew and
equipment. The partial pressure of O, must be sufficiently high to ensure proper absorption during
respiration, so monitoring and controlling this level is extremely important. The total pressures of
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space habitat atmospheres have varied from 34.5 kPa (5.0 psia) to 101.0 kPa (14.7 psia) with the
PO ranging from 21.4 kPa (3.1 psia) to 34.5 kPa (5.0 psia) for short-duration missions. Early U.S.
space habitats used pure oxygen in space (at 34.5 kPa (5.0 psia)) and during testing, until the
Apollo fire during a practice session on the launch pad in 1967 in which three astronauts died (Roger
Chaffee, Gus Grissom, and Ed White).:10.11) While the 34.5 kPa (5.0 psia) pressure of pure O,
does not pose a special fire hazard, during testing, the pressure was increased to 110.2 kPa (16.0
psia) to avoid overstressing the vehicle structure. With pure O, at 110.2 kPa (16.0 psia), fire can
spread much more rapidly. Nitrogen serves to inhibit the flammability of oxygen, and, as a result of
the fire, it was decided to use a mixture of 40 percent N, and 60 percent O, during prelaunch
testing.(12) The orbiter atmosphere composition and pressure is closer to the Earth-normal
conditions at sea level for reasons including safety and easier testing of equipment. When preparing
for an EVA, the pressure is reduced to 70.3 kPa (10.2 psia) to ease the transition to the space suit
pressure. S.S. Freedom is being designed with atmosphere conditions similar to the orbiter for the
same reasons, and also because there are physiological reasons for including N, for long duration
missions.) A simplified schematic of an atmosphere control and supply (ACS) system is shown in
figure 5. System requirements and technology options are given in appendix C.
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Figure 5. Atmosphere control and supply.

2.2.1 Monitoring Major Constituents

The major constituents of space habitat atmospheres are Nj, Oz, H,0, and CO,. Other gases
such as Hj, CHy, and CO may also be considered “major,” due to the potential hazard they pose,
even though they are present in small amounts. The most basic approach to monitoring the levels of
these gases is to have separate analyzers for each gas (e.g., a specific O, sensor). Other methods
such as mass spectrometry (MS) can monitor all of these gases. The MS, however, cannot
distinguish between different compounds having the same molecular weight (e.g., N, and CO). To
identify and quantify these compounds, additional, specific monitors are needed. Information from a
trace contaminant monitor may also be useful in monitoring the major constituents. Such a
combination of approaches provides the benefit of redundancy for this critical function.




2.2.2 Atmosphere Composition Control

Various methods of controlling the composition of the atmosphere have been used or
considered. Control mechanisms can be either automatic, manual, or a combination of these, and may
operate pneumatically, mechanically, or electromechanically. General approaches include “on
demand” addition of makeup gases to counter leakage and periodic injection of makeup gases. The
amounts of O, or N, added are determined by monitoring changes in total pressure and the O, partial
pressure. To reduce the amounts of makeup gases which must be stored, the space habitat will
become tighter, with the goal of eliminating leakage. This will affect atmosphere composition control
by eliminating leakage or venting as acceptable methods of removing excess constituents. Instead, if
the total pressure gets too high, atmosphere will need to be pumped to storage tanks, or if the level
of a specific constituent is too high it will need to be selectively removed and stored.

2.2.3 Atmosphere Constituents Storage

There are several options for storage of the atmosphere constituent gases, O, and N,. High
pressure tanks have been used (on Mercury, Gemini, Apollo, Skylab, shuttle, and Spacelab) as well
as cryogenic storage of liquefied gases (on Gemini, Apollo, and shuttle, and will be on S.S.
Freedom). Nitrogen can also be stored as hydrazine (HyN;) and chemically released as needed.
However, hydrazine is highly toxic, which is a major disadvantage. Also, H, is released, which is an
advantage if it is needed for another process (such as propulsion), otherwise it may not be an
advantage. Factors which must be considered when deciding which method is most appropriate for a
particular mission include safety, reliability, the available volume, the amount of power required to
compress or liquefy the gases, and whether this would be done in orbit or on the ground and
resupplied. For a closed-loop system where O, is generated on demand, such as by electrolyzing
water, the need for O, storage is reduced or eliminated, and only a small tank may be needed to
accommodate fluctuations in production or demand.

