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TECHNICAL MEMORANDUM

TRACE CHEMICAL CONTAMINANT GENERATION RATES FOR SPACECRAFT
CONTAMINATION CONTROL SYSTEM DESIGN

INTRODUCTION

A spacecraft presents a unique design challenge with respect to providing a comfortable
environment in which people can live and work. All aspects of the spacecraft environmental design
must be considered to ensure the comfort and health of the occupants. These include the size of the
habitable volume, the temperature, the relative humidity, and the composition of the cabin atmos-
phere. The crewmembers and the materials selected for outfitting the spacecraft play an integral part
in designing a habitable spacecraft. Trace chemicals from these sources that can contaminate the
spacccraft atmosphere must be controlled to achieve an acceptable living environment. Otherwise,
crewmembers may become ill or unproductive.

Material offgassing and human metabolism are the primary sources for continuous trace
¢chemical contaminant generation onboard a spacecraft. Therefore, these sources are subjected to
control via both passive and active means. Passive control involves screening and selecting materi-
als according to established offgassing criteria. These tests are designed to minimize the amount of
trace chemical offgassing by limiting the amount of materials that contribute to the total contamina-
tion load. Since the material offgassing source cannot be completely eliminated and the crewmem-
bers continuously generate contaminants, active control means are deployed onboard the spacecraft
to cnsure an acceptably clean cabin atmosphere.

Other sources of trace contaminant gencration exist, These include contaminants from house-
keeping, personal hygiene, food preparation, extravehicular, and other activities onboard the space-
craft. Contaminants may also be generated from experimental payloads; however, their contribution
is normally limited to material offgassing. Even so, occasionally, a contingency contamination event
may occur. These events may involve the release of a chemical used as a reagent in a payload or the
malfunction of hardware resulting in the release of combustion or pyrolysis products into the cabin
atmosphere. Overall, these sources can he controlled by carefully planning activities onboard the
spacecraft and using approved material handling procedures for experimental payloads. Since con-
tamination from these sources is difficult at best to quantify, they are generally not used for design-
ing active contamination control systems for spacecraft. Their impacts over time on the performance
of the onboard contamination control systems are assessed on a case-by-case basis,

BACKGROUND

Designing active contamination control systems for use onboard spacecraft is a difficult task
even though the technologies used are simple and well defined. This difficulty results from the fact
that the contamination control system design generally precedes the overall spacecraft design. For
this reason, the trace chemical contamination load that the system must process is unknown. Fortu-
nately, a trace chemical contamination load for designing active contamination control systems can
now be defined based upon past space mission experience. This experience begins with early con-
tamination control system design and continues to be updated as more space missions are flown. In



addition, the experiences from Russian space missions provide additional information, especially for
contamination produced by human metabolic processes. '

Tnitial trace chemical contaminant load models for designing spacecraft contamination control
systems use the best estimate of the load from past spacecraft design experience. As the spacecraft
design proceeds, more details on the materials of construction and crew size are available, which
allows the design load model to be refined. Upon completing the spacecraft design, the original load
model can be replaced by contaminant generation rates obtained from the actual materials offgassing
data for that spacecraft design. This process has been used successfully for the Spacelab and space
station programs.

Historically, definition of trace chemical contaminant load models began as early as 1965
when the first design concepts for spacecraft contamination control systems were being developed.
This initial work on contamination control systems for Apollo defined a load model for offgassing and
generation rates for hydrogen and methane.! Unfortunately, no references for these data are pro-
vided. A study conducted about 1966, however, established a load model that was based upon off-
gassing test data obtained from materials qualified for spacecraft cabin use, contaminants observed
in Mercury and Gemini charcoal beds, and contaminants observed during several life support tests
using human test subjects. Generation rates for these contaminants were based upon offgassing rate
tests for materials used onboard Apollo spacecraft. It was assumed that the mass of internal
materials and equipment was proportional to the total gross mass of the spacecraft. This allowed the
contaminant generation load for any spacecraft to be estimated by comparing its estimated mass to
the 4,989.52-kg Apollo command module. Metabolic contaminants were based upon those docu-
mented by P. Webb. A crew of nine was assumed.? ?

