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INTRODUCTION

Besuuse of unique misston requirements, the National Aeronautics wnd Space Administration
(MASA) has contributed In important ways to the quest for un improved environment. The life-support
migsion of NASA hus the same broad objectives as the national imperatives toward environmental
restoration: pure air, ¢lean water and reuse of resources. The major difference is the vast scale ol the
earth environment, compared to the vedy small seale of spacecraft. It is not surprising, then, to find that
instruments which were developed to monitor spacecraft environments are now being adupted to
monitor air and water pollution.

Likewise, the space program has wade pussible entirely new ways of viewing the earth~views more
comprehensive thun man has ever known, The development of this capability over the last ten years has
given birth to a new field of technology, that of remute sensing from space. While the impact of remote
sensing Is only beginning to be realized, its promises have grown rapidly a8 clentists and engincers
developed thie new tools needed for a better understanding of the earth's resources and environment,

In recent years, NASA-sponsored efforts have accounted for about 20 percent of all environ-
mentally refated federal R&D expenditures. These expenditures have had a direct bearing on many
aspects of the nation'’s environmental quauty, particularly as the NASA effort addressed the question,
“What is the present condition of the environment?"

This study of selected NASA contributions to the improvement ol pollution measurement
eammines the pervasiveness and compiexity of the economic, political, and soclal issues in the
cnviron.nental field (Section 1): provides a perspective on the relationship between the conduct of
acrospace R&D and specific improvements in on site air pollution monitoring equipment now in use
(Section 1); deseribes the basic relationship between the development of satellite-based monitoring
systems and their iafluence on long-term progress in improving environmental quality {Section [1); and,
finally, comments on how both instrumentation and satellite remote sensing are contributing to an
improved environment (Section 1V). An attachment has been included to eluberate, through examples,
specific gairs that have been made in applying aerospace R&D to environmental problem-solving,
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SECTION I: AN OVERVIEW OF THE ENVIRONMENTAL MEASUREMENT FIELD

When the first brushfires of discontent with the quality of the environment were erupting in the
United States, few coull have forseen the intensity of public protest that was tu mark the 1970's.
Agitation with the effects of air and water pollution precipitated the need for leglslative action and
strong federal control of the nation's resource base.

In response to this need, the U, S, Environmental Protection Agency {EPA) was organized on
December 2, 1970 1o administer a widespread program for pollution control and abatement. Shoitly
thereafter, EPA and others predicted that, in 1971 dollars, tota] national annualized costs of pollution
control-public and private—would rise from $10.4 billion in 1970 to $33.3 billion in 1980 (Council on
Environmental Quality, 1972). The same estimates put total spending for pollution control during the
decade at $287.1 billion (sec Table 1-1), While the amount is very large in absolute terms, it still
represents only 2.2 percent of the estimated total Gross National Product for the period of 1970 to
1980,

TABLE 1-1. TOTAL POLLUTION CONTROL EXPENDITURES, I970-|980
(IN BILLIONS OF 1971 DOLLARS)*

TOTAL CUMULATIVE
ANNUAL COST ANNUAL COST REQUIREMENTS

POLLUTANT/MEDIUM 1970 1980 1971-1980
Air $ 08 $14.7 ' $106.5
Water 3.6 8.0 87.3
Solid Waste 6.0 9.7 86.1
Other 00 09 1.2

Totals $104 €333 $287.1

*Source; Council on Environmental Quality, 1972,

In terms of current expet. ditures, U. S. business planned 1o spend $6.22 biliion in 1973 alune iv-
control air and water pollution. Total poliution control spending in 1973 will thus account for 5.9
percent of industry’s panned capital investment, up from 5.1 percent the previous year. In addition,
industiial research and development on environmental problems is expected to cost some $1.53 billion
in 1973, 4 percent more than in 1972 (McGraw-Hill Publications Company, 1973).

Such efforts are creating a brisk and growing market for the instruments and related equipment
required to measure the condition of the environment—to determine, that is, whether the money being
spent is buying the desired results, The U. S. market for air pollution test and measuring systeins has
been put at $12 million in 1970 and $120 million in 1980 (Predicasts, Incorporated, 1973). The same
source estimates sales of water pollution monitoring equupment at $875 millicn in 1970 and $!1.2 billion
in 1980.




Expenditures like these reinforce a poini that has been <lear for a long time~a clean environment
does not come cheaply. Besides the costs of monitoring and controlling current pollution conditions, the
U. 8, economy has suffered measurable losses in capital and productivity. For example, the annual cost
of air pollution damage to the American people must also take into account:

& Additlonal costs for health care and impairment of human resources;
® Reduction in residential property values;

® Degradation of materials; and

& Damage to vegetation and agricultural activity,

Legislative Background

The federal government entered the alt pollution picture with the Air Pollutioi: Act of 19585,
which authorized the first federally funded research on air pollution. Later, the Motor Vehicle Pollution
Control Act of 1965 established the authority to set emission stondards for automobiles. The
government’s current programs in air pollution, however, largely grew out of the Air Quality Act of
1967 and the Clean Air Act of 1970 (U. S. Environmental Protection Agency, 1972).

Tue Cleap Air Act of 1970 was the first to require national, uniform air quality standards based
on geographlc regions. The standards are given in terms of concentrations of specific pollutants and are
of two types:

® Primary standards—which define the level of air quality necessary to preserve huinan health; and

® Secondary standurds-which are designed to promote the public welfare and prevent damage to
animals, plant life and property.

In April 1971, EPA promulgated primary and secondary national standards for six major air pollutants:
sulfur oxides, particulate matter, carbon monoxide, hydrocarbons, photochemicals and nitrogen uxides.

Usder the Clean Air Act of 1970, EPA also divided the country into some 250 Air Quality
Control Regions (AQCR’s). Since air pollutants disregard political boundaties, the AQCR's are interstate
regions based, where feasible, on jurisdictional boundaries, as well as or: urban-industrial complexes and
other factors selected to facilitate the implementation of the air quality standards. State governments
and other jurisdictions had te draw up implementation plans designed to meet primary air quality
standards in each AQCR by 1975 and to meet the secondary standards on a more flexible basis.

Besides the state implementation plans and related mechanisms, the law pgives the federal
government spevial authority in certain matters that are inherently interstate or that involve a severe
threat to human health. These include contre® of new stationary sources of air pollution, hazardous air
pollutants, motor vehicle emissions, fuels and fuel additives, and aircraft emissions.

The government effort to control water pollution began with the Federal Water Pollution Control
Act of 1948, followed by the Water Pollution Control Act Amendments of 1956 and the Water Quality
Act of 1965, The latter provided for water quality standards enforceable by the federal and state




govermments, aisl it became the basis for interstate water quadity standards. Government authority was
turther extended by the Clean Water Restoration Act of 1566 and the Water Quality Improvement Act
of 1970, By tha thme water poliution legislition had grown much too complex, and, also, it was by no
means clear that the nation’s waters were much cleaner than they had been 20 years carlier, As a result,
the Water Polluticn Control Act Amendments of 1972 wire passed.

The Act ol 1972 shifts the focus of water polluton control from water quality standards to
effluent limitativns, That s, instead of regulating the amount of pollutants in a body ot water, the law
seeks to regulate e amoutits being discliarged Do speeliie point sources. I effeet, the Act envisions
two national goak: one i to achieve, by July 1, 1983, o level o water quality that protects fish,
shellfish, wildlife, 1nd recreation: the second is tu eliminate the discharge of oll polluiants into the
navigable waizrs of the U, 8. by 1985 {“zero-discharge™ provision). The Act allows no discharge without
a dischurge permit.

In addition, the Administrator o. EPA must specify the best technology for preventing and
reducing water pollition, Industrial diseh . o will be required, by July 1, 1983, to meet the standards
achievable with sucl. technology. Althou, -zer. discharge is o poal and not a requirement of the law, the
administrater can Sirect industrial dischargers to comply, by July 1, 1983, where he finds chat it is
cconomically and t2:hnologically teasible, ‘

As with uir, states must submit water quality standards and Bmplementation plans for EPA
approval, The state standards classity water by its intended use: recreation; fish and wildlife propagation;
public water supply, and industrial and agricultural uses. The implementation plans are designed to
malitain the water vuslity appropriate to the use. Starting in 1975, the states must report annually to
Congress and EPA ) inventory of all print sources of discharge, an 1ssessment of current and projected
water quality, snd piaposed controls for nonpoint sources of discharge.

The EPA has range of water-related responsibilities in addition to those outlined above, These
other duties include the establishment of performance standards for new discharge sources and marine
s, nitation devices; the establishment of standards for drinking water quality and toxie pollutant effluent
limitations; and the cvntrol of thermal discharges and ocean dumping.

Federal R&D for the | sivironment

Muost ol the ecoromically feasible technology required to achieve the legislative standards and goals
for the near future dovs not exist. This fact has fed to a broad-based R&D effort by maore than a dozen
federal agencies, as well as by hundreds of nongovernmental organizations. These efforts are not
autonomous, however. At a hearing before the Senate Commiittee on Aeronautical and Space Sciences
or March 15, 1973, Dr Stanley Greenfield of EPA’s Research and Monitoring Division stated that:

The movement of pollutants horizontally and vertically through the environment knows no
political boundarie. . As o result, the monitoring of our Nation's environmental quality must
be a vooperative efyart involving ull levels of government.

Among the numerds:s fedaral agencies involved in efforts to improve environmental quality, the
National Aeronautics and Ypace Administration is a major participant in terms of environmental research
and development activities. The relative importance of NASA environmental R&D with respect to
aggregate federal research ¢:penditures is indicated in Table 1-2. The federal agencies listed in this table
spent a total of 3698 millior in 1971, and an estimated $834 million in 1972 and $956 million in 1973,
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for envionmental R&D-with NASA and EPA leading the way. While EPA allocated its total
expenditures for pollution control and abatement, NASA's outlays were largely spent on understanding,
describing, and predicting pollution effects.

TABLE 1.2, OUTLAYS FOR RESEARCH AND
DEVELOPFMENT, BY FEDERAL AGENCY -~ 1971.1973*

OUTLAYS IN MILLIONS OF DOLLARS
AGENCY 1971 1972 1973
{(ACTUAL) (ESTIMATE)  (ESTIMATE)

Environmental Protection Agency $10v $157 $174
Naticnal Aeronautics ana Space Administration 181 17 163
Department of the Intedior 105 125 159
Department of Commerce 54 L3 114
Atomie Energy Commission 89 92 102
Department of Defense o4 76 83
Department of Agriculture 67 75 76
Department of Transportation 21 40 67
Other** _8 12 18
Totals $698 5834 5956

*Source: Tatley, 1973,

**Tenneseee Valley Authority, Smithsonian, Post Office, Corps of Engineers, Department of Stale,
General Services  Administration, Housing and Urban  Development, and  Appalachian Regional
Commission.

