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FOREWORD

The purpose of this survey is to aid in transferring air-pollution-
monitoring technology developed in areospace research to the general
industrial domain. The authors garnered information from two sources.
First, a comprehensive literature search was made, resulting in the
bibliography included. Second, NASA centers and industrial and re-
search organizations were contacted. Thirty-two instruments and tech-
niques, originally developed for aerospace needs, were covered in this
survey. These were items found to be novel and/or improvements in the
area of air pollution monitoring. A summary of the state of the art
in this field precedes the discussion of the above items so that the aero-
space-developed items can be compared to current practice.

The Technology Utilization officers at the NASA centers organized
information and arranged for the authors to meet with the innovators.
These officers at the centers may be contacted for additional informa-
tion if necessary.
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CHAPTER 1

Current State of the Art

The three general problem areas in air pollution monitoring that
must be considered to determine the transferability of aerospace tech-
niques to generalized air pollution technology are: (1) the definition
of air pollutants in the ambient air, (2) the definition of air pollutants
being emitted from a source, and (3) the definition of the atmospheric
conditions that govern the rate of transfer from the source to the
ambient air. The pollution levels to be examined in the ambient
air are several orders of magnitude lower than those emitted
from a source such as a stack. Sensitivity and specificity requirements,
which are not imposed on source monitors, are thus imposed on ambient-
air-monitoring systems. On the other hand, the environmental condi-
tions for a source-monitoring device are often much more severe than
those for ambient-air monitors. In general, both ambient-air- and
source-monitoring systems must analyze for composition of the sample
and/or quantities of particular materials. Monitoring systems for
meteorological conditions observe the physical conditions of the at-
mosphere through which the pollutants are transported. The three
air-pollution-monitoring instrument classes are different but are inter-
related insofar as their applications and limitations are concerned.

To illustrate some of the differences, a typical ambient-air-monitor-
ing station and its requirements may be compared to a stack-monitoring
installation and its requirements. The ambient-air-monitoring station
may include requirements for: (1) determining the mass concentration
of total airborne particulate materials without regard to their com-
position; (2) collecting and analyzing specific airborne particles, such
as fly ash from coal, fly ash from oil, specific metal oxide fumes, sul-
furic acid (H.SO,) droplets, radioactive materials, bacteria, or car-
cinogenic organic compounds in solid or liquid form ; and (3) monitor-
ing the mass of dust particles that have settled on a unit surface area
of retentive liquid or adhesive surface (subsequently, the settled dust
will be monitored for classes of materials, such as water-soluble or
organic-soluble materials).

A gas-analyzer system for such an ambient-air-monitoring station
may include the requirement that specific gases be sampled and col-
lected for subsequent analysis or that they be analyzed in situ. The

1



2 ATR-POLLUTION-MONITORING INSTRUMENTATION

gases of concern may include sulfur oxides, nitrogen oxides, carbon
monoxide (CO), halogen compounds, and organic vapors and per-
manent gases. In the. case of solid and liquid particles, concentrations
are of the order of several hundred micrograms per cubic meter (ug/
cu m), while the gases to be analyzed are in concentrations from frac-
tional parts per billion (ppb) up to 100 parts per million (ppm). At
the same time, meteorological conditions measured at the ambient-air-
monitoring station may includé temperature, relative humidity, wind
velocity, and barometric pressure. In some cases, a balloon-borne or
mast-mounted, vertical-profile measurement system may be included.

A stack-monitoring system is usually mounted on a stack platform
as much as several hundred feet above the ground. The environmental
conditions within the stack may be extreme; for example, when the
sample inlet is at a temperature of several hundred degrees Fahren-
heit, the exterior system for sample transport, retention, acquisition,
and so forth may be at a temperature of 40° F. Acid fumes, rain,
snow, and other severe environments require that stack-monitoring
and analytical instruments be well protected, sturdy, and capable of
withstanding extreme conditions.

The major requirements to date for determining particulate emis-
sions from a stack or other point sources have been for the gravimetric
analysis of particles whose chemical characteristics are generally
known. In some cases, optical density of a collected sample or of par-
ticles emitted across a stack plume may be measured. Analytical instru-
mentation for emitted particles is seldom needed. Concentrations up to
several grains of dust per cubic foot are often encountered in stack
emissions.

Gases emitted from stacks are analyzed with an in-place stack moni-
tor by collecting them on suitable adsorbents, or in a freezeout trap,
or by bubbling them through a suitable absorbing fluid. The gases
analyzed include carbon dioxide (CQO,), sulfur oxides, nitrogen oxides, .
organic vapors, halogen compounds, and so forth. In recent years the
use of optical systems permits in situ or remote analysis of infrared
absorption for particular gases, which makes the analysis of gas com-
position from an emitting source practical and allows the determination
of gas concentrations under optimum conditions.

The preceding comments indicate the breadth of the requirements
for air pollution instrumentation in terms of problems and environ-
mental conditions. However, these comments imply that the sample
to be analyzed is already in the analytical system. The peripheral
problems of sample acquisition, transport, and treatment must also
be considered.
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The first requirement of an analysis is that a sample be representa-
tive. This means it should represent all of the pollutants in the en-
vironment being sampled and illustrate the relationship between the
pollution and the environment (concentration and distribution). This
relationship may be a matter of temporal or spatial concentration in
an environment. A sample size must be selected that is dependent on
the sensitivity of the analytical technique and the minimum pollutant
concentration. The sample size may range from a few cubic centimeters
to several thousand cubic meters, depending on the nature of the
problem.

The rate of sampling is determined by the nature of the sample-
collecting device, the pressure drop across the sample collector, and
the available power. The duration and frequency of sampling depend
on the information desired for the particular pollutant-control prob-
lem. Because, in most cases, pollution damage is a function of dose
(concentration X time), dose limits must be indicated to guide the
selection of sample-period durations. The frequency of sampling
should be based on the physical phenomena being monitored. Sam-
pling frequency for a continuous process may be much less than for
a chemical process that is operated in a cyclic manner. The duration
of sampling periods depends on the significant concentrations, the
sampling rate for the particular device used, and the limitations of
the analytical procedure to be used. If a sample is to be transported
through a sampling line, particle losses and interactions in the sam-
pling line caused by turbulent deposition and agglomeration must be
minimized by choosing a sample-line dimension that permits an opti-
mum sample velocity (1500 to 3000 ft/min) in the sample duct. In this
way, losses caused by gravitational and inertial deposition, turbulent
diffusion, and so forth are minimized.

Appending a series of collection devices to a sample line is often
necessary if an air-pollution-monitoring station is required to analyze
more than one constituent. It may be necessary, for example, to dif-
ferentiate between gaseous and particulate forms of related com-
pounds. In differentiating between gases of different boiling points,
a series of cryogenic fractionating collectors, each maintained at a
lower temperature than the preceding collector, may be needed. If
particles are to be collected from the sample by filtration before it
enters a gas-absorption system, the filter material must be nonreactive
with any of the gaseous components.

Once the parameters of sampling, collection, and/or analysis have
been established, the inherent limitations in the analytical or the
instrumental procedure must be considered, as they apply to collection
efficiency. Particle collection efficiency must be maintained at a mini-
mum of 85 percent for any analytical device. Typical limitations are

335-653 0—69——-2



4 AIR-POLLUTION-MONITORING INSTRUMENTATION

that particle sampling devices remove large particles more efficiently
than small particles and that the collection efficiency varies with flow
rate for many gas- and particle-sampling devices. These considera-
tions do not apply to in situ observation with an optical device that
does not require collection of the sampled material. Analogous errors,
however, may occur in terms of the optical- or electronic-system
instability and presence of interfering materials.

Once the pollution sample has been collected, reliable microanalyt-
ical procedures are available for detecting and measuring almost all
air pollutants. However, it is necessary to remove interfering sub-
stances by pretreatment. or to eliminate their effects. Also, it must be
realized that the materials being analyzed are not necessarily those
discharged from a source. Reactions and alterations in the atmos-
phere, as well as in storage after sampling, may change the sample
after it has been collected. Such alterations may include evaporation
of small droplets, dissolution of materials in moisture absorbed from
the atmosphere, and reaction of materials that have been collected
concurrently. For this reason, the time interval between collection
and analysis must be kept as short as possible, or, at least, of constant.
duration when a series of samples is to be analyzed. The samples
should be protected from exposure to heat and light and should be
retained in inert containers. »

No more than reasonable measurement accuracy should be specified.
One should consider not only the inherent limitations of a sampling or
analytical system in specifying the required accuracy and precision,
but also the change in concentration before noticeable effects occur.
Enforcement monitoring systems have more stringent requirements
than those of operating monitoring devices, and these should also be
considered in specifying accuracy and precision limits.

A final series of general problems in analytical sampling devices
includes those of optimum reliability, minimum cost, minimization of
required personnel skills, ease of access, and length of service life
without requiring excessive reagent, chart paper, filter tape, or other
component replacement.

The range of problems, such as the background against which any
air pollution instrumentation must be considered, is quite broad. One
must also consider system characteristics such as the type of monitor-
ing required, the environment to be monitored, the data to be pro-
duced, the use to which data are to be put, and the device limitations
that might be expected. '

GAS AND VAPOR ANALYSES

Gases and vapors probably represent the largest fraction of total
pollutants in the atmosphere. Hydrocarbons from automobiles and
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sulfur oxides from thermal power generation are responsible for
much atmospherie pollution. Local concentrations of materials that
are hazardous to health probably represent the most serious monitor-
ing problem because the levels at which health hazards occur are not
known for specific pollutants. The analytical methods must be capa-
ble of providing meaningful data for gas concentrations that may
be in the parts-per-billion range and for a variety of materials.

Wet-Chemical Analysis

Some of the most common pollutants are analyzed by wet-chemical
analysis. Sulfur dioxide (SO,) is usually analyzed by a colorimetric
method known as the West-Gaeke method. A color change is observed
with a photometer. Concentrations to 0.01 ppm can be analyzed, but
interferences sometimes occur from nitrogen oxides. A minimum gas
sample of 2.5 liters is usually required, and an analytical time allow-
ing hourly sampling intervals can be obtained. An analog readout is
delivered from the photometer. An automatic colorimetric device that
requires only periodic addition of reagents can be purchased for
approximately $5000 (ref. 1). ,

SO, in ambient air can be titrimetrically determined in a concen-
tration range from about 0.01 to 10 ppm by oxidizing the SO, in
hydrogen peroxide (H.0.) to sulfuric acid (H,SO,) and titrating.
A sample size of approximately 1 cubic foot of air is required. Ana-
Iytical time is approximately 10 minutes, and manual operation is
involved (ref. 2).