2.2.4 Pressure Control

The capability to deal with out-of-specification pressures is critical to ensure that equipment
operates properly and that excessive stresses do not occur in the habitat pressure shell. Maintaining
constant total pressure is also important for physiological reasons, as is maintaining the specified
partial pressures of O, and CO,. Pressures below the design range affect the abilities of the
temperature and humidity control subsystem to properly cool the habitat because of reduced heat
capacity of the atmosphere. Underpressure situations can be dealt with by having makeup gases
stored in tanks. Overpressure situations can be dealt with by compressing excess atmosphere for
later use or by venting excess atmosphere to space. For habitats which return to Earth, the
capability of repressurizing from the design pressure (if less than 101.3 kPa (14.7 psia)) to Earth-
normal during reentry is necessary to avoid structural damage.

2.3 Temperature and Humidity Control

While people can survive in a relatively wide range of temperature and humidity conditions,
the range which is comfortable for working and living is fairly narrow and depends on the level of
activity.® “Ideal” temperatures range from 18 to 27 °C (65 to 80 °F) and “ideal” humidities range
from dew points of 4 to 16 °C (40 to 60 °F) (relative humidities (RH) from 25 to 70 percent). Soviet
experience in space indicates that temperatures below 19 °C (66 °F) with RH above 70 percent is
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considered “cool” or ‘“cold.” Temperatures of 22 to 24 °C (72 to 75 °F) are considered com-
fortable.(14) Generally, heat and humidity need to be removed from the atmosphere to maintain
acceptable conditions.

Heat is generally considered in terms of latent and sensible components. Sources of heat
include electronics, lighting, and solar heating of the habitat, in addition to metabolic sources. Latent
heat is removed by drying the atmosphere, and sensible heat is removed by cooling the atmosphere.
One requirement is to prevent condensation from forming on windows, walls, or equipment. Some
historical temperature limits for U.S. space habitats are shown in table 1. A simplified schematic of a
temperature and humidity control (THC) system is shown in figure 6. THC requirements and
technology options are described in appendix D.

Table 1. Allowable temperatures and relative humidities on U.S. space habitats.(15)

Space Habitat Temperature Range Relative Humidity Range
Apollo 21 to 24 °C (70 to 80 °F) 40 to 70 percent
Skylab 13 to 32 °C (55 to 90 °F) 25 to 85 percent
Orbiter 18.3 to 26.6 °C (65 to 80 °F) 25 to 85 percent
Spacelab 18 to 27 °C (644 to 80.6 °F) 25 to 70 percent
S.S. Freedom 18.3 to 26.6 °C (65 to 80 °F) 25 to 70 percent
cooler, drier
warm, moist atmosphere
atmosphere Temget:ature and '.1
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Figure 6. Temperature and humidity control.

2.3.1 Temperature Control

Excess heat is removed via ventilation (discussed in section 2.3.3) which moves the
atmosphere through condensing heat exchangers, or by liquid- or atmosphere-cooled “cold plates”
to which heat generating equipment is attached. This heat can then be disposed of by radiating it to
space or by evaporating a liquid to space. For long duration missions radiating to space is preferred
since the mass loss of evaporating a liquid to space would become prohibitive, unless excess liquid
is available. For short duration missions or portable life support systems for extravehicular
activities, however, evaporation may be the preferred method. Other methods suitable for specific
applications include absorbing the waste heat by melting a compound such as wax, which would later
be resolidified by radiating the heat to space or by another method, and, on the Moon or Mars, by
conducting the waste heat to the ground. Unfortunately, the thermal conductivity of the lunar soil is
extremely low(16) so extensive site preparation would be required, and the Martian atmosphere, at
0.5 to 1.0 kPa (5 to 10 millibars or 0.0725 to 0.145 psia), is too thin to be an effective heat sink.
Ideally, “waste heat” would be recovered for heating water or some other use.
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2.3.2 Humidity Control