The breadth and depth of the government's concern for the environment is evident from the
categories utilized by Syracuse University Research Corporation in a study of environmental research
being conducted in federal laboratories {see Table 1.3). The Syracuse study covered 170 federal
laboratorles, seeking information on cach laboratory’s major mission and a brief description of current
in-house environmental resear—* (Teich, 1971).
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TABLE 1.3, SPAN OF FEDERAL R&D ACTIVITY*

ENVIRONMENTAL
CATEGORIES

ENVIRONMENTAL RESEARCH PROGRAMS

Alr Quality

Water Quality

Land Quality

Understanding, Describing, and
Predicting the Environment

Protecting and Enhancing
the Environment

Special Studies

Measuring and monitoring pollutunts; studies of their treat-
ment und fate

Prevention and control of pollution

Evaluation of elfects of pollution

Development of pollution control technology (agricultural,
industrial, mining, municipal and other sources: including
galinity und thermal addition)

Water quality monitoring and improvement (including char-
acterization and quantification of sources, kinds, amounts,
prevention, control, effeets, reclamation, and fate of
pollutants; reversal of eutrophication; Umprovement of
efMuent quality)

Methods ot waste treatment and ultimate disposal

Water quality requiremients research (establishment of stans
dards, prediction of effects of new substanees)

Dispusal of processing wastes (animal, torest and crop, heavy
metals, industrial, mining)

Control of sediments, erosion, salinity, and plant nutsients

Disposal of urban golid wastes

Eculogy and other environmental research (including studies
of forestry, fish, and wildlife ecology)

Studies of atmospheric and oceanic phenomena (including
weather prediction and modification)

Surveys of natural resources and the physical environment

Impact of the environment on man (including environ-
mentally related occupational health)

Studies of fish and wildtife resources, rural and wild land
environments, urban and suburban environments
Water resources {including water supply yield and quality)

Pest control research (alternatives to use of pesticides, ete.)

Noise rescarch (effects, control, reduction)

Radiation (ionizing and nonlonizing-transport and fate,
protection, prevention and control, evaluation of effects)

*Source: Teich, 1971,
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Envircnmental Monitoring

: The ability to detect and measure contaminants Is Inseparable from an environmental effort that is
i tied to standards defined in terms of concentrations of specific pollutants in afr or water. The broad
) _ goals of environmental monitoring are:

¢ To measure the condition of the environment;

® To detect trends;

¢ To evaluate compliance with air and water quality standards; and

¢ To follow the movement of contaminants among air, water, soil and life forms,

The environment Is presently monitored by Federal, state, and local agencles through instruments.
tion networks as well as by special studies designed to obtain data that the netwourks do not provide,
The networks are comprised of fixed stations where samples are taken periodically or where instruments

monitor certain pollutants continuously. By 1972, more than 3,000 long.term monitoring stations were
operating (see Table 1-4), and special-purpose samples could be taken at some 30,000 sites,

TABLE 1-4, ENVIRONMENTAL MONITORING STATIONS, 1972*

- NO., OF STATIONS
MEDIA EPA STATE AND LOCAL TOTAL

Air~Continuous® 10 90 100

~Intermittent? 300 2100 2400

Water-Continuous 60 240 300

, =Intermittent 840 2000 2840
i

Soil —Intermittent 3000 ~NA 3000

Totals 1210 4430 8640

IContinuous monitoring stations- automated stations with instrumentation for four or more
parameters.

blntermittcnt munitoring stations—manual. intermittent samplers or continuous instrumentation
p
for less than four parameters,

*Sourcet Morgan, 1973.

These monitoring operations gencrate immense amounts of data, To make such information
accessible, EPA uses computerized systems: the National Aerometric Data Information System (NADIS);
the National Emissions Data System (MEDS); the Water Data Storage and Retrieval System (STORET);
and the National Water Data Exchange (NWDE).
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Technuological deficiencies of present monitoring systems. Enviropmental laws n the U. S, have
clearly outrun the pertinent technolugy; vne can argue plssibly that little would liave happened
otherwise, Tronically. the technologieal gap B especially noticeable in measurement, the most crugtal
pardmeter of the legal system. In 1969 and again In 1971, the Amerdcan Chiemleal Suctety remarked on
“the inddequacy of many snpalvtical chemival methods used to moniter, control, and study the
environment and the related phesomena,” and *the lack of Jata sdequate to allow us to deline nonial
trends in the conventrations of contaminants in the environment, to deline devistions from normal
trends, and t design valid models lor subsystems ol the envisunment™ {Americon Chemical Soclety,
1969 and 1971).

More specifically, the methods used to monitor water quality today do not difter markedly from
those used at the turn ol the century: most suisntiflc progress has been toward improving laboratory
techniques. Nearly all of the alr monitoring Instruments installed up to 1970 used analytical techniques
10 to 15 years old. The pressures of recent legislation are pushing the serivus deficits in measurement
capability into public view where they are beginning slowly tu draw long-warranted attention (see
Section il on “NASA Contributions to On Site Instrumentation for Air Pollution Monitoring™).

Rapid solutions, however, are not available. Part of the problem is that instrumentation required
to provide the needed measurements {s often puthing the state.ofsthe-art. Another diifleulty lies in the
fact that meazurements --¢ reqired even though the complete reliability of the measuring technique is
still being determined.

Alr analyses. After the passage of the Clean Air Act of 1970, the convern vver prablems that van
flow from a breskdown in measurement methodulogy intensitled, since this Act presumed the existence
of sound analytical technques, In 1971 the American Society for Testing and Materlals (ASTM)
launched Project Threshold to validate measurement methods for air contaminants and to provide a
technical basis for resolving measurement problems,

ASTM is using the timedionored collaborative-test approach in which different uvperators in
different laboratorles apply the same analytical method to Jdifferent parts of the same sample and then
compare results. Such tests have rarely been made on alr pollutant analvses of the EPA’s six stardard
reference methods for alr poliutants: in fact, only those for sulfur vxides und particulate matter have
been tested collaboratively, One reason is that, until the late 1960, no means was avaflable lor
generating in standard samples the very low concenirations of contaminant gases common in ambient
air. The device that was finally developed~the permeation tube—was instrumental in discrediting the
eriginal reference method for nitrogen dioxide. A second reason fur the lack of collaborative testing is
the cost and difficulty of dividing o cuble meter ot air containing 100 milligrams of NQ. into equivalent
samples and delivering them unaktered to half a dozen laboratories. ASTM solved the latter problem by
moving the laboratories to the sample instead of the other way around.

By May 1973, ASTM had wvalidated six methods for measuring the quality of ambient air,
including twu for particulate matter and one each for sulfur dioxide and nitrogen dioxide, The Society
was also conducting on site collaborative tests of source-emission methods, which will become
increasingly important to the enforcement of air quality laws and repulations. In additlon. Project
Threshold conducted the first on site interlaboratory tests ever made to determine the reproducibility of
stack-emission measurement methods (for particulate matier, collected residue, sulfur oxides, nitrogen
oxides, and velocity of the stack gas),
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Water analyses. The Water Pollution Contror Act ol 1972, with its empliasis on point sotirees, will
necessaridy faml to considerally oxpanded weusurement of specitic pollutants in waste discharges. A
variety of analytival techniques is available, and, compared with ilie methods used tur air, they have

been tested relatively well Tor reliabillty, precision and accuracy.

Problems and Inadecquacies, lowever, still exist in the area of water measurement technology. Figld
equipment of proven relisbility for monitoring 2 oumbeér of waste constituents mugt be developed. In
addition, most water monitors were Jdesigned originally to muniior ambient waters, where continminant
concentrations tend to be relatively fow, -, uppusad to eflluent sources, where concentrations are
higher. The analytival technique may be the same, but effluent unalysls ag a rule requires o less senxitive
instrueent better alle to cepe with interferences, corrosion and suspended solids. More instnunents
designed specifically for soumce monitoting are required Instead of the commonly used dusl.purpose
equipment.

Organie pollutants in water have in the past been analyzed muinly by collective methuds, such as
Biuchemical oxygen demand, which do not Jeteet individual compounds. Many such compounds,
Seswever, enter the environment regularly, Some of them may exert unusual effects in zddition to
depleting the oxygen in ambient water as they degrade bioicgically. As a resudt, EPA hegan upprading its
ability to tdentily specific urganie chemivals in water. [n December 1972 scientists at the EPA
Inbaratory in Athens, Georgia were able to list some 250 organic contaminunts that have been detected
in amblent waters. They bulleve that the number potentially present lies beiwern 10,000 and 100,000.

Future measurement needs, The EPA ofticials have pointed out a number of continuing and more
general problem areas in environmental measurement (Morgan, 1973). Amung these it the need to
improve procedures for collecting and maintaining the integrity of samples, especially gaseous samples,
Methods must be developed for determining pesticide contamination of air, water, soil, and tissue in
comparable terms. A wider range of reference materials and standards is needed, such as the permeation
tube now ysed to make standard samples of several gases.

Additional effort Is afso needed to refine the applications for advanced monitoring and remote
sensing technologles, The latter, for example, has been demonstrated to be feasible for monitoring
coastal oll spills and lake cutrophication. Remote sensing lechniues developed by uthier government
agencies are applicable to EPA's monitoring needs with minimum further development (see Section i}l
on “Selected NASA Contributlons o Environmental Measureraent by Satellite Remote Sensing™}),

Environmental Medels and Community Health

In order for wonitored data to be effective, it must be used in a broad context that will link
pollutant concentration to human effects. This is don2 with environmental models that relate pollutant
dosage to effects on the quality of community health. For e¢xample, the health effects of sulphur
divxide are illustrated in Figure I-1. The development of such models has been the subject of intensive
rescarch,
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SULPHUR DIOXIDE (P.P.M,)

Figure 1-1. Health Effects of Sulphur Dioxide Pollution. [Source: Barringer, 1970,)

The New York State Department of Environmental Conservation and Department of Health have
installed an automatic air and water monitoring system that is among the most advanced in the world.
The new system, called the Empire State Systery, provides for the automatic electronic monitorig of
environmental conditions in the state and for the rapid transmission of the monitored data to an on-line
computer at the state’s Health Department for processing, evaluating and reporting. As a result,
Environmental Conservation officials are provided with almost instantaneous information on excessive
levels of pollution so that appropriate measures can be taken.

Another program, administered by EPA, attempts to explore the complete pollution envelope of a
single urban area in enough detail to allow the processes that determine the concentrations of air
pollutants at various points to be described in a series of mathematical models, The program, known as
the Regional Air Pollution Study (RAPS), will employ 25 air monitoring stations around St. Louis,
Missouri to measure such parameters as pollutant concentrations, wind, temperature, humidity and solar
radiation.

One complementary program to RAPS is an EPA epidemiological study which offers systematic,
definitive correlations of health effects with long-term, low-level exposire to various pollutants. Since
information of this kind is essential to sound environmental managment, EPA is working to obtain it
through the Community Health and Environmental Surveillance System (CHESS). The approach employs
standardized epidemiological studies designed to measure, simultaneously, selected indicators of
environmental quality and human health in sets of communities that represent gradients of exposure to
common air pollutants,

Conclusion

The national concern over environmental quality, so dramatically demonstrated on Earth Day,
April 22, 1970, has resulted in the passage of new and comprehensive federal legislation. This legislation,
such as the Clean Air Act of 1970, not only characterizes the national commitiment to improving the
environment but also establishes a legal imperative to deal with the problems of environmental pollution.




Since environmental legislation deternines standzrds for pollution contiol in terms of concentra-
tlons of specifc pollutants, the {mplementation of these standards is largely dependent upon the
availability of instruments to detect and measure pollutants, The following statement presented at the
Interagency Conference on the LEnvironment, held In Livenmore, Califorhia in October 1972,
uemonstrates the Importance of developing the measuremenit techniques necessary for improving the
environment:

Monitoring is one of the keys to effective management of the quality of the environment,
Chunges in the environment., desirable or undesirable, natural or men-made, caanot be
determined unless baselines have beéen established and systeinatic observations are made,
Furthier, it is not possible at the present thine to predict, with any certainty, the effects of
varfous control ipeasures that might be foliowed in the alleviation of the problem.
Measurements of environmental quality are essential for determining needs, establishing
priorities, and for evaluating the effectivencss of contro!l und abatemuent progriams, As noted
by the President’s Counci! on Environmental Quality in their second annusl report, without
vitlid environmertal data the most important problems cannot be determined nor can the
vflectiveness and success of methods of sttacking them be established, ‘Monitoring 2 not a
substitute for uction. But in the long run, setion without the knowledge provided by
adeguate monitoring 8 more likely to be ineffective’ (Lawrence and Keafer, 1973),

Thus, the implied need for expanded measurement techniques is most useful as the Eackground for
the following discussion of NASA's role in polluiiun measurement.
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SECTION #. NASA CONTRIBUTIONS TO ON SITE INSTRUMENTATION
FOK AIR POLLUTION MONITORING

The Clean Alr Act of 1970 foreed the development of improved pollutant monitoring instruments
that embody advmeed measuremant technology. One result of this developmental effort to provide
religble and ascurate measurements of nollutant concentrations has been o shift from standard wet
chiemical technigues to advanced spectruscopic techniques.