Later contamination control system development documented in 1972 used the same load
model basis as in 1966 but with metabolic contaminants based upon the work of R.A. Dora.#3 Addi-
tional work was done in 1972 to determine the effects of time on equipment offgassing rate. Based
upon an assessment of the average offgassing rate, the study suggested that the offgassing rate
may decrease by a factor of 4.9 over a period of 180 days.® This load model continued to be used
through 1975 during preliminary development of contamination control systems.’

A new trace contaminant load model was not developed until 1977. This model was based
upon data obtained from the space shuttle program by assessing the offgassing rate per unit equip-
ment mass for various pieces of commercial equipment and spacecraft components. Also, data from
materials offgassing tests were assessed to determine rates for contaminants not observed during
the component tests. Preliminary data from the Spacelab program were also considered. Historical
information from Skylab and Apollo were added to the model in addition to data from spacecraft
ground simulation tests. Metabolic contamination production was based upon data documented by
P. Webb and R.A. Dora ®

This model continned to be the basis well into the design of the International Space Station.
By 1989, Leban and Wagner documented a model that modified the one developed in 1977 by adding
data from Spacelab missions 1 and 3 for equipment offgassing rate. The highest generation rate
observed from the total Spacelab mission hardware for these two missions was used. Historical data
from Skylab and Apollo were still considered, and metabolic data were again based upon the data
documented by P. Webb and R.A. Dora.® The time dependence associated with contaminant genera-
tion from equipment was not considered in this model or the model developed in 1977.




Although the trace contaminant generation rate models used in the past were effective in
providing a design basis for active contamination control systems used onhoard Spacelab, several
problems existed with them. First, the generation rates do not take into account the effects of time
on rate resulting in very conservative generation rates. These rates were based upon new hardware
and materials. Second, many of the data obtained from Skylab and Apolio atmospheric samples were
taken at different cabin temperature and pressure conditions than those experienced onboard
Spacelab or to be experienced onboard the International Space Station. Future spacecraft most likely
will have cabin conditions that are similar to the International Space Station and it is difficult to apply
data from past programs to them. A third problem exists with the ability to scale the contaminant
load to new spacecraft designs. With the exception of the model developed in 1977, scaling the
model from one spacecraft to another was accomplished by determining the ratio of the gross space-
craft mass to the gross mass of the Apollo command module and then multiplying the generation rate
from Apollo by the ratio. Although Leban and Wagner updated the ratio to use Spacelab as a basis, it
becomes increasingly difficult to use this approach because of the differences in the Skvlab, Apollo,
Spacelab, and future vehicles with respect to material selection and cabin atmospheric conditions.
Fourth, the metabolic contaminant generation basis has not been updated to include more data col-
lected during scaled chamber tests on humans. For these reasons, a new mode! that is based upon
on more recent materials selection processes, spacecraft cabin atmospheric conditions, and more
metabolic production data ts needed.

. Since 1989, efforts have been made at the NASA Marshall Space Flight Center to develop an
improved trace chemical contaminant load mode! which addresses these issues. Recently, the
Spacelab program has provided the most useful set of data to date for defining a trace chemical con-
taminant generation from spacccraft hardware. These data are based upon the most recent materials
selection criteria and reflect cabin atmospheric conditions that will be experienced onboard the
International Space Starion. In addition, American and Russian literature on contaminant generation
from metabolic sources has been researched to arrive at a new metabolic load model. The data used
to develop the trace chemical contamination control load model are summarized in the following dis-
cussion.

EQUIPMENT SOURCES

Spacelab Missions as the Generation Rate Basis

The original basis used for the improved trace chemical contaminant load model is that of
Leban and Wagner. This mode! identified 215 chemical compounds which have been observed during
the Spacelab missions 1 and 3. Skylab, and Apollo programs. The list of 215 compounds was modified
by deleting the entry for mercury since this chemical would only be ohserved during an unlikely
contingency situation. This left 214 chemical compounds in the model listing.