Automated conductometric analysis is often used for SO, measure-
ments from the atmosphere. In this method SO; is collected in an acid
solution and oxidized to H,SO, by H;0,. The method is sensitive in
the range of 0.01 to 2 ppm. Materials that form strong electrolytes in
solution interfere. The sample size is approximately 10 cubic feet of
air and the analytical time is approximately 10 minutes. The data
readout is analog, and the cost of a commercially available instru-
ment is approximately $5000 (ref. 3). There are many additional
methods of measuring SO,, but the above are the major analytical
methods for this gas. .

Hydrogen sulfide (H.S) can also be analyzed by a wet-chemical
colorimetric method. Methylene blue is produced by a reaction with
suitable reagents, and concentration of H,S is determined by measure-
ments of optical absorption (ref. 4). Sensitivities in the parts-per-
billion range have been reported. Sample sizes of some 30 cubic feet
are required with an analytical time of approximately 2 hours. Data
are obtained by photometric readout; although analog data are
obtained, this system has not been successfully adapted for automatic
instrumentation.
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The existence of nitrogen oxides is determined by dye formation
using the nitrite ion (NO,") as part of the reaction (ref. 5). The sensi-
tivity of this method ranges from a few parts per billion to about
5 ppm. Sample sizes up to 14 cubic foot produce sufficient color change
for meaningful results. The analytical time is approximately 1 hour.
Photometric readout is obtained, but no automated instruments have
vet been developed for this procedure.

Orxidizing gases, such as ozone, are analyzed by observing color
change after absorption in potassium iodide (KI) (ref. 6). The oxi-
dants can be analyzed in the range of a few parts per hundred million
to about 10 ppm. A sample size of approximately 2 cubic feet of air is
suitable, and analytical time of up to 1 hour is required. The photo-
metric readout produces analog data, but the overall procedure is
manual.

Hydrogen fluoride (HF') and other volatile fluorides are analyzed
colorimetrically after titration or spectrophotometrically (ref. 7).
Concentrations below 1/100 pg/cu ft can be analyzed. An air-sample
size of approximately 10 cubic feet is the minimum and, in some cases,
100 cubic feet is required. Analytical time is approximately 7 hours
because a detailed procedure is required to eliminate interferences that
are caused by a large variety of materials. These are removed by double
distillation with perchloric acid (HClO,). Analog data are produced
by the photometer or colorimeter, but the method is manual.

A number of materials including SO,, nitrogen oxides, oxidants,
chlorine (Cl,) or chlorides, and fluorides or cyanides may be measured
by modified wet-chemical procedures in a system of gas absorption
followed by colorimetric analysis. Continuous analyzers using pro-
gramed sampling valves, proportioning pumps for reagent delivery,
heating baths, distillation columns, temperature control, colorimeters,
and so forth, can be purchased (ref. 8). Sensitivities and sample sizes
. for these colorimetric instruments are equivalent to those given for the
manual methods, and analytical time is of the same order as that for
the manual methods. Reliability, of course, is much less, and analog
data are produced for the colorimetric readout. The cost for a com-
plete system capable of analyzing a number of gases may run as high
as $70 000 to $80 000.

"Most organic gases are analyzed by instrumental methods. Volatile
organic substances containing oxygen are usually analyzed by colori-
metric methods. Analyses are reported, for example, as “total alde-
hydes,” in which a number of individual aldehydes and ketones may
be present (ref. 9). Sensitivities of several parts per million are re-
ported with sample sizes of a few cubic feet. Analytical time is of the
order of 1 hour with analog readout using colorimetric analysis.
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Spectrographic Andlytical Method

Spectrographic and spectroscopic analytical methods are used pri-
marily for particulate materials that have been collected and can be
placed in a spectrograph or an emission spectrometer. A number of
gases and vapors, however, can be analyzed by such methods as emis-
sion and fluorescence spectroscopy. An example of one of these meth-
ods is the use of detector elements for chromatographic columns; these
elements utilize flame emission to characterize the materials passing
through the column.

Organic vapors can be detected by a flame-ionization analyzer
(ref. 10). The flame-ionization analyzer responds in proportion to the
number of carbon atoms in a gas sample. Sensitivity below 1 ppm can
be obtained depending on the gas being analyzed. Sample sizes down in
the cubic-centimeter range can be used, and analytical time is essen-
tially zero with real-time data production. The type of data produced
is analog. Depending on the gas concentration and type of analyzer,
costs in the thousands-of-dollars range can be expected.

Both organic and inorganic vapors have been analyzed by mass
spectroscopy (ref. 11). Monopole, quadrupole, and time-of-flight
instruments have been used for gas analysis. Concentrations to several
parts per million can be analyzed. Sample sizes of a few hundred cubic
centimeters are adequate, and analytical time is of the order of 5 to 20
minutes, depending on the complexity of the analysis desired. An
instrument can be set to scan for mass numbers from one to several
thousand. The scan rate is usually of the order of 20 minutes to 1 hour,
and printout is digital. The cost of such an instrument can be several
tens of thousands of dollars.

The infrared absorption characteristics of several gases and vapors
make it possible to detect and analyze their presence in the atmosphere
with continuous analyzer systems. CO can be analyzed with a sensi-
tivity of approximately 1 ppm in a nondispersive infrared analyzer
(ref. 12). A sample size of approximately one-half cubic foot can be
used, and analytical time is of the order of seconds. Data produced are
analog, and the cost for a typical analyzer is several thousand dollars.
Similar instruments of the same design have been used for analysis of
organic materials. Dispersive infrared spectrometers have also been
used to determine hydrocarbon emissions based on absorption at the
3.4-micro wavelength (ref. 13). Interferences occur that can be
avoided in the nondispersive infrared-sensitized systems, but other
characteristics of this analytical procedure are the same as for a non-
dispersive infrared analyzer.

A third type of infrared analysis has been recently described in
which correlation spectroscopy is used (ref. 14). In this system, a spe-
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cific compound is analyzed by comparing the infrared spectrum of an
unknown gas to the infrared spectrum of a known material. Sensitivi-
ties of approximately 20 ppm are claimed. The device has the advan-
tage of being suitable for use as a remote sensor using the Sun or other
radiant-energy source to pass energy through a particular pollutant
plume. Recently a passive infrared-analysis system has been studied
in which a heated stack plume emitted enough infrared energy over
the background so that it served as its own infrared energy source.

Ultraviolet absorption can be used to detect unsaturated hydro-
carbons. A recent development of a Geiger counter for detection of
low energy photons has permitted development of a field analyzer
that is capable of detecting hydrocarbons in the atmosphere. The sensi-
tivity of this device is 2 ppm. Sample flow rates of several hundred
cubic centimeters per minute are used, and real-time analysis is possible.
Analog data are produced, and the cost of the device is in the $1000
range.

Thermal Conductivity Measurement

The concentrations of several gases can be determined by measuring
the thermal conductivity of the sample gas as compared to that of a
known reference gas. Four filaments, arranged as an electrical resist-
ance bridge, are heated, and imbalance caused by changing gas com-
positions is reported as a temperature difference. Sensitivity to
approximately 0.1 percent can be obtained with a gas-flow rate of
approximately 14 cu ft/min. Analytical time in the minutes range is
normal for data in terms of relative concentrations based on a cali-
brating or standard gas. Cost for such an instrument is approximately
$500.

Chromatographic Analysis

Chromatographic analysis is probably the most generally used
method of measuring and detecting gases in the atmosphere. It is
capable of separating, in suitable columns, essentially all of the
polluting gases, both organic and inorganic, that may be present in
the atmosphere. In brief, the method utilizes a column through which a
mixture of gases is passed. The difference in the mobility or the dif-
fusion rate of the component gases in the mixture passing through
the column is a function of the molecular structure of each gas. Selec-
tion of a suitable detector from the six or more available detecting
devices is based on the composition of the gases to be analyzed. De-
tectors measuring changes in thermal conductivity have been used
along with detection devices involving flame-ionization and electron-
. capture methods.



CURRENT STATE OF THE ART 9

In recent years a vast amount of work has been done on gas
chromatography for air pollution analysis. A meaningful discussion
of all the results of this work is beyond the scope of this survey. To
summarize briefly, however, sensitivities in the parts-per-billion range
can be obtained, and sample sizes from a few cubic centimeters to
several cubic meters of gas are usable. Fractionating freezeout methods
along with representative absorption sampling can be used to obtain
gas samples for injection into the chromatographic column. The an-
alytical time is normally of the order of 20 minutes. The data obtained
are digital. The cost of a usable gas chromatographic system ranges
from several thousand to several tens of thousands of dollars, depend-
ing on the number of columns, degree of automation, and the readout
devices used.

GAS AND VAPOR CONTROL METHODS

There are four principal methods of controlling the emissions of
vapors to the atmosphere. These are absorption, adsorption, incinera-
tion, and catalytic combustion.

Absorption

Absorption is a basic chemical engineering unit operation, which
is frequently referred to in the air-pollution-control field as “scrub-
bing.” It is a diffusional process involving the transfer of gas mole-
cules to a liquid phase. Concentration differentials at the interfaces
serve as driving forces, and the process is favored by high-interfacial
surface areas, turbulence, and high diffusional coeflicients. Because
some soluble component of a gas mixture is to be dissolved in a liquid,
the absorbent chosen should have high solubility for, or react irreversi-
bly with, the absorbed gas.

Equipment used for the absorption of gases can be placed in five
categories. These are packed tower, plate tower, spray chamber, venturi
scrubber, and jet scrubber.

In a packed tower, crushed rock, Raschig rings, burl saddles, and
various other materials and shapes are used for packing. The liquid
is usually introduced at the top of the packing and trickles through
the layers of packing that provide the necessary large surface area. The
contaminated gas flows upward through the packing, contacts the
absorbing liquid, and leaves cleansed at the top of the packed tower.
The lignid commonly used is water, but solutions of neutralizing

_chemicals, organic solvents, oils, and emulsifiers are also employed.

A plate tower is usually cylindrical with several sections of perfo-
rated horizontal plates; the two most common are termed “bubble caps”
and “sieves.” In a plate tower the gas-liquid contact takes place in a
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series of steps (at the plates) rather than continuously as in a packed
tower.