A recent article in Scivnee magazine by Environmental Protection Agency stat! members discussed
the characteristics and historical develupment of these two measurement techniques;
Betore 1970, requitements far the measurement of gascous pollutunts were lurgely met by
the use of instruments which were sutomated versions of stamdard wet chemical procedures.
Such instruments were complex and were characterized by high maintenance requirements
and matginal sensitivily and specHicity. Spectrosvopic techniques, whatlier in emission or
absorption, offer means for the direct und continuous detection of the pollutant in the gas
phase. The absorption or emission characteristics can serve to identify a poellutant and to
measure its ambient concentrations. Furthermore, spectroscopy offars means for the direct
observation of pollutants ut a point or over an extended path withoul the nead for any
intervening sampling apparatus . . .
Although the potential of spectroscopic techniques was recognized during the 1950°s and
early 1960%, the techniques and instrumentation had not advinced to the point that would
make possible the design of simple, specific, and sensitive spectroscopie sensors. In more
recent thmes, there has been o +irtual renaissance in speetroscopiv measurements of
atmospherie pollutants. This revival of interest was Instigated in part by the impending
legislution and monitoring needs of the 1970%. Other major factors, howover, have been the
development of new spectroscopic techniques and the evolution of advanced optical
components suitable for use in routine monitoring instruments {Hodgeson, 19731,

Spectroscepic Instruments measure pollutant concent.ations by analyzing the effect of pollutant
molecules on electromagnetic radiation {ultraviolet, visible light, infrared and microwave). This is
possible because all molecules can be identified by the corhination of wavelengths at which they
characteristically emit and absorb radiation. Sophisticated instrument technology, howevet, is required to
design a unit that provides a reliable mzasurement for a specific molecule to the exclusion of all others,
Spectroscopic units typically include optical components, electronic components such as detectors and
amplitiers, and clectrical procc..ing components that analyze the signal to produce an indirect numerical
measurement of the pollutant.

Advanced spectroscopic techniques and cleetronic components have been embodied in instruments
originally developed by NASA for misslon-oriented activities, In this section, three examples are
descrived which iHustrate how NASA-funded advances in spectroscopy have been used in the
development of new air pollution monitoring instruments for carbon monoxide, auto emissions, and
formaldehyde (2 component of photachemical smog).

Dual Isotope Fluorescence Carbon Monoxide Analyzer

The EPA reference method for measuring carbon monoxide (CO) is nondispersive infrared (NDIR)
spectroscopy, The typical NDIR analyzer has several important operational problems in normal air
pollution monltoring applications. Since the unit does not distinguish (selectivity} between water vapor
and CO, all water vapor in the sample must be removed by another device before measurement. In

R S L S T ™ v A

P S T T Ty S T v T Ve o N P



addition, the standard unit has a diaphragm mechanisin which s susceptible to external vibrations and
not rugged enough tor normal use in fickl vperations, Maintenance problems oceur with the sample
chamber, where dirt and condensation will degrade the unit's accuracy, and with the electronic
components, which are not stahle in extended monitoring applications (Maugh, 1972)

A new principal of operation for NDIR-dual fsotope fluorescenice—was developed for the Skylab

¢abin CO analyzer to eliminate these problems and to increase sensitivity to 0.1 parts per million (ppm)
(see Figure 2.1), Subsequent commercialization ¢! this unit lias redefined the state.of-the-art for NDIR

carbon monoxide analyzers,
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The dual isotope nuorasu:me NDIR u.mt.ilns a broadband infrared source that stimulates {luorescence in
the two CQ fsotopes (CO'® und CO'®Y n a seuled cell, The stimulated tadiation Is alternately filtered for
the absorptlon band wavelengths of each isatope Ly a rotating chopper, This selectively chopped beam is
transmitted through the mmple Lhamber to a solid state photecefl detector. Since the radiation
wavelengths emitted by €0'® and CO'™ are cluse to cach other, the two beams are equally absorbed by
water vapor or other interfering pul]uunts in the sample, On the other hand, 99.8 percent of the
naturally vceurring CO is in the form CO®. so only the CO'® fluorescence is albsurbed by CO In the
sample, and the CO*® fluorescence passes through the san J)Ie as a reference beum, Hence, the photocell
aMeroutely recelves the reference CO'® beam and the CO*® beum which has been reduced by an antount
proportional to the concentration of CO in the sample, Electronic vomponents then compare these two
shgnals from the photoce!l 1o produce o numerical réading.

Figure 2-1. Dual Isotupe Fluorescence Carbon Monoxide Monitor [Svurce: Becker, §972.]

Gas samples do not have to be conditivned for the dual isotope unit because the effect of water
vapor and other contaminants is climinated by using une isotope to produce a reference beam. Similarly,
performance is not degraded by dirt or condensation from the atmospheric sample=as much as a 50
purcent reductien in transmissivity can be tolerated. The mechanical components are not susceptible to
vitration, and the solfd-state clectronde conponents are castly serviced.

Arkon Scientific Laboratories in Berkeley, Californis, under confraet to the NASA Ames Research
Center. first demonsirated the feasibility of using the dual isotope technigue in 1966, The first
prototype unit was made at Arkon in 1970, under contract to the National Air Pollution Control
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Agency (now part of EPA). The technology was rapidly developed in 1970 und 1971, again under
contract to Ames, to provide an vperational CQ analyzer for the Skylab cabin atmuosphere. In 1972
Atkon was reorganized into Andiuy, Incorporated, to develop a commnerciul version of the Skylub
monitor. A builtin zero point calibraior was added, slight Jdesipn changes were made to meet EPA
specitications, and the unit was marketed. In 1973, Andros sold this product line to Beckmin
Instruments, Incorporated, and Beckman is now selling the units as they were designed at Andros for
approxbmately $6,800 each.

More than 30 of the instruments have been sold to government agencies and industrial firms, The
California  Alr Resources Board and EPA ure using the units fur ambient, airborne, and automuotive
emissions air monitoring, For example, EPA used the nstrument on a helicopter to measure the CO
profile in the Lus Angeles basin; no other CO analyzer could have been used in this fashion.

Dispersive Intrared Vehicle Exhaust Analyzer

Nondispersive instruments transmit the complete electromagnetic spectrum within a given range
through an atmospheric sample, and a filter in the unit selects the relevant absorption wavelengths tor a
specific pollutant gas. A nondispersive spectrometer must, therefuore, be designed tor a specific pollutant.
A dispersive spectrophotometer, by contrast, cuntaing a prism or grating to disperse a given range of the
elertromagnetic spectrum into sull wavelength intervals either before or after the beam is transmitied
through a gaseous or liquid sample. The dispersive unit could, therefure, simultancously measure all
pollutant gases having an absorbing wavelength within the unit's spectral range {Maugh, 1972). In ¢ither
case, the infrared range is the most important for gir pollution since nearly every significant gaseous air
pollutant has at least one characteristic absorption wavelength in the infrared spectrum {Hodgeson,
1973).

Although a dispersive infrared (DIR) spectrophotometer has potential advantages—such as much
lower total cost and simultaneous measurement of several gases in the same sample~over the multiple,
specialized nondispersive infrared units it could replace, development effarts have not produced a DIR
unit for ambient air measurement that performs to jegal standards. The major technological barrier to
developing a DIR spectrophotometer for ambicnt air pollution measurements has been the inability to
discriminate between pollutants witli wavelengths that are very' ¢lose together (Hollowell, 1973),

While better resolution in the optical components and more sophisticated electronic design are
needed to produce a DIR spectrophotometer for measuring ambient air, the limited number of
constituent gases in vehicle emissions (primarily carbon dioxide, carbon munoxide, oxides of nitrogen,
and hydrocarbons) has reduced the instrument design -roblems to a tractable, though still difficult,
fevel, Both EPA and the stale ol California recenitly certified a new DIR unit for vehicle emissivns
analysis. This new DIR spectrophotometer was developed by Chrysler Corporation with technological
expertise the company gained when it designed the Hazardous Gas Detection System (HGDS) for the
Saturn-1B stage at the Marshall Space Flight Center's Saturn Systems Development Breadboard Faedlity
(SDBF)-a facility the Chrysler Huntsville Division installed and has operated since 1961 The Harardous
Gas Analyzer is a computer-automated system to collect sumples of fuel vapor, quantitatively analyze
the samples, and display the data so that safety procedures can be followed in o timely manner,

The development of the DIR spectrophotometer for vehicle emissions analysis was initiated in
1968 by a small group of Chrysler engineers who had previously been associated with the HGDS. The
Saturn-1B HGDS utilized & mass spectrometer to determine qualitatively and quantitatively the specific
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gases under observation. Must of the adaptation effort focused on replacing the mass spectrometer with
a DIR that could provide measusements of the particulur gases in vehicle emissions and converl these
measurements to a compuier compatible signal. This new analytical system was ready by 1970 after
approximately $200,000 had been invested (see Figure 2.2), It not only reflects aerospace technology in
gas detection techniques but also in electronics, data handling and data processing.
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The Vehicle Exhoust Analyzer system employs a pas sample conditioning subsystem to provide a sample
pas flow, with water und particulate matter removed, to the optical subsystem, The dispersive Infrared
optical subsystem is 4 double-beam differencing system where both beams are derived from a single source
of infrured tadiation, Qne beam passes through the sample cell to the grating and the detectors; the
stvond beam bypasses the sample cell and is the reterence (unabsurbed signal) beam. Some of the
radintion passing through the sample {s absorbed. The ubsorbed wavelengths define one (or more) gaseous
constituent present in the sample, while the amount of absorbed light is 0 measure of the concentration
of that species present in the sample, The light beam passed through the sample is then dispersed into its
vomponent wavelengths by means ol o grating; certain selected wavelengths are detected; and the signal
strength bs measufed, The concentrstivn ot pus being measured is proportional to the difference between
the two signal strengths at the lead selenide detectors. A mirtor chopper alternately presents the sample
and relerence beams to the detector elements (Chrysler Corporation, 1972).

Figure 2-2. Dispersive Infrared Vehicle Exhaust Analyzer. [Source: Chrysler Corporation, 1971.]
The major advantage of this unit is that it simultancously measures the concentrations of CO,

CO4,. and hydrocarbons in a single sample, with automated sample manipulation needed to remove water
vapor. Other operational advantages include simplicity, easy maintenance, reliability, and ruggedness, as
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well s computer interfacing capability that aftows several of the vnlts to be used ot o large ceriification
test Jacility for new ears in Californiu.