Water vapor is essential at the appropriate levels (RH between 25 and 75 percent) to avoid
adverse physiological effects. If the RH is too low, then throat and nasal tissues become dry; if too
high, then perspiration does not provide proper cooling. The usual problem for space habitats is
excess water vapor, which must be removed.®

Excess moisture can be removed by condensation, absorption, or adsorption. Typically,
condensing heat exchangers are used to remove excess moisture while removing heat, with “slurper
bars” or a wick-type device to remove the condensed water. (These methods are described in
appendix D.) For short duration missions or EVA suits, however, absorption or adsorption may be
acceptable methods, with the water recovered later.

2.3.3 Ventilation

Forced ventilation is essential in order to ensure good mixing of the atmosphere constituents
for adequate removal of CO,, water, and trace contaminants and to provide sufficient O, for metabolic
requirements. Ventilation is also the primary method of removing heat. Ventilation flow rates are
determined by medical requirements to avoid stagnant regions where the O, level may get too low or
the CO, level too high, and by the requirements for heat rejection to accommodate the expected
amount of waste heat generated by people, animals, equipment, and experiments. Another factor in
selecting the ventilation rate is the total pressure. Lower total pressures require higher ventilation
rates for the same amount of cooling capacity. The distribution system must be designed to ensure
adequate flow across habitable volumes (“modules”), and the diffusers and return ducts must be
positioned to avoid “short circuiting” of the flow. Intermodule ventilation (IMV) rates are largely
driven by the need for CO, removal, when the assembly in one module must remove CO, generated
in another module.

2.3.4 Equipment Cooling

The cooling of payloads is a special thermal control problem due to the need for forced
convection. The natural convection of air on Earth due to the buoyancy of warm air in a gravity field is
eliminated or reduced in space where microgravity (LEO or transfer missions) or reduced gravity
(lunar and Martian missions) environments are encountered. Electrical equipment generates heat
which must be removed, and one of two methods is generally used to do this: forced convection or
“cold plates.” Forced convection of the atmosphere over or through the equipment is an effective
way to remove excess heat, provided the flow rates and temperatures are appropriate. For
situations where forced convection may not be suitable, heat can be removed by conduction to liquid-
or atmosphere-cooled cold plates to which the equipment is fastened. After the heat is removed from
the equipment, it must then be removed from the cooling fluid. For forced convection, the heat must
be removed by the temperature and humidity control subsystem (THCS), typically by a liquid-
atmosphere heat exchanger. For liquid-cooled cold plates (and for the liquid coolant in the THCS),
the heat must then be removed by radiating it to space.

2.4 Water Recovery and Management

Ensuring a clean supply of potable (drinking) water and water for washing is essential.
Potable water has been provided on all human space missions, and, for most missions, the water
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was stored in tanks that were filled prior to launch. The amount of water required for long duration
missions makes this option undesirable due to the costs of resupplying the water. The longest U.S.
mission on which stored water was used was Skylab, for which the entire water supply was
launched with the habitat aboard the Saturn V launch vehicle. At a usage rate of 2.3 kg (5 1b) per
person per day, the total quantity needed for the 171 days of operation with three astronauts was
about 1,166 kg (2,565 1b). For missions of longer duration, having larger crews or having limited
storage space, it would be prohibitive to store or resupply all of the water required. For this reason,
on the orbiter, potable water is obtained from the fuel cells which are used to generate electricity by
combining H; and O, to produce H,O. This option is not available where H,/O, fuel cells are not the
preferred power source (such as on S.S. Freedom), so waste water must be purified for reuse. When
recycling waste water, the potential for contamination is higher than when using stored water, and
maintaining water quality becomes more difficult, especially with regard to microorganisms. A
simplified schematic of a water recovery and management (WRM) system is shown in figure 7
(shown as a “single-loop” system). System requirements, including allowable concentrations for
the anticipated contaminants, and technology options are described in appendix E.
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Figure 7. Water recovery and management.