The simplest spray chamber consists of a cylinder in which spray
nozzles are mounted in the upper section and droplets are forced down-
ward by a liquid flowing down the interior walls of the chamber. Al-
though the liquid and gas flows may be cocurrent, the gas stream is
usually introduced tangentially at the lower section of the tower, so
that a spiral motion is imparted to it, and the liquid sprays are di-
rected radially. In this way, the spray is directed centrifugally to the
wall from which it drains as a film flow. Simple spray towers can be
either countercurrent or cocurrent in operation, have a relatively low
.pressure drop, and are not subject to plugging, as are packed columns
and plate towers. Some spray towers have been successful in the ab-
sorption of relatively insoluble gases; but because the mixing of spray
and gas is not as vigorous in the countercurrent towers as in other
equipment, such as a venturi scrubber, spray towers are perhaps best
suited to applications involving easily absorbed gases.

The venturi scrubber is essentially a spray tower in which an effort
is made to maximize the mixing of the gas stream passing through the
main section of the venturi by introducing a liquid at the throat of
the venturi. In the venturi scrubber the gas stream passes at a high
velocity through the venturi, with the scrubbing liquid being intro-
duced at relatively low pressure at the venturi throat where the liquid
is sheared and droplets are formed. Contacting is essentially cocurrent
with the flow energies being separately supplied for the gas and for
the liquid The energy required for forming droplets and for intimate
mixing with the gas is furnished by the gas stream. The liquid is intro-
duced at conventional line pressures. The resultant liquid spray mixes
with the gas, a degree of absorption takes place, and an entrainment
separator—usually of the simple centrifugal or spray type—must be
provided at the venturi discharge to remove liquid from the washed
gases. The pressure drop across the venturi scrubber ranges from 10
to 100 inches of water with gas velocities at the throat exceedlng 5000
tt/min. The high pressure drop in the gas stream results in a high
power cost, and necessitates high tip speed on the main fan with an
increase in problems of eroswn, noise, or rotor imbalance.

The liquid jet scrubber is essentially an ejector designed as a fume
scrubber. Energy is imparted to the liquid spray, which, through an
aspiration effect, produces the suction necessary to move a waste gas
and also succeeds through intermixing or surface-area contact in
removing an amount of absorbable gases. The capacity of such scrub-
bing equipment can be varied by changing the liquid flow rate or
designed characteristics at the venturi. A droplet entrainment is re-
quired at the discharge end. In such scrubbers, water at about 100 Ib/in.
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generates pressure differentials of the order of a few inches of water,

and gas-flow rates do not usually exceed 1000 cubic feet min/unit
scrubber.

Generally, the two-film absorption theory is used for the design of
absorbers and interpretation of performance. In this design approach,
the assumptions are that (1) the transfer rate is proportional to con-
centration differentials at the interfaces, (2) equilibrium conditions
exist between the gas and liquid at the interface, and (8) no holdup
or interfacial resistance to flow exists.

In general, packed towers are prepared for small installations, for
use with corrosive gases, high-forming liquids and high liquid/gas
ratios, and for low-pressure-drop requirements. Plate columns are
frequently more economical than packed towers because their ability
to tolerate higher gas velocities allows use of smaller diameter columns.
They can handle liquor rates that would flood typical packing, are
less susceptible to plugging, and can be equipped to eool the liquor to
remove heat of dilution, either with cooling coils on the plates or with
external coolers. Spray towers are of particular importance when the
pressure drop is a major consideration and when dust particles are
present in the waste-gas stream.

Adsorption

In atmospheric pollution control, the principle of adsorption is em-
ployed primarily to prevent highly odorous or offensive organic vapors
from escaping into populated areas. Adsorption systems are widely
used in industry to remove gases and vapors that can produce human
irritants, obnoxious odors, fire hazards, explosive reactions, unhealthy
conditions, hazardous concentrations, unsafe operations, undesirable
products, corrosive atmospheres, and inadequate processing. Solvent
recovery, odor control, removal of gaseous contaminants, protection
against gas-warfare and hazardous chemical reactions are suggested
candidates for adsorption systems. Food services, hospitals, labora-
‘tories, petrochemical manufacturers, chemical users, printing plants,
fallout shelters, and atomic energy installations are some of the users
of adsorption systems to prevent air pollution or to eliminate pollu-
tion of the premises and processes by intake air. Because adsorbents
are versatile enough to solve these problems, the list of possible air
pollution applications is extremely long.

In air pollution control, the prineipal use of adsorption is for the
physical adsorption of gaseous matter on solids in dynamic systems.
Physical adsorption is defined as the capture and retention of mole-
cules from the gas phase by the surfaces and capillaries of solid ab-
sorbents, Physical adsorption is completely and easily reversible; the
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adsorbed material is removed by high temperature and/or low pres-
sures. Thus, adsorption systems are capable of being regenerated.

Although a great variety of clays, chars, gels, oxides, silicates, and
activated carbons have been used as sorbates, activated carbons have
been the subject of the most effort and application in air pollution
abatement. Because physical adsorption has basically been a surface
phenomenon, the more surface area per unit volume that is obtained,
the more effective the adsorbent. Adsorbents display a specificity, or
differential affinity, for various materials. Fortunately, many of the
specificity relationships have been established by experience in the
field. For example, activated carbons specifically adsorb hydrocarbon
vapors in preference to water vapor, while silica gel specifically adsorbs
water in preference to hydrocarbons.

One-pass nonregenerative dynamic systems are used when average
contaminant concentrations are of the order of a few parts per million
or less. Although the systems are designed to take contaminant slugs
up to 1000 ppm, it is not economical to use this type of adsorber on
concentrated contaminant gases. Holding capacity in one-pass dynamic
adsorber systems is generally 5 to 20 percent of adsorbent weight; that
is, in the case of an easily adsorbed vapor, the contaminant break-
through does not occur until total vapor pickup exceeds 20 percent
of the adsorbent weight. Because one-pass nonregenerative adsorber
elements usually contain highly active and relatively expensive ad-
sorbents, the replacement cost or factory reactivation becomes burden-
some if the system is used to remove high concentrations of contami-
nants.

One-pass regenerative adsorber systems are used when the concentra-
tion of contaminant exceeds a few parts per million. Two adsorber
vessels are usually employed with one adsorbing while the other is
being regenerated. In reactivation, low-pressure steam is normally used
to raise the temperature of the adsorbent bed and drive off the adsorb-
ate. Steam and adsorbate are usually condensed together for recovery
or disposal. Steam also acts as a stripping vipor; because a portion of
it condenses in the adsorbent, the bed temperature is reduced by evapo-
ration of the steam during the adsorption cycle. Bed-temperature
increases created by heat of adsorption must be dissipated when han-
dling heavy concentrations of contaminants; otherwise the efficiency
and/or holding capacity of the bed is seriously reduced.

The original equipment cost for adsorption systems, excluding the
erection cost, is approximately $32.50 per pound of contaminant. Oper-
ating costs on a nonregenerative system include replacement or factory
reactivation of the adsorbent, maintenance of the bed holders and
frames, air movement, space occupied, transportation to and from the
factory, and labor to remove and replace elements. Replacement or
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~ factory reactivation and factory maintenance charges on bed holders
are estimated to be of the order of $10 per pound of contaminant
retained. Assuming a typical bed pressure drop of 1.5 inches of water,
0.75 brake horsepower (hp) is required for every 1000 cu ft/min of
capacity installed. For a regenerative system, additional equipment
is required to generate steam, such as a cooling-water system, dry-air
heaters, and additional fans or air pumps. Rough estimates of equip-
ment capacities for the costs above are:

Equipment Capacity
Steam generating. __ . _._.________ 3 to 5 Ib/lb of vapor retained
Cooling water system__._.________ 7 to 10 gal/lb of vapor retained
Dryheat . __ .. 0.10 to 0.15 kw hr/lb of vapor retained
Airmoving. ___________ oo 5.0 brake hp/1000 cu ft/min of air

Incineration of Gases and Vapors

Incineration is rapid, high-temperature oxidation in the gas phase.

Jontaminated gases and liquid wastes are incinerated for odor control,

reduction in opacity of plumes, reduction in emission of reactive hydro-
carbons, and reduction of explosion hazards.

Many of the waste materials disposed of by flame afterburners are
liquid aerosols, and the fuel for the afterburner can be a liquid such
as oil. In the afterburner the actual combustion occurs between oxy-
gen and the vapors, or gaseous decomposition products, of the waste
and fuel liquids. In the combustion of hydrocarbons, a complex series
of chain reactions plays a predominant role. At the high temperature
of flames, hydrocarbons disassociate into radicals that in turn recom-
bine. There is evidence that the radicals—OH, HO,, H, and O—pro-
duced in the oxidation of hydrogen are important chain carriers. Thus,
aldehydes and other oxygenated organic compounds are present in
the stepwise oxidation of hydrocarbons, and these intermediates will
appear in the end products if anything disrupts the chain reactions and
prevents their ultimate combustion to form CO, and H;0. These oxy- -
genated materials tend to be irritating and odorous and are unwelcome
products in the effluent.

Important factors in the combustion process are reaction time; tem-
perature, which increases reaction rate ; and turbulence, which provides
thorough mixing of oxygen, intermediate products, and chain carriers.

Flame combustion, as a method of air pollution control, has been
applied to a variety of processes and effluents including flares and
furnaces for disposal of waste gases and liquids from coffee roasters,
smokehouses, rubber curing, cupola gases, rendering plants, varnish
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kettles, enamel baking ovens, asphalt blowing, and printing-press
vents.

The yearly capital and operating costs for a flame incinerator on a
continuous roaster is about $22 000. Approximately three-fourths of the
cost is for fuel for the disposal of halogenated hydrocarbons. A flame
incinerator capable of handling 4 to 7 gal/min of waste is reported to
cost $250 000, with operating costs about 6 cents per gallon of waste.
This cost is compared to 10 cents per gallon for disposal by drum
burial.

Catalytic Combustion

Direct-flame incineration, as a method for the disposal of organic
vapors and gases, is often limited in application because of the
excessive cost of the high temperature required. The high-ignition-
temperature requirement can be overcome by passing the waste gas
stream through a catalyst bed, because the catalyst causes the reaction
to occur below the normal combustion temperature and does not become
part of the end product. The process lessens the temperature necessary
for the exothermic reaction of organic vapors or gases with oxygen by
as much as 500° F. The chemical union of oxygen with the organic
fumes oceurs without flame on the surface of the catalyst. The tempera-
ture rise of the waste gas stream after passage through the catalyst
bed depends on the Btu value of the fume.