Chrysler has suld about 70 ot the units at prives ranging Trom $15,000 to $50,000 depending on
what specific instramentation and  auiomation compunents were used. The company’s automobile
divistons and General Motors, for example, are using these unalvzers to test new car emissions in their
research laburatories and after production,

Crysler Huntsville ulso Jdeveloped a computerized Automated System for Emission Testing (ASET)
that cun coordinate up to seven of the vebicle exhaust analyzers in sequiring data, Jata analysis,
emissfon analyzer status monitoring and emission analyZer control. The ASET computer controls the
acquisition of data through the realtime process control interface based on predefined test deseriptions
and on-line operator ur test conduetor vptions. The computer then linearizes, scales, and integrates the
source dati prior to utilizing it to compute emission levels in grams per vehicle mile. Data is also
presented in the form of concentration levels, The first ASET system has been installed for Automotive
Pre-Check Corporation in Los Angeles, California 1o certily new cars in that state,

Microwave Spectrometer Formakichyde Analyzer

Formaldehyde, a toxic, eye-irritating component of phutochemical smog, is generally produced by
the partial combustion of hydorcarbon fuels, Measurement of formaldehyde has been done with
wet-chemical laboratory technlques, so on site monitoring of this pollutant has not been feasible. Other
available techniques for monitoring formaldehyde do not satisty EPA sensitivity requirements,

The EPA and NASA jointly funded the recent development of an advanced, operational
formaldehyde monitor based on tnicrowave spectroscopic technology that was originally developed at
the NASA Langley Research Center for monitoring the atmosphere in spacecraft cabin simulators. The
new portable unit is the first nonlaboratory instrument which is capable of measuring an air pollutant to
EPA standards by using the microwave region of the spectrum (White, 1973).

Virtually all pollutants of interest, including formaldebyde, possess rotational absorption lines in
the microwave region. The microwave spectrum provides an even more specific fingerprint of 32 moleule
than the infrared spectrum due to the narrowness of the rotational line and the accuracy with which its
frequency can be measured, Microwave spectroscopy has not been applied in earlier quantitative air
pollution measurements beeause of the complex nature of availuble microwave systenss, the low
rotational abserption coefficients and resultant poor sensitivities, the low pressure requirements, and the
high metallic surface area inherent in conventional microwave absorption cells {Hodgeson, 1973).

Microwave spectrometers are generally operated at low sample pressures—typically about 102
torr—to prevent collisional broadening of absorption bands. At such pressures, however, the absolute
number of pollutant molecules is so small that detection of ambient concentrations of pollutants
requires an unreasunably long microwave cavity or wave guide to provide a sufficiently large sample
{Maugh, 1972).

The Lanpley Research Center started developing microwave spectroscopy in the early 1960% to
measure gaseous contaminants in spacecraft simulation chambers. Microwave spectroscopy for gas
analysis was not well developed at that time, but a microwave instrument offered the best potential for
sclective measurement of the many interfering gases in a chamber. Researchers at Langley developed
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microwave instrumentation, design annlysis techniques, and data for interpreting the microwave spectra
of many molecular species. The center currently maintains one of the only compuier-based reference
data systems for microwave spectra in the United States.

Until 1971, tl.  ucus of the Langley microwave instrument design work was on laboratary-sized
units, In January of that year, the NASA Technology Application Team (TATeam) at the Research
Triangle Institute {RTI) in North Carolina, in cooperation with scientists at the nearby EPA National
Envitonmental Research Center, distributed a problem statement ceseribing EPA's requirements for a
portable microwave spectrometer to measure formaldehyde. The desired instrument was to cost less than
$5,000 and provide, in less than one minute, measurements for concentrations of formaldehyde in
antblent air as low as 0.01 ppm and in vehicle exhaust as low ag 0.1 ppm,

As a result of the TATeam problem statement, researchers from Langley and the EPA group began
an effort to adapt the Langley microwave technelogy to develop a portable instrunient, The first design
of this unit was breadboarded at Eangley, and feasibility tests were successfully completed. The test
results indicated that a microwave fnstrument ineeting the EPA requirements could be deveioped.

More design work was needed, however, to develop an operational unit. A scientist at the
Lawrence Livermore Laboratory in California, who had developed a small solid-state microwave source
in his dissertation research, was identified by Langley experts as the appropriate principal investigator to
develop an operational spectrometer. The NASA Technology Utilization Office and EPA each provided
about $55,000 for the subsequent development effort, and a completed instrument was delivered to
EPA in January 1974 for final evaluation (see Figure 2.3).
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In this schematic of the Lawrenee Livermore Laboralary spectrometer, i resonant cavity is coupled to p
sinall, solid-state, Gunn-diode microwiave source. The resomant cavity provides a long, effective path length
{15 centimeters) at minhimum volume and Internal surface area. Thernvil expansion is used in a feedback loop
to vontrol cavity dimensions and, thus, the resonant frequency. Conventional $tatk medulstion of the sample
amd synchronous detection at the modulation frequency are used to mepsure small changes in microwave
power due tu sample absorption. A two-stage membrane separator is used on the inlet to preconcentrate the
pollatant by more than two orders of nagnitude. Without the separator, this unit has a wnshtivity of about |
pom (Hodgeson, 1973),

Figure 2-3. Microwave Spectrometer Formaldehyde Monitor. [Source: Hrubesh, 1973.]
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Commereial firms have already o preseed their interest in the new mictowave spectrometer o the
Laboratory, but final evaluation test: will be conducted by EPA before venunerciul developnient
proceeds, In the nweantime, the Laborrory is designing dedicated microwave units tu monitar anunonii
and sulfue divxide, Preliminary tests indivate the same technology can also be used fur a nitrogen
dioxide monitor. Even without the sepicator membranes, the microwave fnstioment has a seasitivity In
the low parts per millivn range for these three pollutants (Hodgeson, 1973) A Hewlett-Packurd
Corpuoration scientist in Palo Alto, Califomia has estimated that multipullutant microwave spectruometers
based on the saue designs could be comiercially available in two years (Maugh, 19720,

Concluxion

The three examples deseribed in his section illustrate how NASA's unigque requirements lov
monitoring gascous contaminants were setisfied by the development of new speciroscopic techniques.
These NASA-developed technigues are nov. embuodied in new air pollution monitoring instruments which
are at the leading edge of a mujor trend :oward spectroseopie measurement, The exacting demand for
acrospace instiumentation forced advancix. in the state-ol-the-art which are, in tumn, supporting the
implementation of the Clean Air Act o 1970, Attachment [ contains additional examples of
NASA-generated technology now finding ecmmereial application in the develepmert of equipment for
pollution measurement and control,
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SECTION 1ML SELECTED NASA CONTRIBUTIONS TO
ENVIRONMENTAL MEASUREMENT BY SATELLITE REMOTE SENSING

One of the most signilicant contributions ol the Natfonul Acrunautics and Spuce Administration
tovard understanding, describing, and predicting the state of the environment I8 that of providing the
ability to view the earth ape Hs resources in a novel way~by means of an orbiting satellite,

Satellite measurements vifer & number of advantages over ground-bused and sircraft observations,
First, they provide a synoptic overview of a region, For example, a single picture obtained from the
Earth Resources Technology Satellite (ERTS:1) shows the entire Tidewater area of Virginia, frum
Norfulk to Washington, D, C, Second, a ssteliite measurement can often yield byoad-scale information
concerning a variety of phenomena, The same imagery used by a hydrologlst to estimate snow pack in a
mountainous region might also be employed by a forestry official to help determine the eflects of smog
on the vegetation of the area, A third, and perhaps most important, advantage is that satellites provide
the opportunity to obtain relatively inexpensive measurements on a global basis:

A principle reason for the importance of remote sensing Is the need for the collection of

duta on o scale and with o coverage cither prohibitively expensive or virtually Impossible by

conventional or direct means, ., , An earth orbiting satellide covering the entire globe of the

earth once every 12 hours in u polur orbil cun provide q coverage which has never before

been possible with local sensurs because the resources to install and operate such & vast

network fiever have been—and in all probability never will be—available for that purpose

{Yates, 1972),

This section focuses on three NASA contributions thut illustrate the ways in which the advantages
of satellite-based measuretments are brought to bear on problems of environmental pollution. They
include: (1) satellite vertical temperature profile measurements, involving operational technology that
provides useful information on a daily basis: (2) pollution measurement experiments associated with
ERTS-1; and (3) research being undertaken for the eventual measurement of atmospheric pollutants vn
global busis. Additional applications of NASA-generated remote sensing fechnology in pollution
measurement and control are given in Attachment 1,

Satellite Vertical Temperature Profile Measurements

In any effective air pollution control program, meteorological data and weather [forecasting
capabilities are of central importunce. The ability to predict the weather is ‘nportant not enly to
metropolitan alr pollution control officers but also o plant operators concerned with the dispersal of
stack effluents, This is due to the fact that most pollution problems arise when the air is stagnant, and
weather forecasting provides useful predictions of wind direction and velocity, the wvossibility of
temperature inversions und other meteorological data.

Accurate weather [orecasting relics heavily on the integralion of a variety of mesureaients such as
wind speeds, humidity, and air and ground temperatures. One measurement that is crucial to achieving
precise meteorological predictions is the vertical temperature profile of the air, ¢ the temperatures of
the air at different heights above the ground.

For many ycars these measurements have been made by radivsondes, balloons which report
altitude and temperature data. In 1969, the Satellite Infrared Spectrometer (SIRS) on board Nimbus 3,
one ol a series of NASA research and development weather satellites, began to provide measurements
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which sclentists were able to reduce to vertical temperature profile soundlngs. ‘I’hls spectromeler
provided useful data in cloud-free areas, but it was not elfective when partial cloud cover was present.
The Nimbus Program subsequently developed a more refined instruinent, the Vestical Temperature
Profile Radiometer (YTPR), that could obtain useful profiles under partly cloudy conditions. The VTPR
{3 now being used amboard NOAA-2 and NOAA-3, the National Qcesnie and Atmospherle Administra-
tion’s two most recently launched operstionsl weather sateliites, Since these satellites can scan 85
percent of the globe, timely vertical temperatuze profile duta are not only being relayed to the U, 8,
National Weather Service but also to users in many countries, Figure 31 shows the good correlation
between vertical temperature profiles obtalned by radiosonde and those determined using soundings
from NOAA-2,
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Figure 3-1. Comparison Isetween a2 VTPR Sounding and a Radiosonde at 52.5° North,
20° West (1).P. indicates dewpoint). [Source: McMillin, 1973.]
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A diagram ol the VTPR now being used on the NOAA satellites is presented in Figure 3.2, along I

with a discussion of the general principles upon which current satelite vertical temperature profile [

meastirements are based.
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Satellite vertical temperature profile mcusurements tuke advintage of the spectral properties of carbun
dioxide. Among the constituents of the atmospliere, varbon diexide is the valy emitter of radiation in the
region of 15 microng; measurement in this part of the spectrum s due almost entirely to the gus, The i """
intenslty of the emitted radintiun depends on three factors: the mass of the gus, an ubsorption coefficient, !

and the temperature of the gas,

Because carbon dioxide Is present in a fixed ratio (0,04 percent) and is distribated uniformly throughout
the atmosphere, Its mass ut uny glven helght is known, The absurption coeffickent is different for different
pressures and for different radiution wovelengths, As o result, radiation at 3 certain wavelengtlt van be
attributed 10 the carbon dioxide at a known pressure thenee, at o known helght) in the atmosphere. Since
the muss of carbon dioxide at this height is known, the radiation intensity at a given wovelength will
provide the dexired measurement of the temperature at a given height,

Figure 3-2. Isometric View of a VTPR Instrument. [Source: McMillin, 1973.]
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NASA is alsu piuneering the develupment of Instrument. to provide even better v -tical
temperature profile coverage. A spectrometer which measures the radiation emitted by oxygen rather
than carbon divxide and which operates in the microwave rather than the infrared region of the
spectrum is now belng tested on Nimbus 5, NASA's newest weather research satellite. The principle
advantage ol the microwave region s that scattering by clouds and serosols s orders of magridaide Jose
than i the inifrared. A recent report indicates that this new instrumenl can provide aceurate
temperature proflles even under overcast conditions (Staelin, 1973),

Although satellite soundings are already being used [n the preparation of daily forecasts, their full
potential Is just beginning to be realized. The significance of satellite vertlcal temperature measurements
{s seen when these first generation operational satellites are compared with badloons in terms of the
coverage obtalned and the relative wost of the measurements, Radivsondes prodice about 1,000
soundings per day (largely clustered in the mure technically advanced countries, with polar areas and
oeeans having extremely sparse coverage) at an average cost of uver $100 per sounding: by cor cast, the
present satellite system is capable of producing about 2,500 soundings per day {distributed evenly over
the globe) for about $10 per sounding (Spohn, 1972). As operational sensor devices and methods of
data reduction and analysis Improve, the importance of satetlite measurements will continue 1o grow.