Data obtained from Spacelab missions 1 and 3 were supplemented by four additional mis-
sions. These were Spacelab missions USML-1, IML-1, D-1, and J. The environmental control SYys-
tem trace contaminant control capability assessments for the six Spacelab missions documented by
references 10 through 15 were assessed to determine the percentage of overall equipment offgassing
that the list of 214 chemical compounds captured. This percentage was based upon the total
observed offgassing rate for each mission. Table 1 shows the total generation rate observed during
each mission, the total generation rate not accounted for, and the total rate accountability. On aver-
age, the list of 214 compounds provided for a 99.61-percent generation rate accountability. This



shows that the primary chemical compounds evolved from equipment offgassing are accounted for by
the chemical listing documented by Leban and Wagner. The raw offgassing data from the six Space-
lab missions for these chemical compounds are listed in appendix A.

Table 1. Spacelab trace contaminant generation rate accountability.

Total Rate

Spacelab Total Rate Rate Unaccounted for Accountability

Mission . (mg/day) (mg/day) (Percent)
Spacelab 1 1,580.48 4.4691 99.72
Spacelab 3 9,578.45 5.8424 99.94
Spacelab D-1 732.95 9.5741 ' 98.71
Spacelab IML-1 2,543.90 11.22 99.56
Spacelab 3,130.48 3.13%4 99.90
USML-1
Spacelab ] 1,941.65 3.3300 99.83

Average 99.61

Statistical Analysis of Spacelab Equipment Offgassing Data

When dealing with the raw Spacelab mission offgassing data, statistical considerations must
also be made. Statistics for these data are listed in appendix B. As can be seen by this listing, the
standard deviation for many of the chemical compound generation rates is roughly the same order of
magnitude as the mean. No data trend is readily observed; therefore, it is assumed that the genera-
tion rates are random and should fall within a normal statistical distribution. Data associated with
several compounds, however, have a standard deviation that is larger than the mean. This presents
a problem to the normal distribution assumption because data outliers may exist. In order to correct
this problem, a test was conducted using a data analysis technique used to reconstruct process
measurement data. Since no data trend is evident, outliers may be identified by applying the test
shown by equation (1).16

(Ixg—% > 7s5,¥>0) = x;is an outlier . AD)

In this equation, x; is compared to the mean, % . The absolute value of the difference is compared to
a set multiple, 7, of the standard deviation, s. In this case, yis set to one. One standard deviation
about the mean was selected since it represents the 95.993 confidence interval of the mean for a
single-tail normal distribution.

Results of the outlier analysis are documented in appendix C. If a piece of data is determined
to be an outlier by the test of equation (1), then a “1” is entered in the column. Those data points
that were designated as outliers then were reconstructed within one standard deviation of the mean
according to equation (2).17




fk '—'fk+5gn(l’k-.fk)'}"§ . (2)

This equation determincs the sign of the difference between the outlier data point and the mean,
sgn(x,—£;), to determine whether the multiple of the standard deviation should be added or sub-

tracted from the mean. This reconstructs all the data within the bounds of a norma! distribution.
Spacelab data reconstructed according 1o this process are listed in appendix D.

Considerations of Time, Temperature, and Equipment Mass

As previously noted, the offgassing rate is a function of time. The raw data obtained from the
Spacelah missions, however, is not adjusted for the effects of time. Not only is time a factor but also
temperature. Offgassing tests are conducted at 48.89 “C. This elevated temperature can have a pro-
found effect on gencration rate. Since the equipment inside a spacecraft typically does not sec this
type of temperature, an adjustment was investigated to account not only for time but also tempera-
ture. Recent studies that compare results from flight grab sample analyses to predictions of Spacelab
cahin concentration show that using raw offgassing test data as a basis for trace contaminant gen-
eration causcs cabin concentration to be overestimated by a factor of 11.48.18 It §s assumed that this
factor accounts for the effects of both time and temperature since the flight hardware were at normal
operating conditions of 21 °C.

In addition, the raw offgassing data expressed as milligrams per day (mg/day) are not readily
scaled to future spacecraft designs. In order to facilitate scaleup, the rates must be expressed as
mg/day per unit mass of internal, nonstructural hardware. Data on the internal, nonstructural hard-
ware masses were obtained from mass properties reports for the six Spacelab missions documented
in references 19 through 24, These masses are §,547.23, 5,831.79, 5,3000.13, 6,253.18, 5.791.92, and
5,788.20 kg for Spacelab missions I, 3, D-1, USML-1, IML-1, and J, respectively. These masses
include a 1,832.33-kg mass for the Spacelab long-module subsysten cquipment. The additional
mass includes all the experiments, mission dependent equipment, and mission peculiar equipment
that contribute to the internal equipment launch load.