Many substances have catalytic properties and are used for this
purpose. Metals of the platinum family are generally chosen for efflu-
ent control because they produce the lowest catalytic ignition tem-
perature. Sufficient surface area must be available to permit completion
of the oxidation reaction within the catalyst bed. Normally, catalyst
surface areas of 0.2 sq ft/cu ft/min are utilized, although certain
difficult applications may require as much as 0.5 sq ft/cu ft/min.

The catalytic combustion method of fume disposal has a wide range
of industrial applications in such diversified manufacturing activities
as foundry-core baking; fish-oil and animal-fat rendering; solvent
evaporating ; oil refining ; paper printing; and varnish, chemical, and
plastics manufacturing. The method can be usefully applied to paint-
baking ovens, if the paint does not contain volatile catalytic poisons.
Satisfactory results have been obtained in the combustion of low-
boiling hydrocarbons; of heavy vapors liberated in the cooking of

- oils, tars, and asphalt; and in the chemical reduction of nitrogen
oxides under reducing conditions.

The catalytic method has been found to be unsuitable when the
exhaust fumes contain such particulate material as fly ash, inorganic
solids, or vaporized metals. These materials cause a rapid deteriora-
tion of the catalyst with resultant excessive maintenance and replace-
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ment costs. For this reason the exhaust gases from foundry cupolas,
blast furnaces, and coal-fire boilers cannot be handled by catalytic
methods. Some halogenated hydrocarbons and silicone paint additives
are also harmful to the catalyst.

Properly designed catalytic combustion units have been operated
with very acceptable efficiencies; disposal of various hydrocarbons and
other organic vapors has exceeded 98 percent efficiency in some instal-
lations. A distinct advantage of this method over furnace combustion
is that practically no nitrogen oxides are produced. Catalysts have
been used, in fact, to reduce nitrogen oxides to nitrogen in waste-gas
streams.

The initial costs of catalytic combustion units, including installa-
tion, vary widely with each installation requiring a separate design
study. In general, a cost in the range of $3 to $5.50/cu ft/min covers
most installations, and the catalyst element is about $1/cu ft/min. The
operation cost of this disposal method covers maintaining the catalyst
and system and preheating the fume, which is dependent on the nature
of the fume. Maintenance costs include a periodic cleaning to insure
proper efficiency and the infrequent replacement of the element. Under
normal operation a platinum catalyst element should be inspected
every 6 months; immediate inspection should be made if abnormal
operation is observed. Dust and dirt may be removed from the element
by immersion and agitation in hot water containing detergent. Ele-
ments coated with oils or resins should be heated to 1100° F, cooled,
and treated in a nitric acid (HNO;) bath. With proper maintenance,
the catalyst may last several years with no loss in efficiency.

PARTICLE-COLLECTION AND MONITORING SYSTEMS

The qualitative nature of the hazard from airborne and settled par-
ticles has long been known. However, as in many cases involving
chronic exposures, quantitative information is not available concern-
ing the tolerable dose before damage to health or property occurs.

Atmospheric particulate materials, which are often generated by
industrial processes, may contain or be composed of toxic, corrosive,
and erosive compounds. Their presence in the atmosphere or on sensi-
tive surfaces may not only reduce visibility but also cause damage to
health, to appearance, and to plant life. In London, a man was executed
in 1306 for burning coal while Parliament was in session.

Present monitoring systems are designed either to meet legal limi-
tations or to obtain sufficient information about the nature of the par-
ticulate air pollution to permit remedial action. Thus, the present
systems are used to observe the particulate debris that is deposited
on horizontal or vertical surfaces, to observe the particles suspended in
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the ambient atmosphere, or to monitor the vents and stacks associated
with a process that may cause emission of particulate debris.

It should be emphasized that scientifically justified limitations on
tolerable levels of particulate air pollution are not quantitatively
known. The complicating factors such as environmental conditions,
contributing pollutants, synergistic effects, collection site status, and
health deterioration or damage cannot be specifically stated for any
single air pollutant or for a simple combination of air pollutants.
Limitations have been set by industrial hygienists concerned with
such aspects as control of radioactive hazards. Maximum-acceptable-
concentration (MAC) limits have been set for 8-hour exposures of
healthy working male individuals in reasonably controlled environ-
ments. These limits, however, are not useful for generalized air pol-
- lution control.

Air pollution results in exposure of the entire cross section of popu-
lation from strong, young men to newborn infants under environ-
mental conditions that are widely variable and uncontrolled. The best
MAC limits are only one part of the input for finding the tolerable
air pollutant levels. Combinations of materials may act in a synergis-
tic manner not completely defined. Even more important, long expo-
sure times at low levels have not been adequately studied.

Esthetic considerations involved in seeing a clear view as compared
to a smoky view are also of real, but unmeasurable, importance in
setting air-pollutant-concentration limitations.

When a qualitative analysis of particulate contamination is required,
a quantity of particles is usually collected and analyzed by procedures
similar to those used in any analytical laboratory. Physical measure-
ments range from direct observation of the particles in the atmosphere
and of their effects as they deposit or interact with various substrates
to indirect observation of interactions between the particles and the
means of measurement. The techniques ranging from routine to con-
ceptual are in varied states of development.

Present instrumental techniques are capable of very high sensitivity
for analysis of particulate contamination. An excellent sensitivity is
required because of the lack of quantitative information for tolerable
contamination levels. In general, the analysis of particulate contam-
ination is based on physical measurements.

In categorizing the instruments used for monitoring particulate air
pollutants, the methods in terms of instrument types, of monitored
pollutants, of effects of monitored pollutants, or of instrumental ap-
plications may be considered. The authors have chosen instrumental
applications as the most useful way to categorize the instruments used
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in the examination of settled particles, of airborne particles, and of
the emitting sources considered.

The settled dust particles from the atmosphere may have irritating
and corrosive effects and are usually very obviously present. They are
usually measured and reported in terms of mass of material of several
types per unit area. Sizes of airborne particles permit inhalation and
retention in the respiratory system; thus, health hazards occur. Air-
borne particles also cause reduced visibility in the atmosphere. These
particles are measured in terms of mass per unit gas volume, number
of particles per unit gas volume, or, indirectly, as a visibility through
the atmosphere. Emissions are of interest because they are normally
the source of both settled and airborne particles and are a direct indi-
cation of the processes that cause air pollution. They are usually meas-
ured in terms of mass per unit volume of emission, visibility through
the emission, or as mass of materials emitted per specific process or
process subdivision. ,

Instruments used in one monitoring application can often be used
in another. However, correlations from one application to another are
usually difficult and often impossible. For example, settled dust must
come from the atmosphere. In a fixed volume covering a given area, a
direct correlation should be found. However, the differences in settling
rates for particles of different Stokes’ diameters and the presence of
random eddy currents through the atmosphere make such a direct
correlation impossible.

Some of the instrumental techniques, methods, and devices used to
analyze particulate air pollution will be discussed. Particle-collection
techniques are applicable to both particle analysis and particle con-
trol (collection of particles removes them from the environment). In
situ measurement techniques are applicable to analysis only.

Settled-Particle Analysis

Instruments for settled-particle analysis are perhaps the simplest
devices. Interpretation of results may be complex because of the di-
verse nature of the deposition of particulate material in the settled-
particle collectors, the so-called “dust jars.”

The dust jar is usually a glass, metal, or plastic container, 6 inches
in diameter and 8 inches in height. It is placed in a stand at a level
where reentrained dust from the normal traffic is not lifted to its
interior. A layer of liquid is placed in the bottom of the jar. During
winter or inclement weather, antifreeze may be added. A fungicide or
algicide should be included to prevent growth of cultures that could
change the reported results. Bird guards are usually used to prevent
birds from perching on the edge of the jar and adding deposits to the
fluid in the jar. Jars are usually left out for a period of 1 month.
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Settled particles are analyzed by weight. An aliquot of the liquid
is taken after the settled material is thoroughly dispersed. The liquid
is evaporated, and the settled material is analyzed in terms of weight
per unit area in the jar; the result then is extrapolated to unit weight
per square meter or, in some cases, per square mile. It is also possible
to extract, with suitable solvents, the organic-soluble and water-
soluble components to determine combustible materials, and to report
each component separately (ref. 15).

Another device used for determination of settled particulate mia-
terial is the tacky or adhesive sheet. The adhesive-coated sheet is ex-
posed to the atmosphere for a fixed period of time, ranging from 1
hour to 1 week. The sheet is then examined visually for specific partic-
ulate contamination. In some cases, magnification with a low-powered
microscope may be necessary (ref. 16).

A variation on the above technique allows the use of nutrient plates
for analysis of bacteriological debris, especially in the interiors of hos-
pital rooms. The nutrient plates are exposed for a suitable time period,
and viable colonies are visually counted to indicate the level of bac-
teriological contamination in the atmosphere.

In general, measurement of settled particulate material is helpful
in determining trends in air pollution. Trends in airborne particles
often follow trends in settled particles and, therefore, long-term
changes in air pollution can usually be followed by observing the levels
of settled debris. However, quantitative correlations between ambient-
air-pollution levels in terms of mass per unit volume in the atmosphere
and the total number or mass of settled particles are difficult, if not
impossible, to obtain.

Airborne-Particle Analysis

Adequate sampling from the atmosphere is often difficult because
the particles suspended in the atmosphere are not uniformly dispersed,
do not follow the gas-stream lines in the atmosphere, and are subjected
to forces other than purely aerodynamic ones. Before any analytical
system is used for monitoring, a suitable representative sample must
be obtained from the atmosphere. This sample must: (1) be repre-
sentative of all particles in the environment, (2) indicate the magni-
tude of the environment from which the sample has been obtained,
(8) be of sufficient size to permit a reasonable analysis, and (4) not
be degraded during collection or sample handling.

Adequate sampling of particulate material usually involves iso-
kinetic sampling in which the material to be sampled enters the sam-
pling orifice without being disturbed or accelerated. Normally this
means that the sampling orifice aspirates the sample at the same veloc-
ity as the sample stream. Anisokinetic sampling produces errors pro-
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portional to particle sizes because large particles do not follow changes
in the direction and velocity of airflow (ref. 17).