Pollution Measurement Experiments Associated with ERTS

The Earth Resources Technology Satellite, ERTS.1. is un excellent example ol one of the ways in
which NASA's capabilities in satellite technology and its continued support of remote sensing programs
are now being applied to environmental problems. While there are more than fifty ERTS experiments
agsociated with water and air pollution nwuurement, only three will be discussed here to iflustrate the
present utitity and the future promise of satellite remote sensing of pollutants,

Monitoring pollutants in coastal waters. Ocean dumping of objectionable waste products that sre
difficult or expensive to treat is increasing rapidly. In many cases, these wastes are not discharged {n
decp waters, but in more shallow coastal areas where they can pose a serious pollution hazard.

A study was conducted by the Environmental Research Institute of Michigan, in cooperation with
NASA, to evaluate the potential of remote sensing for monitoring dispozd) of waste materials in the
oceans, The coastal waters between northern New Jersey and Long Island, the New York Bight, were
chosen as the study area. This particular body of water is used extensively as s dumping ground for
wastes [rom the New York metropolitan region. For example, over 10,000 cubic yards of sewage sludpe
are disposed of daily In an wea about 12 miles south of Long Island. In addition, acid-iron wastes are
dispersed by barge over a haripin-shaped course in the same general region.

ERTS-1 imagery of the area, acquired on August 16, 1972, was analyzed and compared with
sireraft overflights on the same day, The satellite inagery, shown in Figure 3-3, correlated well with the
afreraft data and cleatly identified the acid waste discharges and the sewage sludge dump area, Beeause
the satellite instrument provided scans in different regions of the spectrum, it was possible to obtain
additional information—in particular, the water mass boundaries and the relative depth of the sewage
sludge. Furthermore, the shape of the waste discharge plumes and the water boundaries provided
infurmation regarding the surface circulation patierns at the time of discharge (Wezernak, 1973),
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Figure 3-3. ERTS-1 Imagery of the New York Bight. [Source: NASA, 1972.]

While the satellite data did not give a great dea! of quantitative information about the composition
or concentration of the various pollutants, it did provide useful information on the geographic location
of the various materials. It was found, for example, that the distance from the nearest point of the acid
waste plume to the New Jersey coast was closer than the designated dump area. In addition, the total
area of the sewage sludge and acid-iron waste dumps could be measured.

Monitoring lake pollution |n an experiment conducted by scientists at the University of Vermont,
it was found that ERTS-1 imagery of Lake Champlain could be used to map a major pollution plume
which had apparently been caused by waste discharges from a new paper mill near Fort Ticonderoga.
The satellite data provided a synoptic overview which, together with ground-based and aircraft data,
showed that the plume did indeed extend into V. wont waters (Lind, 1973). The state of Vermont
initiated legal action against both the paper company and the state of New York, alleging that the new
plant was reducing the water quality of the lake below Vermont standards and that polluted water was
crossing over the state boundary into Vermont (Graham, 1972). Although the suit is still before the U, §.
Supreme Court, it is significant that both ERTS-1 iriagery and the interpretation of the imagery have
been accepted as legal evidence in the case (Lind, 1974).

These experiments, as well as others now underway, are cleerly demonstrating the uulity of
satellite remote sensing for providing accurate and relatively inexpersive water pollution measurements
that can be a part of a bread-scale water quality program.

Remote sensing of air pollutants. ERTS-1 experiments are also demonstrating the feasibility of
utilizing satellite remote sensing systems in the monitoring of air pollution, In a study conducted at Old
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Dumnion Usiversity, Norfolk, Virginia, scieatists showed that ERTS data could be used 1o detect
aeroso) plumes in the atmosphere (Copeland, 1973). They found that the measurement of & pluine's
reflectivity-a Jdensitometer sean-helped to provide qualitative iformation on the charicter of the
plume, This was possible because diftuient types of plumes have dilterent rellective characteristics.

This study is also showing that, by means ol satellite monitoring, it might be possible to acquire
quanitative data on smoke stack emissions over stateusize reglons. By correlating ERTS imagery with
known stack locations, actual emdssion data, and meteorological conditions, atmospheric diffusion
coellicients can ve computed and a model developed to predict suriace emissiun concentrations. This
model Is currently being verllied and refined by on site measurements using a mobile laboratory,

Other studies indicate that satellite imagery might be used to obtain estimates of stack emission
rates. This would provide a means of monitoring known sources of air pollution at o great reduction in
cost, us compared to other methods. Although such satellite meusurementis du nut completely vbviate
the need fur ground-based instruments, the aumber of these fustruments could be considerably reduced.
For example, by using satellite measurements tv deiermine potential areas of high particulute
concentration, a pollution control board could develop monitoring strategies that would permit the most
effective deployment of ground-based instruments. In addition, remuote sensing provides a broad view of
an entire region that is so important to 3 comprehensive pollution control program,

Measurement of Atmospheric Pollutaiits on a Global Basis

Millions of tons of carbon-, nitrogen. and sulfur-exides are discharged into the atmosphere every
year as o result of Industrial processes. NASA Is conducting research aimed at achieving, vn a global
basis, the monitoring of these relatively long-lived gaseous pollutants.

For the past three years, the Langley Research Center has suppurted a program <alled the Carbon
Munoxide Poliution Experiment {COPE}. This progrum is designed to determine the feasibility of using
satellite.-based instruments to obtain a global map of carbon monoxide (CO) that would not only
indicate arcas of higher than normal CO concentration, but it would also indicate areas where the CO
concentration s significantly lower than nonmal (sinks). A map showing sinks is very useful in
determining the smesns by which 4 pollutant is destroyed or removed from the atmosphere (e.g.. by soil
microurganisnms). An instrument designed to map sinks must be considerably more sensitive than one
needed to obtain the usual pol' ™ ion maps, where only ambient and higher than ambient concentrations
are plotted.

A correlation interferometer is being tested as 4 primary device for measuring coneentrations of
CO. The instrument was developed s part of 3 NASA-supported program by Barringer Research, Limited,
on a subcontract from General Electrie. It utilizes a correlation technigue in conjunction with an
interferometer, rather thaii a conventional spectrometer. An interferometer has an advantage oves a
spectrometir in that its throughput of energy is about 100 times preater.

The conventional interferometer has a number of disadvantages, the most serivus being that data
are presented Inoa graphic form. This requires o time-consuming computer unalysis to obtain o high
resolution, high intensity spectrum that is amenable to further inierpretation. The weight and power
requirements Tor such a complex analysis make the instrument unattractive for use on board @
spacecraft. A further drawback is that the analysis involvés o step which tends to mapnily out of
proportion the contribution of noise present in the original signal,
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These drawbacks we elimitiated in the cortelation tenerometer. The fntetterogram obtatned by
the sensur is corselited with storol replicas ol the interfetograms ol viarfuus mixtuses o the gas heing
detected, Since 16 18 not necessary 1o convert an interlerogram to a cosventionad spectram, the dutis
processing is greatly simplitied {Barvsger and Davies, 1971},

In order to determine the Jeasibility ot using such an instrument in orbit, two eritical questions
needed to be answered:

® Cun {he desired Information be obtained from measurements mude from g satellite where
fucturs such as the atmospheric temperature prolile, cutlshine, and atniospheric absorption and
emission must be taken into acvount?

e Which ot the ubsorption wavelengths for carbon monoxide would provide the most reliable and
usable results?

The Spuse Seiences Laburatory of the Generad Electric Company, under NASA contract, ubtained
answers to these questions. Ten ditferent carbun monoxide profiles were used in their computerized
simulation study. For example, profile 1 was for a constiant mixing rativ of 100 parts per billion (pph),
while profile 5 represented u low altitude sink having a mixing ratio of 10 ppb at zero kilometers and
100 ppb at 9 kilameters.

This study concluded that it appeared leasible to use a satedlite-bused corielation interierometer o
ubtain a global map indicating carbon monoxide sources and sinks. It was also found that 2.3 microns
waz the most suituble wavelength for measurements (Bortuer. October 1973). In addition, the
Instrument was shown to be suitable for obiaining the same information about methane {Bortner, March
1973).

A breadboard correlation interferometer was built and luboratory tested on gas sample coils
containing varfous concentrations of carbon monoxide aind other pollutants. These laboratory studies
have indicited that the instrument has sufficient sensitivity and specificity to map carbon monoxide
concentrations i the atmosphere and to distingish between the Jdifferent models that predict the
cabon munoxide concentration (Becker, 1972). An engineering mwodel of the instrument has been
consirdeted and is presently  being tested on board an aireralt (Bortner, 1974). A correlation
interferometer for the measurement of atmospheric trace species is now being designed for possible use
on a pollution wonitoring satellite that is being considered for launch in the late 1970's.

Closer at hand, NASA's next research and development satellite, Nimbus G (Nimbus 6 once it is
placed in orbit), has #s o primary mission objective detecting, identifying, mapping, and measuring
of air and ocean poliution, Measurements will be used to establish baseline levels so that long-term
trends can be determined and to provide information about location, movement and fate of pollutants.

Three sensor systems will be used for air pollution measurements. One will measure ozone, water
vape |, nitric acid, methane, nitrous oxide, and nitrogen dioxide in the stratosphere, together with the
temperature where they are found. A second instrument is designed 1o measure carbon monoxide, sulfur
dioxide, ammonia, and methane in the troposphere. A visible polarimeter will also be on board to
measure the composition, size, and distribution of particles in the atmosphere (U.5. Congress, 1973).
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Cenciusion

This section has served 1o fllustrate that by actively supporting R&D in satellite remote sensing,
NASA s muking an importunt contribution to society’s efforts to contral pollution, Satellite remote
sensing, through NASA program achievements, is now a viable means of broad-scale measurement and
global monitoring. These measurements provide information on pollution and its eftects that are proving
to be un integral part of the nationsl program of pollution control and abatement.
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SECTION IV. A PERSPECTIVE

Two distinet ways in which aerospace technology is being utilized to satisly new requirements in
pollution  meusurement have been examined in this report: the application of instrumentation
insavations in Jesigning improved air pollation monitoring equipment and the use o satellite-derived
data to develop broad-scale measuring cupubilities, While the new instrumentation is providing the
sensitivity und selectivity reguired by national pollution standards, satellite remote sensing is establishing
a fundamentally new way of monitoring the environment on a giobal basis,

e e et it s

These contributions ¢leurly demonstrute how the technology developed to meet specific mission
requirements of the Nadfenal Acronsutics and Space Administration is also being used to meet another
nativnal commitment—the squest for au improved environment,
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SUMMARIES OF TECHNOLOGY TRANSFER EXAMPLES INVOLVING
NASA-GENERATED TECHNOLOGY FOR POLLUTION MEASUREMENT AND CONTROL

TRANSFER STAGES

1 p 3 4
NASA —
CONTRIBUTIONS Cont.*Term.  Cont. Term. Cont. Term. Cont. Term.
PO LLUTION EFFECTS
® Estimating Carb~. Monoxide 77452
Exposure
POLLUTION MEASUREMENT
® Correlation Spectrometer for Air 95608
Pollution Remote Sensing
e Heat Pipe Applications 90555
® Analytic Technique for Organic 96529
Water Pollutants
POLLUTION MODELING AND
ABATEMENT
® Telemetry Systems for Remote 96532
Monitoring
® Environmental Models and Analysis 96531
® Weather Satellite Data for Air 78001 |
Pollution Control 94526
e Computer Programs to Analyze 86011 86010 86009
Combustion 86013 86012
8601¢ 86014 |
93826 86016 |
86018 |
93825
® Fuel Vaporization Model 87030 87C29
e Coal De<ulfurization Process 96530
® Applic s of Reliability and 93829 96528
Qualiiy Assurance in the 93831
Offshore Petroleum Industry 93830

*The action status, continuing or terminated, of transfer cases at the time DRI-TRIS contacted users.
Cases are classed as terminated when (a) no further adaptation or adoption is contemplated, (b) a better
technical alternative has been found, or (¢) continued transfer activity is not economically feasible.