The adjusted Spacelab trace chemical contaminant generation rates listed in appendix D have
been adjusted by dividing by the time and temperature adjustment factor of 11.48 and then dividing
by the respective mission equipment mass. The results are documented in appendix E. These rates
arc easily scaled to any spacecraft design and are consistent with normal spacecraft cabin tempera-
ture conditions.

METABOLIC SOURCES

Trace chemical contaminants produced by human metabolism enter the cabin atmosphere via
several routes. Chief among these are expired air, flatus, and sweat. Other routes include offgassing
from feces and urine; however, these routes are considered insignificant since human waste products
arc normally isolated from a spacecraft cabin atmosphere. Endogenous production of carbon monox-
ide is also very important and its route into the cabin atmosphere is via expired air.

During the development of past trace chemical contaminant load models, very limited infor-
mation on metabolic contaminant sources was used. The primary references were those documented
by P. Webb and R.A. Dora. Although useful for spacecraft contamination control system design,



these references are limited. More recenily, M.A. Golub and T. Wydeven reported on waste sources
onboard spacecraft. Their initial study documented the load model developed by Leban and Wagner
as a basis.25 However, in an update on their initial study, M.A. Golub and T. Wydeven reported a
more recent study by M.T. Dmitriyev, A.G. Malysheva, and Y.G. Rastyannikov on trace chemical
contaminants from human metabolic sources. These metabolic source data were recommended to
replace those contained in the model developed by Leban and Wagner.26

Although it would be convenient to use only one study as a basis for the metabolic contribu-
tion to a spacecraft contamination load model, this approach does not allow comparison of these data
to those obtained during other recent studies. In order to obtain the most data possible, the Ameri-
can and Russian aerospace literature on human metabolic contamination production were surveyed.
These literature sources were surveyed since their primary intent was to provide data to support the
design, development, and operation of long-duration space missions. It is acknowledged that addi-
tional data may be obtained from medical literature; however, those data most likely are not in a for-
mat that is readily used for spacecraft design purposes.

Contamination From Expired Air

The data reported by M.T. Dmitriyev, A.G. Malysheva, and Y.G. Rastyannikov are the most
extensive available in the aerospace literature. In their study, 136 gascous waste products entering
the air via expired air, sweat, urine, and feces were identified by gas chromatography-mass spec-
trometry analysis.2” Similar analytical techniques were used by J.P. Conkle, B.J. Camp, and B.E.
Welch to study the composition of expired air from eight test subjects. In their study, 43 chemical
compounds from metabolic sources were found in expired air.2® As can be seen by the listing in
appendix F, the results from these two studies are comparable. In general, the generation rates are
within the same order of magnitude. It should be noted that the data from the test subjects desig-
nated as nonsmokers were used from the report of Conkle, Camp, and Welch. It is assumed that the
test subjects used in the work by Dmitriyev, Malysheva, and Rastyannikov are nonsmokers.

Two additional studies showed very few chemical contaminants in expired air. M.A. Golub
and T. Wydeven reported a study by Y.G. Nefedov and B.A. Adamovich which documented the
chemical composition of expired air for 22 compounds.?® These same compounds and their respective
expired air concentrations are also reported by Y. Nefedov, S.N. Zaloguev, and V.P. Savina.3° These
compounds are ethanal (up to 0.1 mg/m3); methanal (up to 0.1 mg/m3); 2-propanone (0.35+0.30
mg/m3); 2-butanone (0.1240.02 mg/m3); propanal (up to 0.1 mg/m3); ethanol (0.86+0.50 mg/m3);
methanol (0.19+0.10 mg/m?); propanol (up to 0.1 mg/m3); 2-propanol (up to 0.1 mg/m3); methanoic
acid, ethanoic acid, propionic acid, isovaleric acid, and valeric acid (0.41£0.8 mg/m?); ammonia
(0.5140.07 mg/m3); dimethylamine (up to 0.1 mg/m3); methane (1.24+0.07 mg/m3); ethane (up to 0.1
mg/m?); ethylene (up to 0.1 mg/m3); propane (up to 0.1 mg/m3); hexane (up to 0.1 mg/m?); and car-
bon monoxide (4.9+1.1 mg/m3 for nonsmokers). Early work by V.V. Kustov and L.A. Tiunov report
expired air data for carbon monoxide (0.011 mg/L average), 2-propanone (0.954 mg/h average), and
methane (1 to 99 parts per trillion).3! Data from these sources were included in the overall
assessment of contamination from expired air to account for the possibility that expired air from
some people will be a greater source of contaminants than others. Generation rates were obtained
from these sources by using a normal ventilation rate of 4.27 L/min.32