Errors resulting from anisokinetic sampling of suspended dust are
tolerable in the open atmosphere but are of extreme concern in sam-
pling from stacks or other emitting sources. Errors resulting from
anisokinetic sampling increase with particle diameter squared ac-
cording to a complex function.

Some of the collecting devices that obtain a sample of particles for
a subsequent analysis are considered in airborne-particle-analysis
systems.

Filtration—In the broadest sense, a filter is any coarse structure
composed of granular or fibrous materials that will remove suspended
matter from a fluid passed through it. When the filtration process is
applied in the field of air pollution, the problem always involves fluid
flow through a porous medium ; the particles deposited on the medium;
a resultant decrease in void volume; and a proportional increase in
resistance to flow, or pressure drop, as filtration progresses. Some
means of periodically removing solids must be provided when the
percentage of void volume is rapidly reduced with time. The utility
of a filter is governed by how efficiently it collects particulate material
without developing excessive resistance to flow.

The filter medium used in any particular application is selected on
the basis of the type of analysis to be performed on the collected par-
ticles. For example, for visual observation, a surface collection that
can be obtained by membrane filter media is desirable. If weight anal-
ysis is required, high-flow, high-capacity systems of paper or glass-
fiber medium-retaining particles larger than a fraction of a micron
are usually used. Fabric filters are one of the oldest and most reliable
of the high-efficiency devices available for the collection of dry par-
ticulate materials. Their wide acceptance is attributable to a number
of advantages, the most important being that they are capable of
maintaining 99 percent or better collection efficiency, despite wide
variations in properties of the carrier gas. Minor process disturbances
or process cycling do not result in a discharge of particulate material
to the atmosphere. Fabric filters are simple to operate and maintain,
do not require skilled labor, the initial cost is generally lower than that
of competitive control equipment with equally high efficiency, and
power consumption is moderate. A

Major disadvantages of fabric filters are that the temperature is
limited to that withstood by the fabric (500° F maximum for fabrics
currently available), and that improper application or operation may
result in diminishing the flow of gas through the device. The fabric
filter must be operated above the dew point of the gas. Major consid-
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erations in the selection of a fabric, besides temperature, are resistance
to abrasion and resistance to flexing.

Fabric filters operate so that flow through both the fabric and the
deposited dust layer is viscous. Thus the fundamental characteristics
embodied in Darcy’s law apply. As previously stated, the dust col-
lected on a fabric filter must be periodically removed if excessive re-
sistance to flow is to be avoided. The built-up dust cake is usually
removed from the fabric by one of three methods: mechanical clean-
ing using shaking or rapping devices, collapse cleaning accomplished
by introducing a slight negative pressure on the interior of the bags,
or reverse-jet cleaning in which air jets are used to blow the dust cake
from the filter.

The three most important costs associated with fabric filtration are
the first equipment cost, power cost, and maintenance cost. Generally,
$2.50 per square foot of cloth area is a good figure for estimating in-
stallation cost (exclusive of dust-disposal equipment) for woven fab-
rics that are intermittently or periodically cleaned. Because this
figure is based on cloth area, the cost in a given situation depends on
the filtration velocity to be used. Normally, filtration velocities range
from 14 to 1 ft/min. Costs for specialized equipment, such as reverse-
jet or pulse-air equipment, run higher per square foot of cloth; but
because higher filtration velocities are possible, this equipment may
be economically advantageous. Cost for the equipment is about $14
per square foot, but filtration velocities generally range from 3 to 25
ft/min.

For chemical analysis, suitably soluble filter media are selected ; but
when sampling from high-temperature environments, alundum
(porous aluminum oxide, A1,0;) and/or glass-fiber filters are used. A
wide variety of commercially available filter media is available. After
the particles have been collected on the filter media, the technique of
analysis can be selected at the discretion of the analyst.

The filter assembly may contain a sequential sampling device in
addition to the filter holder, filter media, and vacuum source. These
sampling devices, which are commercially available, can be used to
obtain information about the time variation in levels of particulate
debris in the atmosphere. They are generally paper-tape samplers in
which a roll of filter tape is used to collect the debris. The tape is ad-
vanced sequentially at preset intervals to permit sampling through a
single section of tape for a given time period.!

! Instruments for filter-tape sampling can be obtained from the Gelman Instru-
ment Co., Ann Arbor, Mich.; Instrument Development Co., Riverside, Calif.:
Research Appliance Co., Allison Park, Pa.; and VonBrand Filtering Recorders,
New York.
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The density of a filter-tape deposit can be expressed in terms of light
transmission through the deposit. To determine the density of the
deposit, the volume of the gas sample is divided by the tape-deposit
area, giving the length of a sample-gas column having a specific uni-
form haze density that would produce the same reduction of light
transmission as the deposit. The density is expressed as a coefficient
of haze per 1000 feet of air (ref. 18).

Inertial Collection Devices—An inertial particle collector takes ad-
vantage of the tendency of particles moving in an airstream line to
continue in the original direction when the airstream line is deflected
by an obstacle. The particles impact on the obstacle and can be retained
by a suitable adhesive coating for subsequent analysis. Several instru-
ments exist for collecting particulate material by virtue of particle
inertia.

A single-stage impactor consists of a substrate for collection and sub-
sequent examination of particulate material. The substrate faces an
orifice through which the gas stream that may contain particles for
analysis is drawn. This instrument is usually sensitive to particles
from approximately 0.5 micron to approximately 50 microns in di-
ameter. High collection efficiency results from the gas particles being
accelerated through the orifice; however, the acceleration causes adi-
abatic expansion. This expansion causes water vapor to condense on the
particles being collected, resulting in erratic operation. Instruments of
this type range in cost up to approximately $750.2

The wet impinger is essentially a single-stage impactor. Its efficiency
is maintained at a constant rate by continuously washing off the
collecting substrate with a stream of liquid. Thus the collected dust
particles are moistened and retained in the liquid. The sample is
examined under a microscope by wet-chemical or colorimetric analysis
or by depositing an aliquot of the sample on nutrient plates for
culturing for bacteriological measurements.®

The single-stage impactors require that sufficient energy be imparted
to the particles so that the smallest particle of interest is collected. If
a large-size distribution is present, the larger particles may be impacted

? Some typical units are the Casella sampler from Unjon Industrial Bquipment
Co., Fall River, Mass.; airborne bacteria monitor from Anderson Samplers,
Provo, Utah ; annular impactor from the Staplex Co., Brooklyn, N.Y.; Konimeter
from W. Watson & Sons, Ltd., Barnett, England; and the rotorod collector from
Metronics Associates, Inc., Palo Alto, Calif. The rotorod sampler, an example
of a single-stage impactor, reverses the usual process of pulling air through the
collector by rotating a collecting rod through the air. Particles are impacted on
the collecting-rod face for subsequent examination under a microscope.

3 Sources for wet impingers include MSA midget impinger from Mine Safety
Appliances, Pittsburgh, Pa.; Greenburg-Smith impinger from Willson Products
Division, Rayovae Co., Reading, Pa.; Unico mieroimpinger from Union Indus-

trial Equipment Co., Fall River, Mass.; and Gelman midget impinger from
Gelman Instrament Co., Ann Arbor, Mich.
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with enough force to cause damage. For this reason, multiple-stage
or cascade impactors consist of a series of single-stage impactors,
each operating at a higher velocity. The largest particles are collected
in the first stages during which the velocity through the-orifice is the
lowest. The smallest particles are collected at the highest velocity in
the final stage.*

The cyclone typifies centrifugal collectors. A cyclone separator is a
structure, without moving parts, that removes particulate matter from
gas streams by causing the fluid stream to move in a confined vortex
within which inertial forces continuously produce a tangential motion
of particles toward the collector wall. The inertial separating force in
a cyclone is the radial component of simple centrifugal force. Because
of the relative design simplicity, cyclones are inexpensive and can be
constructed of materials capable of meeting many temperatures and
pressures. Furthermore, cyclones may be designed to handle nearly any

“dust load or air volume. These factors lead to an extensive application
of cyclones, especially when only moderate collection efficiency, 80
percent, is required. .

Because of their simplicity of design, cyclones are among the most
trouble-free particulate collectors available. Other than erosion and
corrosion, plugging of the dust outlet and cake buildup on walls are
the two most common operating problems. The former problem can
be minimized by proper design, and the latter problem can be mini-
mized by any of several methods, depending on the circumstances.
Some of the methods are eliminating condensation through insulation,
increasing inlet velocity, electropolishing inner walls, removing pre-
cleaners to allow scouring of walls by coarse material, and flushing or
grounding.

Cost estimates for cyclones have varied from 7 to 50 cents/cu ft/min
of capacity. A typical cyclone of moderate capacity, therefore, costs
about 10 cents/cu ft/min uninstalled. Installation costs vary depend-
ing on the location. A comparative study of annual operating costs for
various dust collectors including power, maintenance, and water
(when used), but not amortization, shows for dry cyclones an av-
erage of 6 cents/cu ft/min/yr and for wet cyclones 16 cents/cu ft/min/
yr. When 10-year amortization is included, the total, average annual
costs are, respectively, 8 and 20 cents.

* Sources for such multiple-stage impactors include : Casella cascade impactors
from Brinkman Instruments, Ince., Westbury, N.Y.; Unico cascade impactor from
Union Industrial Equipment Co., Fall River, Mass.; Anderson sampler from
Anderson Samplers, Provo, Utah ; and Battelle cascade impactors from Scientific
Advances, Inc., Columbus, Ohio.

* Sources of supply for such devices include: Union Industrial Equipment
Co., Fall River, Mass.; Zimeny Corp., Monrovia, Calif.; and Mine Safety
Appliances Co., Pittsburgh, Pa.
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Electrostatic Precipitators—Air-sampling electrostatic precipita-
tion of airborne particles is useful for collecting relatively large sam-
ples with a high collection efficiency for all particle sizes. Electrostatic
precipitation is also useful for depositing small-quantity samples with
very small particle sizes directly onto an electron-microscope grid. The
sampling rate is not affected by the mass loading, or by the total
collected material in the sample, and the sample is in a readily re-
coverable form.

Collection by electrostatic precipitation requires that the particle
to be collected have an electrical charge and that it be introduced into
an electrical field and directed toward a collecting substrate main-
tained at a polarity opposite to that of the charged particle.