**Numbers in columns refer to TRIS case numbers.
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ESTIMATING CARBON MONOXIDE EXPOSURE
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

The North American Rockwell Corporation, under contract to the Lyndon B. Johmson Spiace
Center, conducted a study of the nature ol carbon monoxide (CO) polsoning on ustronsuts in vrder fu
develop desipn and operating criteria for spacecrafl. As a resull, o novel mwthod Tor predicting the
effects of CO expusure un humans was developed, Precise correlations of carbon nonuxide puisoning,
breathing rates, and variations in atmospheric conditions were established,

Two equations were developed which make it possible to estimate the carboxy hemoglobin formed
when CO s inhaled and to determine when adjustments for pulmonary ventilation are necessary. The
study resulls Indicated a need to maintain a low CO toxicity level, less than 17 milligrams per cubic
meter, in spacecraft cabin atmospheres. Unusual gencrijors of CO, such as paints and activated charcoal,
were also described in the study report. This report was announced by NASA in Tech Brief 71-10319,
entitled “Estimating Curbuy Monoxide Exposure,”

Aerospace American, Incorporated, a manufacturer of fork lift trucks and other off-the-road
equipment in Bay City, Michigan {77452), used the NA3A Technical Support Pakeage (TSP) in its
product modification program to reduce CO emissions. The TSP was a major source of information for
the company, showing the necessity of its program and suggesting future directions. To date,
approximately £10,000 has been spent in this rescarch effort, and company enginéers are fow
considering ways to use automotive emission control equipment in company products. A company
spokesman indicated that both time and money have been saved by using the NASA information.

Control Numbers
Tech Brief Number; 71-10319

NASA Center; Lyndon B. Johnson Space Center
TRIS Case Number: 77452
TEF Number; 461

Date of Latest Information Used:  January 5, 1973
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CORRELATIB&@ECT ROMETER FOR AIR POLLUTION REMOTE SENSING
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

In the mid-1960's, Barringer Research, Limited, in Rexdale, Ontario (95608) desigted and built a
prototype correlation spectrometer for measuring air pollutants In stack gases, This work was done with
indwuse funding and under a contract with the American fron and Steel Institute. Substantial design
improvements and  flight  testing for calibration were needed to develop this instrument into u
satistactory, afrborne remote sensor for alr poliutants,

—_

Barringer was subsequently funded by the Lyndon B. Johnson Space Center to develop an
operational remote sensor for sulfur dioxide (804) and nitrogen dioxide (NO,) by muodifying e
prototype design. NASA contracted with Barringer to conduct flight tests for the new instrument cver
San Francisco and Los Angeles to measure nitrogen dioxide profiles and over Chicago to measure the
sulfur dioxide profile. The Chicago profile was done with a high altitude balloon to evaluate the
instrument for possible use on board a spacecraft. Favorable results were obtained.

Barringer has sold 38 correlation spectrometers at prices between $23,000 and $24,200 each. The
instruments are being used remotely to measure 804 and NO» by air pollution control agencies in the U. 8.,
Canada, Australia, Jupan, Netherlands, France and Spain. The poliutant profiles provided by the
Barringer product, which are important inputs to the development of poilution control strategies, cannot
be obtained by any other commercial instrument,

Control Numbers
Tech Brief Number:  None

NASA Center: Lyndon B. Johnsan Space Center
TRIS Case Number: 95608
TEF Number: 482

Date of Latest Information Used:  August 31, 1973
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HEAT PIPE APPLICATIONS
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

The development of modern heat pipe technology was initiated in 1953 by George Grover of the
Los Alamos Sclentific Laboratories. The Atomic Energy Commission secured a patent unly on the
highdemperature heat pipe becausc it was discovered during a patent search that a similar doeviee had
been patented in 1942 for religerction uwes. Grover's heat pipe was developed specifically to solve
spacecraft thermal equilibrium problenis. Sun tacing surfaces of nonrotating satellites become excessively
hot, while surfaces not expused to the sun become very colds the temperature ditferentials can cause
failure of electrunic and uther spacecraft systems. One solution is to rotate the spacecraft, but in some
satellite uses this is nut possible or desirable. Grover's system transfers heat efficiently without recourse
to pumps or other mechanical devices that might be subject to failure.

The heat pipe is a simple device, involving no moving parts. A mesh, or wick, is sealed instde a tube
along with a working fluid. When heat is applicd to a portion of the pipe, the working Muid evapuorates
and fills the pipe, condensing vn the walls at cuoler segments of the pipe. This condensation releases
hieat. Prossure und temperature differentials within the pipe are saail, and the heat transfer vecurs
almost isothermally, The isothérmic characteristic makes possible a return flow of the condensed fluid
by capillary action, completing the cycle. The heat pipe can uperate vver u wide temperature range
depending on the nature of the working fluid, which can be water, molten metal, or any otlier
appropriate fluid. Heat can be transferred with a heat pipe up to 500 times more efficiently than with
any solid metal conductor,

Since the announcement of Grover's Invention, NASA and several private companies have been
investigating numerous fluids, geometry, wick materials, and operating characteristics of the heat pipe.
NASA nas also sponsored colloquia to describe the rapidly expanding heat pipe technology. The
NASA-sponsored Regional Dissemination Center at the University of New Mexico, the Technology
Application Center (TAC), provides heat pipe bibliographies and symposia,

Gas analyzers used for air pollution monitoring must be very carefully calibrated to obtajn valid
data, The U. 8. Department of Health, Education and Welfure (HEW) developed a technique using
permeaiion tubes for calibrating these instruments. The Nationa! Burcau of Standards (NBS) has
available a set of standard reference tubes of diffeient gases that can be used with the HEW technique.
In some cases, the NBS stamp signifying calibration to the standard is required by law or by the
Environmental Protection Agency's (EPA) regulations.

Kin-Tek Laboratories, Incorporated, a small manufacturing firm in Texas City, Texas (90555),
holds a license from HEW to produce a calibration device that embodies the HEW technique. Since the
NBS standard reference gas data are for temperatures between 20°-30°C, the device must be cooled
when the ambient temperature js above this range. Kin-Tek was cvaluating methods for adding a cooler
to its product and found that ruliable cooler controls would add substantially to the price. The president
of Kin-Tek used the Small Business Administration’s Teechnology Utilization services to identify a
number of NASA documents describing heat pipes. Using the basic ideas and data from the NASA
literature, he developed a small heat pipe to adjust the calibration device temperature up to the proper
level, thus climinating the need for an expensive cooler control unit. Kin-Tek developed its own sealing
method for heat pipes and produces the heat pipes used in its calibration equipment.
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The firm expects to sell about 200 valibration devices in 1973, Only those customers that feguire
an NBS stamp, such as EPA, will purchase the covled unit with the heat pipe temperature maderator.
However, these units are the ones that are directly refated to compliznee with air pollution emission
standards, For industiial applications, the finm has created new permeation tube designg oy special uses
and has turther developed the tube technigue o use additional materials such as metlane.

Control Numbers

Tech Brief Number;  Nooe

NASA-AEC Center: Los Alamos Sclentific Laboratories
TRIS Case Number: Y0555

TEF Number; 197

Date of Latest Infurmation Used:  April 18, 1973
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ANALYTI, TECHNIQUE FOR ORGANIC WATER POLLUTANTS
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

In 1964 under contract to the Lyndon B, Johnsun Space Center, the Rocketdyne Divisin of
North Amerdean Aviation, Incorporated, in Canoga Park, California (96529) developad an advanced
laboratory instrument to monitor all trace contaminants i the Apollo Command Module water systems
during simulation tests. A new analytic technigue, pryolytic gas <romatography with an associted
computer analysis program, was Jesigned and built as part ot the laboratory monitor. This techniyue
was used o measure Jdireetly the total organie content in the Apollo watér samples  withoul any
eequirement for pretreatment, Standands and  calibrations for the organic pollutant monitor were
established ut North American in aecordunce with conventiond) gas-chromatograph procedures.

Between 1908 and 1972, the Environmenta) Protection Ageney (EPA)Y and its predecessor in water
quality research Tunded the same group ol Rocketdyne Instrumentation experts to develop a practical
(ield instrument from the fechnulogy embudied in the Apolle water monitor, The main focus of (his
effort was on developing additional computer analysis programs to perform multicomponent pattem
recupnition techniques. By using these techniques, o computer van determine the concentration of
known organic pollatants in the water sample. The prototype instrument for EPA was successtully
tested un water pollutants from 20 industrial operations in the southeastern United States; prior to its
development, the only instruments available for meusuring organie water pollutants were laboratory-sized
gas chromatograph/mass spectrometer combinations,

As a result of the size and spsed of the new water monitor, the surveillance of waste discharges
into streams and lakes might become practical. EPA is suw using the prototype unit in water pollution
investigations. A second prototype is also being used at Rocketdyne in il pollution research and other
water pollution programs.

Control Numbers

Tech Brief Number:  67-10243

NASA Center: Lyndon B, Johnson Space Center
TRIS Case Number: 96529

TEF Number: 485

Date of Latest Information Used:  January 31, 1974
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TELEMETRY SYSTEMS FOR REMOTE MONITORING
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

The Reeatry and Environmentad Systems Division ot ihe General Electtlc Company in King of
Prussia, Pennsylvania (96532} developed telemetry systems for unmanned satellites, such as the Nimbus
series and the Earth Resources Technolugy Satellite (ERTS.1), under contract to the Goddard Space
Flight Center, These sophisticated telemetry systems Jigitize the data output from satellite instruments
and transmit an organized data array to ground receivers. In addition, command signals are transmitted
tu the unmanned spacecrait (0 control instruments und data flows remotely. Weather and earth
resourees satellite telemetry systers process some of the lagest remote monitaring data tlow rates in
the world,

The same GE division recently completed thie development and installation of o vomputerized air
pollution monitoring network, COPAMS, for the Commuonwealtls of Pennsvlvania. This network provides
Pepnsylvania air pollution contrel officials with the technical capability to enforce state and federal
primary air qualtity standards. The only major difference oetween the COPAMS telometsy system amd
thuse previously developed Jor satellites is in the conmunivations link; COPAMS uses a special telephone
party line while the satellites use radio transmissions.

The COPAMS hardware includes 32 monitoring stations distributed throughout the state, the
telephione linkup to a central control station in the state capital, and a minicomputer with display and
control equipment at the central station, Each monitoring station is a semipermanent building with
instruments and electronivs for measuring up to 16 air poliution and meteorologival parameters. In the
two-week intervals between regular maintenance visits, the 32 stations are remotely controlled through
the telemetry system from the central computer. Commands can be sent tu each station for certain
routine maintenance functions such as calibration tests. Every 60 seconds the computer gathers data
from each station's instruments. These data are automatically processed by the computer tu provide
hourly averages for different pollutants in conjunction with wind dispetsion factors. The computer
compares the averages to the state's primary air stundards, and, if the standard is exceeded in some
locality, the computer signals the operator to initiate the state’s pollution control sequence, The
sequence is defined by four levels of severity: advisory, alert, warning and emergency. The corresponding
control actions range from public advisories to compulsory shutdowns of pollution sources until the
pollution episode is over.