The respective lists of chemical compounds from expired air were compared to the list of 214
compounds identified in spacecraft equipment offgassing studies. Only those compounds found in this




list have been used. Average generation rates for the four references cited were used. These data
are presented in appendix F.

Contamination From Flatus

Composition of human flatus has been reported by E. Kirk to be 9-percent carbon dioxide,
3.9-percent oxygen, 7.2-percent methane, 20.9-percent hydrogen, §9-percent nitrogen, and 0.00028-
percent hydrogen sulfide on average. Kirk also reported an average production rate of 1.48 mI./min.33
Additional data reported by E.L. Murphy show a 20 to 50 mL/h production rate with a composition of
10-percent carbon dioxide, 3-percent oxygen, 18-percent methane, 9-percent hydrogen, and 60-
percent nitrogen.3 Literature sources cited by V.V. Kustov and L.A. Tiunov report composition
ranges of 5.9- to 24.7-percent carbon dioxide, 0- to 10.3-percent oxygen, 0- to 55-percent methane,
0- to 54-percent hydrogen, 10- to 87.7-percent nitrogen, and 0- to 0.00064-percent hydrogen sul-
fide. Production rates from Kirk and Murphy were also presented.3S These data are summarized in
the listing found in appendix G. Generation rates documented in appendix G are based upon the
largest reported production rate of 1.48 mI/min reported by Kirk.

Contamination From Sweat

Past contaminant gencration from sweat primarily concentrated on ammonia production. Typi-
cal ammonia nitrogen concentrations are reported by P.L. Altman and D.S. Dittmer to be 2.0 10 35 mg
per 100 mL of sweat. 3 P. Webb referenced these data and also reported sweat production rates of
33 10 50 mL of sweat produced per hour for a normal size adult. Production rates during exercise and
other environmental conditions are reported to range from 125 to 3,900 mL/h.37 However, this
approach to determining gascous contaminant production from sweat has to rely upon determining an
acceptable sweat production rate. Also, as shown hy Dmitriyev, Malysheva, and Rastyannikov,
many more contaminants can be produced. In order to avoid determining an average sweat produc-
tion rate and to account for the largest number of contaminants possible, the data of Dmitriyev,
Malysheva, and Rastyannikov are used as the basis for contaminant production from sweat. These
data are listed in appendix H.

Endogenous Carbon Monoxide Production

Previous carbon monoxide production rates were based upon the 23-mg/day or 0.958-mg/h
rate developed by R.B. Jagow in 1977 during early trace chemical contaminant load model develop-
ment.38 Since that time, no additional data sources have been investigated. Also, the seven data
sources usced to determine this rate were not reported; therefore it cannot be verified. Other data are
reported by Y.G. Nefyodov, V.P. Savina, and N.L. Sokolov. In their study, a rate of 0.384 mg/h was
observed based upon a 1 to 2 mg/m? carbon monoxide composition for expired air.3 This rate is com-
parable to that reported by R.F. Coburn, W.S. Blakemore, and R.E. Forster who observed an aver-
age production rate of 0.42 mL/h or 0.776 mg/h 4% In comparison, analysis of expired air reported hy
Dmitriyev, Malysheva, and Rastyannikov shows a 0.574 mg/h production rate.4! As can he seen, the
rates agree fairly well. Since the references used by R.B. Jagow are not cited, the rate reported was
not used to determine a carbon monoxide generation rate. Based upon the other three references, an
average rate of 0.575 mg/h was calculated. These data are summarized in appendix 1.