For cleaning industrial gases by electrostatic precipitation, the high-
voltage direct-current corona method of particle charging is univer-
sally used. In this process, a high-voltage discharge electrode placed
at a proper distance from a grounded electrode ionizes the gas be-
tween the electrodes, and current passes through the ionized air. This
ionization occurs only in a finite temperature and voltage range,
and is dependent on the physical properties of the gas. Below the
lower limit of the range there is no current flow, and the upper
limit is defined by the dielectric breakdown of the gas when
sparking takes place. The rate of ion generation must be sufficient
to saturate the field so that the dust particles pass through. The ions
attach themselves to the dust particles and these ionized particles are
then subject to the electric forces of collection. With sufficient power
generation, the corona discharge generates enough ions to accomplish
this charging almost instantaneously. When a negative-charge dis-
charge wire is used, a measurable amount of ozone (O;) is formed.
A positive-charge discharge wire system forms very little O,. For this
reason, positive corona systems are used for space ventilation.

Once the dust particles have been transported to the eollector elec-
trode, they must be removed with a minimum of reentrainment during
the time the precipitator is operating. For the designer of dry pre-
cipitators (collection of dry dust), reentrainment is a very serious
problem. Liquid films in wet precipitators self-drain and usually
present no reentrainment problem.

Although the fundamentals of electrostatic prec1p1tat10n are under-
stood, theoretical efficiency is never attained in practice. Thus, despite
years of experience, the prediction of precipitator performance is
largely empirical. Maintaining the design efficiency in day-in-and-
day-out operation is more difficult with precipitators than with many
other types of equipment. All of the parameters affecting efficiency—
gas volume and density, dust concentration, particle-size distribution,
resistivity, gas distribution, and power settings—must be at favorable
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design conditions to yield design efficiency. It is not uncommon to
find precipitators in apparently normal operation having efficiencies
5 to 10 percent below design efficiency. A precipitator efficiency of 75
to 90 percent, depending on application, is relatively easy to obtain.
Above these levels and especially above approximately 98 percent,
sectionalization and automatic power controls are necessary.

The purchase cost of precipitators for rates over 400 000 cu ft/min
is approximately $1/cu ft/min. This does not include duct work, dust-
handling equipment, or insulation. Total installation costs are quite
" dependent on the collection efficiency required. Operation cost is the
sum of the power cost required for precipitation and the cost required
to move the gas through the precipitator. Precipitation power, the
major power-cost variable, is dependent on the desired efficiency.
Corona power can range up to 500 w/1000 cu ft/min to which the
energy conversion efficiency of the power supply-must be added. Main-
tenance requirements for a precipitator installation generally require
the service of an engineer or a trained operator in addition to the usual
personnel for mechanical maintenance.®

T hermal Precipitators—Thermal precipitators deposit dust parti-
cles from a small volume of air onto a surface from which they may be
examined, counted, or weighed. Deposition is accomplished by the
thermophoresis force that an airborne particle experiences in a tem-
perature gradient. This force causes particles to be driven toward a
cold substrate. The thermal precipitator quantitatively collects all
particles from the smallest size that can be observed in an electron
microscope up to approximately 8 to 5 microns in diameter. Most ther-
mal precipitators operate at a sampling rate of a few centimeters per
minute. High-capacity precipitators that sample up to 1 cu ft/min have
recently been developed. Costs range from $300 or $400 up to $1,000.
per unit.”

In Situ Analyzers

The collectors described above employ physical methods of removing
particles from the atmosphere and depositing them on suitable sub-
strates for examination, which may involve determining particle con-
centration, particle mass, or particle composition. In situ analyzers,
on the other hand, use physical processes to observe the particles at
their positions in the atmosphere. These analyzers are used mainly

® Supply sources of such precipitators include the Bendix Corp., Cincinnati,
Ohio; Bell Electronics Corp., Mount Vernon, N.Y.; Mine Safety Appliances Co.,
Pittsburgh, Pa.; and Gardner Associates, Inc., Schenectady, N.Y.

" Electrical thermal precipitator sources include: Casella standard thermal
precipitator, Union Industrial Equipment Co., Fall River, Mass.; Strong-Ficklen
thermal precipitator, Joseph B, Strickland, Pasadena, Galif and thermopositor,
American Instrument Co., Silver Spring, Md.
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for determining particle concentration or mass. The composition of
particulate contamination is seldom described by the physical means
available for in situ analysis. These physical means depend on ob-
servation of interaction between a particle and some physical process.
Instruments used for air pollution monitoring of particulate con-
tamination in situ are described briefly below.

Photometric Analysis—The dimensions of airborne particles are
usually within an order of magnitude of the wavelength of the light
used to illuminate them. When a particle is illuminated with a beam
of light, the amount of light scattered by that particle varies roughly
with the projected area of the particle. By causing particles to pass
singly through a light beam, it is possible to collect pulses of light
scattered by each particle at a particular angle, analyze the total light
flux in each pulse, and obtain a particle-size distribution from the in-
dividual particles.

Alternatively, an aerosol photometer collects the light scattered from
a volume of aerosols containing many particles and produces data that
indicate the total area of all the particles in the volume of gas. By
careful optical design, it is possible to measure light transmission
through the aerosol; for example, no scattered light is permitted to
enter the collecting optics. This means that all the undeviated light
in the beam transmitted through the suspension and none of the scat-
tered light reaches the collecting optics.

To summarize, the photometer is used to determine the total number
of particles in a given volume of aerosol. The light-scattering, single-
particle counter describes the particle-size distribution by the number
of particles in a given volume of aerosol.

Light-scattering, single-particle counters detect single particles of
at least 2/10 micron. Scattering angles approaching 90° are used. Con-
centration up to 1 million particles/cu ft can be analyzed without
significant coincidence. Costs range from approximately $3,000 to
$20,000, depending on desired accessories.?

An extinction meter indicates the total number of particles in a
given volume of aerosol. The extinction meter can be used with an arti-
ficial light source to determine the concentration of particles in a given
volume of aerosol, or the Sun can be used as a light source to determine
atmospheric turbidity or plume transmittance from an emitting air
pollution source. Plume transmittance can be obtained by the photom-
eter sighting a pair of contrasting targets, one through and the other
clear of the plume.

8 Sources of supply include the Royco Instrument Co., Menlo Park, Calif.;
Bausch & Lomb, Inc., Rochester, N.Y.; Particle Technology, Inc., Sunnyvale,
Calif. ; and Climet, Inc., Sunnyvale, Calif.
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Typical optical device costs range from $1,000 up.®

In recent years high-power laser systems and high-sensitivity pho-
tometers have made it possible to collect light scattered back from dis-
crete aerosol clouds at long distances. These devices involve a pulse-
laser system producing a collimated beam and viewing optics, also
collimated, to intersect the laser beam at a given distance within the
aerosol cloud. The amount of light scattered back from the aerosol into
the receiving optics gives an indication of the concentration of particles
within the aerosol cloud at the intersection of the laser beam and the
axis of the receiving optics.

No commercial devices of this type are presently available. Experi-
mental systems have been investigated primarily under Government
sponsorship and show great promise for remote detection and analysis
‘of aerosol clouds. '

Condensation Nuclei Counters—If submicron aerosol particles are
injected into a volume in which the relative humidity is near saturation
or supersaturation with respect to liquid water, the vapor in the en-
vironment condenses on the particles and produces droplets that can
be easily seen with simple optical systems. The submicron particles
act as heterogeneous condensation nuclei. By controlling the degree
of supersaturation, the sizes of particles activated to nucleate the water
vapor can be selected. This phenomenon also occurs with gas-molecule
clusters, such as SO,, SO;, and NH,. Such gas molecules are commonly
present in environments in which air pollution occurs. Thus, the num-
ber of activated nuclei is in direct relation to the total level of par-
ticulate pollution present in the environment.

It is possible to achieve the required supersaturation by adiabatic
expansion of a compressed air sample. The droplets that form when
the air sample is expanded are viewed with a light-extinction meter.
The concentration of droplets is directly proportional to the amount
of light obscured. The concentration of droplets is also directly
equivalent to the total concentration of nuclei.’?

Experimental systems—The aerosol analyzing systems described
above are generally available commercially. In addition to these sys-

?Such devices include the Brice-Phoenix photometer from Phoenix Instru-
ment Co., Philadelphia, Pa.; Aminco angular scattering photometer from Ameri-
can Instrument Co., Silver Spring, Md.; Royco aerosol photometer from Royco
Instrument Co., Menlo Park, Calif.; Leitz Tyndalloscope from Ernst-Leitz, Inc.,
New York; Sinclair-Phoenix photometer from Phoenix Instrument Co., Phila-
delphia, Pa.; and the particle detection unit from T-D Associates, Baltimore,
Md.

“Two commercial sources for condensation nuclei counters are General
Electric Co., Schenectady, N.Y.,, and Singco Associates, a division of Bolt,
Beranek and Newman, Cambridge, Mass.
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tems, however, several other systems in various stages of development
apply physical principles. These include:

(1) Spectral emission—If aerosol particles are passed through a
flame or through a plasma, the particles are vaporized, heated to
incandescence, and the light pulse of a particular wavelength is
emitted. This light pulse can be analyzed on a suitable spectrophotom-
eter for both concentration and composition. It is possible to detect
particles as small as 0.1 micron. )

(2) Electrical mobility—Small particles can be charged unipolarly
and their mobility determined by measuring their collection in a given
electrical field. Single-electron charging of submicron particles, com-
bined with current measurement, gives data on total quantity of sub-
micron particles. Saturation charging of larger particles and current
collection in any preset field give mobility data (ref. 19).

(3) Acoustical techniques—If particles in air are passed through
a sensor in which they are gradually accelerated to about 100 m/sec
and suddenly projected into a wide hexacavity, the particles produce
a pressure pulse that results in an andible click (ref. 20).

(4) If particles are removed from an airstream by a probe that is
connected to the grid of an electrometer, the electrical charge of each
particle normally produces a significant deflection in the electrometer
reading (ref.21).

This review of new experimental systems is by no means complete.
One-of-a-kind prototypes of such systems are being evaluated. Addi-
tional concepts indicate the variety of physical phenomena that can
be used to detect particles in the ambient air.

Emission-Source Analysis

Essentially all of the collection devices described in the previous
section can be used with certain precautions for stacks and other
emission sources.