2.4.1 Water Storage

When storing water—or any liquid—in microgravity, there are unique problems which must
be addressed. Water can be stored in tanks, but without gravity to direct the water to the outlet,
other methods must be used. Also, it is difficult to determine the quantity of water remaining in a
tank. Several types of tanks have been used, including bladder tanks and bellows tanks. These tanks
have successfully addressed the microgravity problems, but due to the stretching or flexing of the
tank walls, they have lifetime limitations which may limit their suitability for long duration missions,
although the bellows tanks to be used on S.S. Freedom have a design life of 10 years.

Storage systems require relatively simple biocide additives such as iodine, ozone, silver, or
chlorine to maintain acceptable quality. Recycling systems, in addition, require more elaborate
methods to remove particulates, organic molecules, microorganisms, and other trace compounds.
Maintaining a clean water distribution system is critical so that contamination of purified water will
not occur between the holding tank and the points of use.
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2.4.2 Water Recovery

Several methods of purifying waste water have been considered for use on space habitats,
including filtration, distillation, evaporation, absorption, adsorption, catalytic oxidation, and biological
methods. The methods which are most developed and which were considered for use on S.S.
Freedom are: multifiltration using a combination of particulate and microorganism filters and ion
exchange resins to remove ionic and organic compounds; reverse osmosis (RO) which is essentially
filtration through a semipermeable membrane in which the waste water passes through an
“ultrafiltration” membrane prior to entering the RO unit; thermoelectrically induced evaporation
through a membrane for recovering water from urine; and vapor compression and distillation of urine
for recovering the water. Other technologies at lower levels of development include evaporation and
vapor phase catalysis of impurities.

2.4.3 Water Quality Monitoring

Monitoring of the water quality is needed to ensure that the water purification process is
providing water of acceptable quality. In general, process monitoring and control require tracking of a
few key parameters to identify when certain events occur. The particular events depend on the
subsystem technology used and include adsorption or resin bed breakthrough, membrane breakage,
and iodine depletion. The parameters which indicate that these events have occurred include pH,
conductivity, organic carbon, and iodine concentration. These parameters provide a general
assessment of the water quality without requiring lengthy or unreliable analyses. (Appendix E lists
S.S. Freedom’s water quality specification.) Water quality monitoring requirements are formulated in
close cooperation with medical specialists. The desired goal is to perform the minimum amount of
on-orbit monitoring while ensuring crew safety.

2.4.4 Monitoring of Microorganisms

Of particular concern is monitoring of microorganisms. No flight-ready reliable automatic
method to detect microorganisms at concentrations of 0 to 10 colony forming units (CFU)/100 mL is
presently available. Standard methods such as plate counts are time consuming, requiring from 24
hours to 7 days to obtain results, and a relatively large volume of water must be stored for this
period. Additional impacts are the large sample volumes required, expendables such as sampling
equipment and growth media, fixed hardware such as incubators, disposal of nutrient-rich media
following analysis, and the potential for contamination of the WRM subsystem during sample
collection.

2.5 Waste Management

The wastes generated on a space habitat are of four general types: metabolic wastes
consisting of moist solids including feces and vomitus, other solid wastes, liquid wastes including
urine and waste hygiene water, and gaseous wastes.(17) In the past, these wastes were either
stored for return to Earth or vented to space. For long duration missions, this mass loss becomes
prohibitive, and methods are needed to recover usable products as much mass as possible. Some
methods are specific for the type of waste, while others can process waste of virtually any type. A
simplified schematic showing the sources and products of waste processing is shown in figure 8.
Waste management (WM) requirements and technology options are described in appendix F.
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Figure 8. Waste management.