LOAD MODEL FOR CONTAMINATION CONTROL SYSTEMS DESIGN

The complete trace chemical contaminant load model combines the contaminants generated
from spacecraft materials and equipment with those generated by the crew. Table 2 summarizes the
load model for 214 compounds. The mean equipment rate per unit mass of hardware is based on the
analysis of Spacelab program data summarized in appendices A through E and described previously.
The mass of equipment used to determine a spacecraft generation rate should use the mass for all
internally mounted, nonstructural hardware. Metabolic data presented in table 2 represent the sum-
mation of data for expired air, flatus, sweat, and endogenous carbon monoxide production tabulated
in appendices F through I These rates are for a single person.

The load model presented in table 2 is designed to be easily scaled to any spacecraft. The
primary information necessary for estimating trace chemical contaminant generation rates for a
spacecraft include the mass of internally mounted, nonstructural equipment and the size of the crew.
It should be noted that a central assumption for using this load model as a basis for spacecraft con-
tamination contro! system design is that materials used in the cabin are similar to those used for
Spacelab module missions. This assumption is considered to be appropriate since all future space-
craft must select materials from the same approved list of spacecraft materials and any new materi-
als must meet the same offgassing acceptability criteria.

OTHER DESIGN CONSIDERATIONS

Other considerations that must be addressed when designing a contamination control system
for a spacecraft include the specific volume and the environmental conditions of the cabin. Specific
volume refers to the cabin volume per person and is expressed in cubic meters per person. Studies
conducted by V.P. Savina, Y.G. Nefyodov, T.I. Kuznetsova, and V.Y. Ryzhkova demonstrate that
the smaller the specific volume, the more critical the need for active contamination control. Some of
the data indicate that the contaminant accumulation rate increases exponentially as specific volume
decreases.42 These data show that in order to ensure an economical spacecraft trace contaminant
control system, a large specific volume is recommended. The study results indicate that an optimum
specific volume lies between 12 and 24 m? per person.

This study also investigated the effects of temperature in the range of 32 to 36 “Cand a
relative humidity of 90 percent on metabolic contaminant generation. Increases in 2-propanone and
ethanal production were observed to be 70 percent and 130 percent, respectively.43 More extensive
studies were conducted by Y.G. Nefyodov, V.P. Savina, and S.N. Zaloguev on the effects of tem-
perature and relative humidity on metabolic contaminant generation. These studies show that
changes in cabin temperature and relative humidity conditions may increase metabolic contamination
production by factors of 2 to 5.44

As can be seen from these studies, spacecraft volume, crew size, and cabin environmental
conditions play an important role in trace chemical contaminant production. With consideration given
to these parameters, the load model presented by table 2 assumes normal cabin environmental
conditions of 21 °C and 50-percent relative humidity are maintained. Additional considerations
beyond cabin conditions that are important to designing active spacecraft contamination control
systems are the contaminant physical properties. Molecular weight, liquid density, molar volume,
vapor pressure, and Henry’s Law constant are parameters that allow for the proper design and
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analysis of adsorption beds at the normal spacecraft cabin conditions. Appendix J provides a listing
of these propertics.

SUMMARY

Development of a spacecraft trace chemical contaminant control system requires the defini-
tion of the expected contaminant load onboard. In order to define the load, past load model develop-
ment has been reviewed, recent space mission data have been tahulated and analyzed, and the
major human metabolic sources have been defined. It is assumed that all materials used onboard the
spacecraft are selected according to material selection and control procedures used by the Spacelab
program. Also, cabin conditions are assumed to he 21 °C and 50-percent relative humidity. The
resulting trace chemical contaminant load model provides a basis for designing future spacecraft
contamination control systems and also assessing the capahilities of current systems in use by the
shuttle, Spacelab, and International Space Station programs.

CONCLUSION

A trace chemical comtamination load model has been developed for both equipment and human
sources based upon past space flight experience. This model, which includes considerations for the
effects of time and temperature on cquipment contaminant generation, can serve as the design basis
for active trace contaminant control systems for spacecraft and posstbly other acrospace applica-
tions.
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APPENDIX F

Metabolic Contaminant Generation From Expired Air
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TRACE CHEMICAL CONTAMINANT GENERATION RATES FOR SPACECRAFT
CONTAMINATION CONTROL SYSTEM DESIGN

By J.L. Perry
The information in this report has been reviewed for technical content. Review of any
information concerning Department of Defense or nuclear energy activities or programs has been
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