In many municipal ordinances, allowable emissions from process
vents or from power plant stacks are limited in terms of plume
opacity. Opacity may be estimated by visually scanning the plume
against the sky background with or without a comparison chart. The
opacity of the plume can also be determined by photometric observa-
tion across a fixed distance within the stack or vent itself. A light
source and photometer, acting as an extinction meter, are used. It is
necessary, however, that precautions be taken to insure that deposits
on the lens system of the light source and extinction meter are elimi-
nated or prevented. A stream of clean air across the lens system is often
adequate.

In addition to the optical visibility limitations, many stack emis-
sions are limited in terms of the mass of particles that can be emitted

335-653 0—69——5
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per unit volume of gas or, in terms of the mass that can be emitted,
per unit weight of input process material or per unit of power gen-
erated. The mass of emitted material is determined as a function of
gas flow or of time. The gas velocity within the stack is measured,
usually with a pitot tube, to insure isokinetic sampling. An isokinetic
sample probe is inserted and is traversed across the stack. Materials are
collected on a suitable filter medium or in wet or dry collectors, con-
sidering the temperature and dew point of the gases in the stack. Usu-
ally, manual methods are used to collect the sample and to adjust
sample velocity to insure isokinetic sampling. In the last few years,
however, modifications of this technique have been developed. In some
systems the sample particles are collected on a suitable filter tape, and
the mass of particles per unit area of filter tape (correlative to unit
volume samples) is determined by beta-ray transmission (ref. 22).

In addition to these essentially standard techniques, a number of
one-of-a-kind developments have been reported; for example, tribo-
electric measurements of charge deposited on a collecting cone
grounded through an electrometer depend on the quantity of charge
particles impacting on the cone.

In general, measuring stack or emission pollutants requires the
same types of devices as ambient-air monitoring. Isokinetic sampling
must be carried out within the stack, and the sample system must not
be affected by the high temperature and/or high dew point of water
or acid gases within the stack. Corrections for temperature and gas
compositions must be included, because combustion products with
densities other than that of air may be present.



CHAPTER 2

N ASA Contributions to the Art

SPACECRAFT-CABIN ATMOSPHERE MONITORS

A spacecraft cabin is a closed ecologic environment, and that a
nontoxic atmosphere must be maintained within the cabin is a
requisite for manned spaceflight. The National Aeronautics and
Space Administration has, therefore, invested a great deal of effort
in identifying, measuring, and controlling the components of a sealed-
spacecraft-cabin atmosphere. Much of this investment has been chan-
neled into the design and production of monitoring equipment, and
some of this equipment is functionally suited to air pollution monitor-
ing on a broader scale. NASA developments in monitoring devices
that represent novel or improved features applicable to air pollution
monitoring have been selected for review here.

Tests with unmanned and manned cabin simulators have shown
that nearly 150 vapors are generated in a closed system (ref. 23).
These vapors, some of them potentially toxic, are primarily produced
by three sources: (1) the metabolic processes of the crew, (2) the
supplies and food stored for the use of the crew, and (3) the opera-
tion of the spacecraft systems (refs. 24 and 25). Additional sources
are the materials of which the cabin is constructed (ref. 26) and the
reactions of products from other sources. The studies that have been
conducted to identify and measure these contaminants utilized com-
mercially available analytical instrumentation, such as gas chromat-
ographs, infrared spectrometers, mass spectrometers, and biological
sampling devices (refs. 27, 28, and 29). This instrumentation has also
been used for laboratory analysis in air pollution studies. However,
the emphasis in air pollution instrumentation is shifting toward
portability, durability, and simplicity of operation (manual or auto-
matic). The development of flight-rated instrumentation by the
National Aeronautics and Space Administration has achieved some
of the goals of air pollution investigators. Eight NASA-developed
instruments originally designed for cabin monitoring, which we feel
are of interest to the field of air pollution, are described in detail
below.

29
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Small General Purpose Cycloidal-Focusing Mass Spectromefer

The NASA Flight Research Center at Edwards Air Force Base,
Calif., developed this mass spectrometer (refs. 30 through 33) in
response to a need for a flight-rated monitor for respiratory gases.
The original use of the instrument was to monitor continuously the
respiration of a test pilot for correlation of quantities of various
respiration products with stress conditions being undergone by the
pilot.

The mass spectrometer monitors vapors with molecular weights of
3 to 100 atomic mass units (amu) (fig. 1). For flight operation, 12
gases are monitored simultaneously with a continuous input. The
delay time (determined by input system) is 800 milliseconds, and the
instrument response time is 30 to 50 milliseconds. The accuracy of
measurement varies with the concentration of gases monitored. For
high concentrations, the accuracy is *38.5 percent of full scale, rang-
ing to =50 percent for low concentrations of 600 ppm.

This compact instrument is 10 by 11 by 11 inches and weighs 28
pounds, exclusive of the vacuum system. It has a high reliability
rating. Tests at the Flight Research Center have shown that zero
drift is approximately 1 percent in 6 months, and that output with a
constant input varies +2.5 percent. The instrument has an auto-
matic calibration circuit that recalibrates every 2 minutes. The life of
the ion source is approximately 250 hours, and the solid state elec-
tronic circuitry has a life expectancy measured in years.
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\_ This instrument is suitable in its present form for use as an air
pollution monitor for gases within the 3- to 100-amu range. Because
of its small size and durability, it can be used in any type of vehicle
as well as in a stationary location. There are no commercially avail-
able mass spectrometers that meet the size and performance specifica-
tions of this device. No additional developmental costs would be
required for using this instrument in air pollution monitoring. The
estimated cost of the instrument, $50 000, is difficult to justify for an
enforcement agency but would be acceptable for a research group.

Nonmagnetic Flight Mass Spectrometer

This flight-weight monopole mass spectrometer (refs. 33 and 34)
was developed by the General Electric Co., Apollo Systems Depart-
ment, Daytona Beach, Fla., for the NASA George C. Marshall Space
Flight Center. The developers took a commercial GE Monopole 600
partial-pressure analyzer and made it smaller and more rugged and
reduced its power requirement, thus designing a feasibility model for
instrumentation to be flown in Saturn launch vehicles. Three applica-
tions were sought:

(1) Detecting hydrogen, oxygen, and hazardous-gas mixtures from
gas systems and monitoring light atmospheric gas constituents with
mass ranges of 2 to 50 amu.

(2) Measuring ambient atmospheric constituents, hydrocarbon
fuels, toxic gases, products of offgassing, and so forth, with mass
ranges 2 to 300 amu.

(3) Detecting heavier hydrocarbon contaminants and toxic gases
with mass ranges 2 to 600 amu.

The development and testing thus far has been restricted to the
2- to 300-amu range. However, the instrument as designed is capable
of detecting materials with mass unit numbers up to 600. Sensitivity
is high—partial-pressure measurements can be made up to 10-*° torr.
The instrument provides unit resolutions over the entire mass range
with a scan rate of 60 seconds for the entire range. Manual scan is
also provided. The output is suitable for driving a 0- to 5-volt re-
corder. Peak position on the recorder shows mass number, and peak
height indicates quantity at that number.

This instrument is nonmagnetic. The samples are drawn through a
small leak into the ion-source section where the atoms and molecules
are ionized. Ion separation is performed by a combined radiofre-
quency (rf) and direct-current (dc) field. Under any given set of ap-
plied voltages, only ions of one mass stream to the end plate of the
chamber. These pass through an aperture and strike the first stage
of an electron multiplier. The rf and de voltages can be sys-
tematically varied to cover a desired range of ion masses. Monitoring
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these voltages provides, then, a measure of the mass at any given
moment. A plot of mass number versus partial pressure can then be
used to identify the chemical nature of the constituents of the sample
drawn into the tube. After the initial analysis, succeeding identifica-
tions can be partially automated.

The instrument’s dimensions are 8 by 6 by 16 inches, and it weighs
16.8 pounds, exclusive of a vacuum system. Power requirement is
less than 30 watts. Because this device was developed as a feasibility
study, the commercial quality and reliability requirements were not
considered, but an operating flight unit would be required to meet
standards and procedures such as MSFC-FTB-154. The feasibility
study demonstrated that these requirements could, in fact, be met
by a flight unit designed according to this prototype.

An instrument built to the specifications of this prototype would
be suitable for detection and analysis of the gaseous constituents of the
atmosphere with mass numbers in the range of 2 to 600 amu. Although
the gas sampling rate is very, very low—a fraction of a cubic centi-
meter per second, the large number of molecules that can be analyzed
in a relatively short time for both composition and concentration
makes the -device useful for atmospheric problems. Both the GE
Monopole 600 and the Consolidated Electrodynamics Corp. analytical
mass spectrometer perform essentially the same functions. However,
both are several orders of magnitude larger and require considerably
more power. The modified instrument is admirably suited for mobile
use, and its relatively low estimated manufacturing cost of $15,000
makes it attractive for civic and research groups. The estimate for
design, checkout, and field testing for a production device is approxi-
mately 3 man-years of effort.

Trace-Gas Analysis Procedures

In 1966 the National Aeronauties and Space Administration and
the Air Force School of Aerospace Medicine jointly conducted a series -
of experiments on contaminants in a closed ecologic environment. Aero-
jet-General (refs. 35 and 36) was under contract to the Air Force to
perform analytical analyses of the contaminants, and they developed
procedures for collecting and analyzing the gases. Personnel from
Aerojet-General, working with a NASA team and Southern Research
Institute personnel, are continuing the development of this procedure
at the John F. Kennedy Space Center to analyze contaminants off-
gassed by materials and systems used in the Apollo cabin.

This procedure represents a well-defined, highly reliable tech-
nique for the use of commercially available equipment in an applica-
tion intimately related to air pollution research. The salient features of
this procedure are in sample treatment and data handling. Analytical
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systems used are gas chromatography and mass spectrometry with
commercially available equipment. The procedure permits analysis
of some 100 compounds contained in samples from the Apollo cabin
in approximately 90 minutes, although manual planimetry of chro-
matograms now requires more time. The procedure is ag follows:

A sample is taken by cryogenically fractionating the spacecraft-cabin effluent
by freezeout at 0° C, —78° C, and —175° C. Bach of the three fractionated sam-
ples is passed, in turn, through four chromatographic columns, the packing ma-
terial in each column having been selected to obtain maximum separation of
the compounds with slightly different fractionalities. The gas-flow system is
arranged to direct samples to the mass spectrometer either from the fractionated -
sample bottles or from one of the gas chromatographic columns.

The method has demonstrated high reliability for a large number of
samples but highly skilled personnel are required to maintain this
level of reliability. Thus, the possibility of transferring this technique
to an automated or routine laboratory analysis is remote.