2.5.1. Metabolic Waste

The earliest Mercury program missions did not require provisions for metabolic (or any other)
waste, since the durations were no more than a few hours. For the later Mercury missions, and for
the Gemini and Apollo missions, feces were collected in bags and stored. On the orbiter, as on
Skylab, commodes are used to collect, dehydrate, and store the feces. The reliability of the commode
design, however, has been problematic, so bags are used as a backup. For S.S. Freedom, a
redesigned commode is being developed which will compact and store the metabolic waste in a

“different manner, which is expected to be more reliable.

For more advanced missions, it will be necessary to recover for reuse the mass, both liquid
and solid, of the metabolic waste. Water can be recovered by dehydration, but this process still
leaves the solid portion of the feces. Ideally, this would be converted to fertilizer for plants which
would provide a significant portion of the food requirements. Incineration or other oxidation pro-
cesses can convert organic wastes to CO, and HyO which can be processed by the AR subsystems,
but these consume O, which must be generated at a significant cost in power consumption and would
only be feasible if power is not a constraint.(18)

2.5.2 Other Solid Waste

Other solid wastes (fax paper, disposable dishes, etc.) consist primarily of paper and
plastics, which, being organic materials, may be amenable to processing in a manner similar to that
used for the solid portion of metabolic wastes. For short duration missions, storage for later disposal
is acceptable, but for long duration missions, where resupply is difficult or impossible, recovery of the
mass is essential. In some cases, reusable alternatives to disposables can reduce the amount of
solid waste to be processed.

2.5.3 Liquid Waste

Sources of liquid wastes include urine and brine residues from some of the water processors.
Oxidation methods for processing metabolic wastes can convert liquid wastes to usable products.
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2.5.4 Gaseous Waste

Sources of gas waste include metabolic gaseous wastes (CHy, H,S, H,, CO, and CO;) and
byproducts from various chemical processes. The gaseous wastes may be removed or transformed to
H,0 and CO, by the atmospheric trace contaminant control assembly.

2.6 Fire Detection and Suppression

Fires on space habitats can be disastrous, and the potential for fires must be minimized.(19)
Using materials which are fire resistant and designing a habitat and its systems to not propagate fire
reduces the likelihood of a major fire. Even so, the possibility of a fire cannot be totally eliminated. It
therefore becomes important to detect a fire as early as possible, preferably detecting the conditions
that indicate a fire may occur. In the event that a fire does occur, appropriate methods of suppressing
it must be provided. Methods of detecting, suppressing, and cleaning up after a fire are listed in
table 2. Fire detection and suppression (FDS) requirements and technology options are described in
appendix G.

Table 2. Fire detection and suppression.

Detection Methods: IR, UV, ion, particle
Detection Approach: centralized, distributed, or a combination
Suppression Methods: CO,, N;, H,0, Halon
Suppression Approach: centralized, distributed, portable, or a combination
ions for Clean f ressant an mbustion Bypr ts: sorption, conver-
sion, vent to space

2.6.1 Detection of Incipient Fires

The sense of smell is a sensitive and reliable method of detecting a fire which is available on
all human space missions. However, fires may occur during sleep periods, and, as space habitats
become larger, not every module will be continually occupied. Therefore, reliable automatic methods
are needed. These methods include flame detectors based on visible, infrared, and ultraviolet
emissions, and smoke detectors based on detecting the particles emitted by burning materials. Due
to spurious alarms by the fire detectors, there have been missions where the sense of smell was the
only reliable method. Because of this, improvements are needed in discriminating between smoke
particles and other particles. Some of the newer technologies developed to detect fires are ionization
detectors, used on the orbiter and on Spacelab, and photoelectric flame detectors, planned for use on
S.S. Freedom. Another promising method being developed uses an expansion chamber to detect
condensation nuclei produced by particles given off by heated materials prior to combustion.(20.21)

2.6.2 Suppression of Fires

Fires can be suppressed by removing the oxidizer (by “suffocation”) or the fuel (by shutting
off the flow) and/or by removing the heat required for combustion to occur. On Earth, several
methods are commonly used including water, foam, CO,, and Halon. Some of these would not b