Control Numbers
Tech Brief Number: None

NASA Center: Goddard Space Flight Center
TRIS Case Number: 96532
TEF Number: 483

Date of Latest Information Used:  February 12, 1974
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ENVIRONMENTAL MODELS AND ANALYSIS
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

The TRW Systems Group of TRW, Incorporated developed computer models, analyses, and vther
sortware for the Apollo program under contract to the Lyndon B. Sulinson Space Center. These systems
engineering upplications Included Apollo mission planning, trajectory simulation and Aburt Guidance
System soitware for the Lunar Module, and software testing and analysis for the Command Module’s
guidance and vontrol computer. TRW also performed the datu analysis fur pre-Uight testing ot the
Lunar Module Descent Engine and postslight reconstruction of Apollo missions.

The TRW Envitonmental Services Development Division in Redondo Beach, Califurnia (F0831) has
used systems engineering expertise ~developed by other TRW divisions for the space prograth—in
designing more than 30 computer applicitions to environmental modeling und analysis. Most ol these
were dune under contract to the Environmental Protection Ageney to assist state and regional pollution
ggencies in implementing air and water pollution liws.

Some of the company's air and water pollution svstems are: the Alr Quality Display Model
computer program which generates air pollution maps Yrom meteorological data and an utmospheric
ditfusion model: Alr Quality Implementation Plans 1o develop systematicady reglonal pollution control
plans based on stationary source inventories, atmospherte diffusten modeling, smbient afr stundards, and
other factors; the Region Air Pollution Analysis program to evaluate progress in implemencation plins
and cost-benefit unalysis for air pollution control; computer programs to estublish vptimum methods ot
automobile maintenanee and inspection to reduce émisstons: a computerized state air pollution data
svstemty and water quality models for river basins. These analytic models have been applied in many
localities, such as the District of Columbia, Alabama, Alaska, California, the Metropolitan Cincinniti
Interstate Alr Quality Control Region, South Carolina, and Vermont, to implement poliution control
laws,

Control Numbers
Tech Brielf Number:  None

NASA Center! Lyndon B, Jolinson Space Center
TRIS Case Number: 96531
TEF Number: 487

Date of Latest Information Used: January 30, 1974
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WEATHER SATELLITE DATA FOR AIR POLLUTION CONTROL
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

The Goddard Spage Flight Center has had the primary responsibility Jor develuping weather
sateliite instruments, telemetry systems, and ground station receiving equipment. One ol the most
important sateflite to ground communication systvms designed at Guddard s the Avtomatie Picture
Transmission (APT} system, The APT system provides for automatie fransmizsion of satellite sensor Jata
to anyune with an Inexpensive televisiontype ground stution receiver. Although the vriginal APT system
only provided imagery in the visible range, the telemetry for subsequent injrared inuge sensors wis
designed so that APT receivers could be modified to Jisplay these datu also, Thus, tor example, vutput
from the Sateflite Infrared Spectrometer (SIRS) un buidrd the NOAA-3 satellite is availuble to anyone
with a mudified APT receiver, Infrared imagery s tised to determine vertical temperature profiles of the
earth's atmusphere, 4 primary fietor In predicting wind. ;

NASA has published twa documents that givie detailed instructions for building an APT reveiver:
Constructing Inexpensive Autematic PictureTransmission Ground Stations (SP-5079) In 1908 and
Weather Satellite Picture Receiving Stations (SP-5080) in 1969, The secotd publication also provides a
detailed Jdoscription of the receiver's operation. Using these plans, anyone with a basic knowledge of
electronics vould make his vwn recalver with parts costing under $500. Ao estimated 350 of these units
lave been or are being built for private, government, and research use ground the world.

The National Environmenta) Satellite Service, part of the U. 8, Depariment of Commerce in
Suitland, M.cyland (78001), distributes the satellite data from its APT receiver fu a variety of users
through National Weather Service facsimile networks, For exumple, the infrarcd data is integrated with
other data from ground-based I[nstruments to generate air stagnation maps that are used by local air !
pollution control officials to forecast ait pollution dispersal, This output format and the related
information processing techniques were developed tor this purpose by the Environmental Quality
Weather Service, a part of the National Weather Service.

The Air Pollution Control Division of the Colorado State Health Department in Denver (96526)
receives facsimile maps from the National Weather Service for use In forecusting the duration of air
pollution episodes. The division's meteorologist reported that Denver’s air pollution is primarily a
function of weather. In order to implement the four stage air pollution control sequence (advisoty, alert,
warning and emergency), the probable duration of local air stagnation must be projected to evaluate the
trend in air pollutant concentrations, This trend determines the appropriate control level. On each
occasion that the alert level has been announced, dispersal was predicted within four hours; the
economic loss due to unnecessary industria! shutdown was avoided by accurate forecasting.

Control Numbers
Tech Brief Number:  None

NASA Center: Goddard Space Flight Center
TRIS Case Number: 78001, 96526
TEF Numbers: 26, 194

Date of Latest Information Used:  QOctober 18, 1973
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COMPUTER PROGRAMS TO ANALYZE COMBUSTION
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

During the List 20 years go aermettsponsored tesearclt in combustion related to tocket propulsion
s produced un extensive body of userul combustion techoology. The Lewis Rescarch Center played a
promigent twle in this etiost trom the beghming, wnd other NASA Licilities participated tluough the
1900%. A very bmportant type o NASA contribution tu zombustion technotogy has been the
development of general computer pogrms 1o perform theemadyoanic analyses ol the combustion
provess. These progrons ™ into two general classes: equilibrium and Kinetivs.

A Kitowledge of chienieal equilibriunt compuositions tor a chemical system Is basic to caleulating
the system’s theoretical thermpdytiamic properties. One of the most widely used chemical eaudlib-ium
calvulation programs in tic United Stwtes, Chemical Eguiilnium Caleulations (CECL was develupad at
the Lewis Research Cotter. After dovising 4 practival culewativn technigue in the 1950 tor high
temperstuie chentical  reactions with numerous poduvts, Lewds researchiers continued  to update,
generalize, and refing the basiv CEC prognom, By 1971, CEC had become independent of the particular
computer used, iveurate with a built-in restrictiun fram peinting invorrect answers, genenl 1o the point
thut must chiemical svstetss could by amalvaed, wod modulis so thad unpecessary sabrotines for a
partieular problem could be bypassed. Constant valume, detotiation, atd shoekwave pheaomena could
also be anglveed with CEC.

The wide scope wl these desclopments exvecded the specilic NASA requirements. This wa, dune,
i opart, us a Cconununity servive™ 5o that expanding  computer capabilities could be atilized 0
equdlibrium caleukations Dy o hoge industiial community of mterest, Tle busic thevmodymamic data used
as Input to CEC en be ubtained tor over 500 cliemical species Trom Lewis or generated by the user
with aoulber program (PACAD developed ot Lewis. NASA annoumeed the avidlability ot the CEC
progiam I Tech Briel” oX.100235 and, in 1971, distributed o Specisl Publicution (8P-273) whick
presented the  program ducumentation along with several topics ol general nterest for chemieal
eyuilibrium analvsis.

Chemival Kinetic progrims are used to aiilyze the peduoriance of ditferent combuistor geometries
und vombusting techoigues by caleuleting the exhaust gas expansion cliuracteristivs. Several importunt
chemival Mietiv prograins were developed Tor NASA rocket research at TRW Svstems, umder contract to
the Lyvndon 8. Julmson Space Center, wid at the Lewis Reseurch Center. The programs developed at
TRW luve been ansouseed in lour Tech Brivist oB-10374, 0810375, 6810370 und 0810377, Tliese
programs  cileulute the expaision of combustion produced gaseous mixtures, including  comderised
products, for dilterent Tuel compositions, combustion  temperatures, refaxation rates wnd  nozde
geomettivs. The caleulation method (second onder mplicit integration} permits computation times that
are several orders of magnitwde less than standiod explivit methods, These programs were subsequently
standindized  and gefined  for the Interagency Chemical Rocket Propulsion Group to provide a
vnealimensional and a twoadimenzional chemical kinetics program,

In addition to the specilic programs Jdeseribed above, combustion reseurch was conducted tor
NASA by other in-house, commercial al interageney government groups. In 1970 several researchers
involved in these efforts, incloding the prncipal investigator from TRW Systems, formed o new
company, KVB Engineering, Incorpurated, in Tustin, California (86009). Since then, KVB las bevome a
majir combustion consulting (irm for the electric power industry.
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The kinetics and CEC programs are routinely used by KVB to analyze alternative fossil-fueled
combustion techniques such as delayed mixing, premixed off-stoichiometric flames, off-steichiometric
diffusion flamer (secandary combustion) and flame temperature control, This analysis predicts where
oxides ol nitrogen (NO,) will be formed in the combustion chamber, identifies what mechanisms are
involved, und describes the affect of change in combustior techniques for the specific chamber being
analyzed. The results are used as a guide In sclecting new operating procedures for burners so that the
production of NO,, is minimized. This method has been used to reduce NO, emissions from fossil-fired
power plants by 40 to 70 percent. It s considerably less expensive than other proposed methods, such
as catalytic or electrolytic reduction. Severzl electric utilitics and equipment manufacturers have utilized
the KVB consulting service in their effort, to comply with stringent NO, emission standards. NO, is an
important component of photochemical smog, and its production in the combustion process is primarily
a function of flame temperature,

The Southern California Edison Company in Los Angeles, California (86010) was the first utility
to use the KVB service. The company has reduced NO, emissions by 50 to 70 percent in cach of its 22
natural gasfired boilers through the use of two combustion .echniques from KVB: exhaust gas
recirculation and secondary combustion. These reductions were achieved without degradation of plant
operation, efficiency or safety. Eight oil-fired boilers are also being converted to use the two techniques.
The company will be in compliance with the Lus Angeles County air pollution standards long before the
1975 deadline,

Construction of the Scattergood Steam Plant Unit 3 by the Los Angeles City Department of Water
and Power (86018) was allowed to proceed solely on the basis of the low NO, combustion techniques
devised by KVB. The department had spent $6.5 million on construction and signed contracts totaling
$24 million for equipment when a construction permit was denied on the basis of anticipated NO,
emissions of aboutl 1,600 pounds per hour. After losing an appeal to a state court, the department was
granted the permit when it agreed to operating changes that would ensure the plant’s compliance with
the new Los Angeles County air pollution standard limiting NO, emissions to 140 pounds per hour.
This plant is the first to be constructed under the new law, and department officials did not believe
they could meet the 14CG-pound limit prior to the work done by KVB, The additional pollution control
equipment will cost $2 million, as compared to the total plant cost of $68 million. Scattergood Unit 3
is scheduled to start producing almost 10 percent of Los Angeles' electricity in 1974, Most of the
department’s other 17 boilers are being converted to use the same techniques before the 1975 deadline.

The Public Service Company of New Mexico in Albuquerque (86013) has experimented with the
techniques designed for the company by KVB. NO, was reduced by more than 5G percent, and
efficiency was increased in the trial plant. The techniques will probably be used In the company's plants
in order to meet the New Mexico ait pollution standards which will take effect in 1974,

Consolidated Edison Company of New York, Incorporated (86011} contracted with KVB to
provide test supervision, analysis, and personnel training for the company’s program to reduce NO,
emissions from Its fossil-fueled steam und pas turbine plants. The company is testing KVB's combustion
techniques in two mediumssized boilers, and the results appear to be favorable.

The Houston Lighting and Power Company in Texas {86012) has injtiated a program to convert all
26 of its gasfired boilers to use the secondary combustion technique designed for the company by
KVB. Test programs on the Houston units have achieved NO, reductions between 40 and 70 percent,
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with no increase in operating costs. Houston Lighting and Power will receive the first innovative air
recirculution boiler designed by u major boiler manulacturer (86014) I conjunction with KVB. The
builer de<ign represents signifivant wlvances in NO, reduction and increased efficiency for commereially
aviilable equipment.

The Gus Turbine Products Division of the General Electric Company In Schenectady, New York
(86U15) Is conducting experiments with the techniyues devised for its ground power turbines by KVB.
The division is considering putential product design modifications which will reduee NO, emissions by
more thun 50 percent, '

The Babeock and Wilcox Compuny i Barberton, Ohiv (86016} obtained the CEC program from
Lewis Research Center about two vears upo. The company uses CEC repularly in design stdies for
fossil-fired boiler moditications to reduce NO, emissions and tor sulfur recovery processes tor several
sulfur divxide cleanup systems thut are being developed lor power plant exhaust gases. Bubeuck
und Wilcux engineers analyse the operatiog trends for ditferent hardware configurations with CEC so
that puidelines leading to experimental desipgn improvements are established.

The Phillips Petroteum Company in Burtlesville, OFahoma (93825) has been using CEC since
company  scientists heard it described at the Lewis Research Center’s High Temperature Research
Cunference. Phillips modified the Lewis program for use in iy computers, and chemical equilibrivm
composition tables were then generuted with the program for vse in all o) the company’s combustion
Bavestigations. Typical combustion analyses using these data include: the combustion equilibria in
intermal gas combustion engines to aid in ellurts to reduce NU, and carbon monuxide emissions;
pollutunts from incinerators, when different matetiols are belng incinerated; and the pollutants trom
burning waste gases with high concentrations of ammoniz. A company spokesman estintted that it
would have taken at least three man-years of wark Tor Phillips tu develop o program similar to CEC.

The Teledyne Continental Motors Division of Teledyne, [ncorporated, in Mobile, Alubamy (93826}
plins to use CEC in its redesign of small aircratt engines to reduce NO, und curbon monoxide ¢missions
to comply with 1979 federy] standurds. Some of the Teledyne cn;_,mwu had previcusly used CEC while
working Tor  major aerospace contractor. Teledyne obtained the CEC program from Lewis to develop a
combustion simulator that will be used to analyze the turbochargers on company aircraft engines. The
analytical results will then be used to develop new turbochurger Jesigns that will minimize NO_ und
curbon monoxide emissions.

Control Numbers

Tech Brief Numbers:  68-10025, 68-10374, 08-10375, 68-103706, 68-10377

NASA Centers: Lewis Research Center, Lyndon B. Johnson Space Center

TRIS Cuse Numbers:  8¢009, 8600, 86011, 86012, 86013, 86O, 86015,
86016, 86018, 93825, 93820

TEF Number: 463

Date of Latest Information Used: February 7, 1973
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FUEL VATORIZATION MODEL
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

Since the mid-1950's, the Lewis Research Center has developed several analytic methods to
investigate rocket engine combustion processes in order to Improve combustion efficiency and rocket
perfornance. One of the methods, a propellant vaporization model, was deseribed in a 1960 NASA
Technical Report (NASA TR R-67). This model has provided NASA in-house and contractor personnel
with the basis for performing improved analyses of heterogencous combustion processes,

The Lewis vaporization model was designed to provide Jocal vaporization rates, mixture ratios, and
combustion conditions for numerous combinations of propellants, engine design  parameters and
operating parameters. This permits the nonhomogeneous conditions in u combustor to be mudeled
locally. The heat and mass transfers that occur between introducing a tuel and final combustion me
included in the model. A technique for using the caleulated results in the design of ro~ket combustors is
also deseribed in the report. Experimental results at Lewis exinbit good agreement with the model
predictions,

The Dynamic Science Division of Marshall Industries, under contract to Lewis, subsequently
improved the model und prepared a corresponding computer program, This research eliminated the need
for several assumptions that were used in the original model, NASA has also supported the development
of computer programs thut complement the vaporization model by analyzing the actual combustion
kinetics and the chemical composition of exhaust gases (see Technology Transfer Example Sumimary
“Computer Programs to Analyze Combustion”),

In 1970 a group of aerospace combustion experts, including those who had conducted the
vapotization model rescarch at Dynamic  Science, formed a new company, KVB Engineering,
Incorporated, in Tustin, California (87029). The new company has rapidiy become a major combustion
consulting firm for the electric utilitics. The improved model & an integral part of the combustion
analyses that KVB perlorms for electric power plant fossil-fired boilers. The analytic results are used to
prescribe alterations in the hardware and operation of boilers. These alterations have reduced the
formation of nitrogen oxides (NO, ) between 40 and 70 percent. The reduction is achieved at minimal
cost without degrading the safety, efficiency, or operating costs for the boilers. No presently available
alternative approach to solving the NO, erussion problem for stationary power plants appears 1o be
comparable in cost or effectivencss to the KVB methods. Approximately 50 boilers belonging to 8
utilities have been adjusted in this manner to comply with emission standards set by law,

The vaporization model is crucial to the aralysis of coal- and vil-fired boilers. KVB experts
recently improved their analytic tools by coupling the vaporization program with a NASA contractor-
developed chemical kinetics program to facilitate computer calculations. KVB has completed a successful
preliminary test program on coalfired boilers for the Arizona Public Service Company in Phoenix
(87030). Minor adjustments were made in two boilers at the company's Four Corners Power Plant near
Farmington, New Mexico for a threc-weck period, and a significant reduction in NO, emissions was
obtained. This was one of the {irst applications for the KVB technigues on coalfired units. Arizona
Public Service is currently considering a KVB proposal to conduct a more extensive study leading to
permanent hardware and operation alterations in its coal-fired boilers.
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Cotitre] Numbers
Tech Briel Number:  None

NASA Center: Lewis Research Center
TRIS Case Numbers: 37029, 87030
TEF Number: 464

Date of Latest Infurmation Used:  February 9, 1973




COAL DESULFURIZATION PROCESS
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

TRW, lncorporated, upder conturet o the Lyndon B, Johnson Space Center, condueted un
extensive  test program  for (he Lunar Module rocket engines. The company  constructed an
Inteprated tost Gaeility for this purpose at its San Juan Capistrano Test Site, about 75 miles south of Los
Angeles, The facility includes test stands and  equipment, Tabrication and  maintenanee  shops,

computerized monitoring and conte! cguipment, a complete chemical luburatory, amd o wide ringe of

instruments. TRW invested about $2 million in the Lwility to support its space program contriact wurk,

TRW Systems in Redundo Beach, California (905300 is using the San Juan test facility to develop
an econumic:  coal desullurization process that may eliminate sulfur dioxide pollution problems
assochuted with burning high sulfur coal from the eastern United States, The process, which was invented
by TRW, uses an agucous fersic solution to dissolve up to 80 percent of the sulfur in the coal. Since
1971, the company has vecejved more than $500,000 from the Feviconmental Protection Agency (EPA)
to test and evaluate the new process. EPA s ulso funding the coastruction ol a halfston per hour pilot
plant at the Sun Juan site, The test facilities required only minor modifications for their new
application. Subsequent commereial applications for the process are already being investigated by TRW,
coal companies und electric utilities,

Contro! Numbers

Teeh Briet Number:  None

NASA Center: Lyndon B, Johnson Space Center
TRIS Case Number; 90530
TEF Number: 488

Date of Latest Information Used:  Junuary 31, 1974
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APPLICATIONS OF RELIABILITY AND QUALITY ASSURANCE

IN THE GFFSHORE PETROLEUM INDUSTRY
TECHNOLOGY TRANSFER EXAMPLE SUMMARY

The United States Geological Survey (USGS) is chitrged with regufating the offshore oil industry

which 15 operating more than 1,800 drilling and production platforms on the Outer Continental Shelf

(OCS). An increasing number ol equipment failures bas created a major public reaction tu the resulting
pollutivn and a demand for stricter regulations, In addition, the cost ol OCS well blowouts 1o petroleum
companies was estimated in Senate Interior Committee hearings to be $200 million,

In 197], USGS contracted with NASA to pay the direct expenses lor a group of five relisbility
and quality assurance experts from the Marshall Space Flight Center to study equipment and procedures
used i the offshore ail und pas industrv ¢ SASA study team analyzed the feasibility of applying
advanced systems cogineering techniques o - esse the reliability of sufety and antipollution equipment
on offshore deilling and productic o vii7 o g 2Ye study report deseribed appropriate quality control,
fallure mode  effects analysis, w. Lo " aoalysis techniques bused on previous space program
applications. The report Induded . weerd oo o recommendations for improving safely and avoiding
acvidental pollution during offshore operations. Tech Briel 72-10588 announcaed the NASA study report:
the principal meuns of dissemination, however, has been through USGS which distiibuted more than
4,000 copies of the repori to the offshore oil industry and other interested groups around the wutld,

Industry amd government reaction to the report has been very positive, and it is the basis for a
dramatic change in offshore ofl and gas productivn. A joint effort between the Survey and the American
Peteoleum Institute (API) was initiated in 1972 1o develop procedutes for implementing the NASA
recommendations i specific applications.  USGS will announce new regulations based on these
procedures as they are developed. For example, the AP? report by the Committee on Subsurface Safety
Valves has been reviewed and will soun be published. Ao OCS Order based on this report will be issued
by USGS carly in 1974, a little over 12 months aftes the NASA team study was completed. Other AP}
committees are working on surface safety systems, research and develupment needs, personnel training

and pipeline corrosion, Most of the Survey's activities are done by the Conservation Division’s Gulll of

Mexico OCS Operations Office in New Qrleans, Louisiana (93831),

The Survey and several oil companies have contracted with former NASA contractors to conduct
systems analysis (i.e., hazards analysis in acrospace terminology) for ofishore facilities and to develop
employee training programs. The General Electric Company'’s Apollo and Ground Systems group at the
Lyndon B, Johnson Space Center (96528) is selling consulting services to the offshore industry and
USGS based on the reliability and quality assurunce technology that GE developed under NASA
contracts, The GE consultants have conducted systems analyses. developed training programs, and
identified new operating procedures and equipment.

Exxon Company in Houston, Texas (93829) is one of the largest offshora oil and gas companies
in the world. In response to the recommendations in the NASA team report, Exxon retained GE
reliability consultants to conduct systems analyses for several production facilities. Equipment and
procedural modifications were identified: Exxon has implemented most of these changes through the
addition of redundant safety equipment or improved identification of control switches to reduce human
error. Exxon is also conducting design analyses to improve reliability in more fundamental ways.
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The Ofshore Operators Committee, with uftices in New Ocleans, Lovisiana (93830, is made up ot
representitives from ol amd gas companies that operate on the Outer Continenta} Shelt. Based on
recommendations in the NASA teum repuort, two important new meclunisms are being developed by the
Committee to improve safoty and reduee pollution for olfshore equipment: a computerized Tailuee
repurting system and new engineering decunentation tequirements for equipment munufacturers, A
Committee report that deseribes the proposed Tuilure reporting system is being reviewed by USGS.
Either the Commitive or USGS will probably institute and operate this system within the next few years
for the oifshote oil amd gas companics. Roth the reporting system and the documentation reauitenients
could become signiticant mechanisms for improving the elability of offshore equipment by providing
performance feedback tu equipment designers.

Control Numbers
Tech Brief Number:  72-10588

WASA Centers: Murshall Space Flight Center, Lyndon B, Johnson Space Center
TRIS Case Numbers: 938249, 93830, 3B, Q0528
TEF Number; 484

Pute of Latest Infurmation Used: December 1, 1973
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