This system 1s specifically designed for repetitive analysis of gas
samples that may contain hazardous materials. In the field of air pol-
lution it would be most suitable for monitoring special manufactur-
ing processes or in research work. If the gas chromatographic and mass
spectroscopic equipment is available, the gas-handling system and
cryogenic storage facility would cost approximately $5000, Al-
though variations on this procedure exist in many analytical Iab-
oratories, there are no commercial systems of this nature, The proven
reliability and the documentation of this system recommend its use
to air-pollution-research facilities.

Colorimetric Glycol Detector

This device is a specific detector for glycol vapor and is to be used in
spacecraft-cabin atmospheres,

The glycol detector is currently in the developmental stage, and its
limits of operation are being sought at the NASA Manned Spacecraft
Center. At this time the device seems sensitive to 1 ppm of glycol
vapor. Interferences with other materials are being investigated. About
40 have already been tested, including alcohols, ketones, esters, and
aldehydes. Formaldehyde produces the same reaction (color) as glycol
does, and the other aldehydes (acetaldehyde, butyraldehyde, and so
forth) produce different colors. The other materials tested have no
effect on the detector.

The detector consists of a glass tube 614 inches in length and 14 inch
in diameter (fig. 2). The interior is divided into three reagent sections
by porous spacers. The first section contains periodic acid (HIO,), the
_ second contains catechol dimethy!l ether, and the third contains H,SO,
stored on fused silica gel. The tube is sealed after being packed with
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these reagents, and the ends are opened for use. If glycol is present in
the sample introduced into an open tube, the HIO, acts as an oxidizing
agent and produces an aldehyde. The aldehyde is condensed by the
organic reagent in the second section to a methylene compound, which
in turn is oxidized in the third section to produce a color— the intensity
of which is proportional to the concentration of glycol in the sample.

No reliability has been established for this device because it is still
experimental. Proper sealing is necessary, because atmospheric mois-
ture collected on the silica gel in the last section will degrade opera-
tion. Storage life and shelf life are expected to exceed 12 months.

This device is designed only for detection of glycol vapors with
manual use. The cost is very low, approximately $1 for each detector.
Sampling costs are also low, because a real-time indication of the
presence or absence of glycol is obtained during the sampling process.
Other colorimetric detectors exist, such as the Kitagawa precision gas
detector marketed by the Union Industrial Corp. and the Universal
testing kit sold by the Mine Safety Appliances Corp. However, neither
is specific for glycol. The glycol detector represents a device suitable
for detection and analysis of glycol in the atmosphere at a very low
per sample cost (the development of a production item would require
‘about a 14-man-year effort).

The principle utilized suggests two other possible applications:

(1). Use of the operating principles of sensitization, reaction, and
indication in tubes specific for vapors other than glycol.

(2). Production of an automated device using these operating prin-
ciples. It appears at least feasible that tapes could be manufactured
in a process analogous to that used in producing Polaroid film and used
with a filtered tape-air sampler for continuous monitoring (ref. 37).

Hot-Wire Detector for Chemically Active Materials

A hot-wire detector for chemically active materials (ref. 38) used
in gas chromatography was developed at the NASA Manned Space-
craft Center. Gas chromatography, as used for cabin-contaminant
identification and analysis, has been limited because the filament in
available hot-filament detectors reacted with certain gases and vapors.
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Thus, only materials that did not react with the filament could be
measured. v

The new detector can measure gases and- vapors that are reactive
with the detector filament. The filament is designed to change its elec-
trical resistance as a function of the effluent composition when it reacts
chemically with the effluent vapors in the gas chromatographic
apparatus. '

A titanium or zirconium filament is used for analysis of vapors that
are evolved at high temperatures. Other reactive metals may be used for
vapors that are evolved at low temperatures. Before sample introduc-
tion an inert gas such as helium is passed at a controlled rate over the
filament that is heated to the desired operating temperature by a con-
stant-current source. When equilibrium is reached, the electrical re-
sistance of the filament is measured. The sample is then introduced,
and the resultant resistance change of the filament with time is meas-
ured and plotted on a chromatogram. The quantity of each component
in the sample is determined, as in conventional gas chromatography,
by measuring peak heights on the chrematogram and multiplying by
calibration factors. Because the filament is chemically reactive, its
characteristics change, and frequent recalibration is necessary.

Microwave Specfroscopy

For several years the NASA Langley Research Center has been
developing microwave spectroscopy into a tool for gas analysis of trace
contaminants (refs. 39 through 47). Several years ago, Langley per-
sonnel built a microwave spectrometer, but now use a commercially
available device manufactured by the Hewlett-Packard Co. The tech-
niques developed at Langley regarding the theory and use of micro-
wave spectroscopy are of prime interest in air pollution monitoring.

Microwave spectroscopy is an analytical technique similar fo mass
spectroscopy and has several potential advantages. Highly specific
identifications can be made by measuring the frequencies of the micro-
wave absorption lines of molecules. Compounds may be unambigu-
ously identified, even in mixtures. Molecules are not fractured by
ionization (as in mass spectroscopy) nor is a carrier gas needed (as
in gas chromatography). Because the technique is all electronie, it is
very amenable to automation.

Detection of molecules is based on the absorption of various micro-
wave wavelengths by different gases. Only polar molecules absorb
microwave energy, so nonpolar gases and vapors such as methane,
benzene, nitrogen (N,), and carbon tetrachloride (CCl,) cannot be
detected by this method. The average number of lines in the absorp-
_tion spectrum of a polar molecule is 400. The number indicates highly
unique spectra, and this uniqueness, combined with high-resolution
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and highly accurate frequency measurements of the microwave spec-
trometer, usually permits identification of a gas by measurement
of only a few of the 400 lines.

The Langley Research Center program is concerned with estab-
lishing useful standards for microwave spectroscopy. Mississippi State
University is cataloging spectral lines under a NASA grant. A com-
puter-operated spectrometer will soon be used to generate identifica-
tion spectra for a large number of compounds, and Langley is cur-
rently discussing the maintenance of these spectra by the National
Bureau of Standards. Work is also being done in the development
of a dual-resonance microwave spectrometer that will have even
greater precision in identifying the components of a mixture and in
establishing techniques that can be used to make quantitative measure-
ment more accurate.

Langley Research Center is leading the development and applica-
tion of this relatively new analytical technique. Microwave spectros-
copy should prove to be a valuable tool for air pollution control
centers and laboratories. Because of the cost and size of the equipment
(comparable to commercial mass spectrometers), this technique is
definitely laboratory oriented.

NASA’s work in this area is well documented. More extensive treat-
ments of the theory and use of microwave spectroscopy can be obtained
from the references that are noted above and are listed at the end of this
report.

Contaminani Sensor

A laboratory prototype of a contaminant sensor (ref. 48) was
developed by Perkin-Elmer under contract to NASA Langley Re-
search Center. This prototype is suitable for adaptation to a flight
instrument to be used in a spacecraft cabin for continuous monitoring
of the atmosphere.

The prototype contaminant sensor was built and tested with samples
of known gases and unknown mixtures. Concentrations in the range
of 0.5 to 5 ppm can be detected, and concentrations over 100 ppm can
be quantitatively determined. 7

This device consists of a mass spectrometer coupled with an accumu-
lator cell containing a sorbent material on which the contaminants
from the air are concentrated. Contaminants collected in the accumula-
tor cell at room temperature are subsequently desorbed by heating
the cell or by a vacuum system and are passed to the inlet system of the
mass spectrometer. An initial precut removes residual air from the
accumulator cell to provide pressures compatible with the mass spec-
trometer input leak and to increase the relative concentration of the
contaminants.
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The mass spectrometer used in this sensor is a CEC 21-614-1 with
a scan range of 2 to 200 amu, and is available commercially. The col-
lection system is the novel portion of this instrument. The system has
three accumulator cells, each containing a different sorbent so that
a wide range of contaminants could be recovered. Each cell has a
Teflon-lined steel tube 34 ineh in diameter. The sorbents used were
Porapak Q, charcoal, and molecular sieve no. 5.

The techniques used in the contaminant sensor are applicable to air-
pollution-monitoring stations. A wide range of contaminants can be
collected and measured, which is useful for laboratory applications.

Photoionization Source for a Mass Spectrometer

This instrument was developed by the GCA Corp. for the Langley
Research Center (ref. 49). After the prototype instrument was made
and tested, certain limitations were found in its discrimination be-
tween ions with differing ionization potentials and coinciding mass
numbers, for example, CO and N,. The instrument was modified by
using an argon filter that reduces scattering and the higher order
ultraviolet spectra. The modified instrument is capable of detecting
CO and N, to a lower limit of 100 ppm.

This instrument differs from other mass spectrometers in the method
by which the atoms or molecules to be analyzed are ionized. The usual
technique is bombardment by electrons or ions. This instrument ionizes
the particles with ultraviolet light. Although ionization is slower this
way, much less dissociation of complex molecules results in simpler
spectra and an easier determination of the composition of gas mix-
tures containing high-molecular-weight gases.

The instrument can detect gas traces in the 10- to 100-ppm range.
Work to date has indicated that detection in the 1-ppm range should
be possible with this technique, and that an automated scan of the
2- to 50-amu range would take about 5 minutes for this degree of
precision. ,

The applicability of this device to air pollution monitoring is tenu-
ous at present, because only one prototype instrument has been pro-
duced. However, the technique appears promising for use in labora-
tory analysis. The possibility of ionizing high-molecular-weight gases
without extensive fragmentation indicates specific applicability to
analysis of photochemical smog, hydrocarbons, and so forth,

HAZARDOUS-GAS AND TRACE-GAS ANALYSIS

The identification and analysis of possible toxic concentrations of
gases and vapors within a spacecraft cabin are not the only areas of
gas monitoring of interest to the National Aeronautics and Space
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Administration (refs. 50, 51, and 52). Several other aerospace systems
require analytical work with gases. These include:

(1) Leak detection—The detection of leaks in storage vessels,
transfer lines, and spacecraft is highly important when hazardous
fuels are used. For instance, hydrogen is highly combustible, and a
leak in an enclosed space, such as the interstage area of a spacecraft,
must be detected before an explosive concentration is reached.

(2) Purity tests—Gases used in certain aerospace applications,
such as fuels and low-friction gas bearings, must have a high degree
of purity; and highly sensitive analytical methods are required.

(8) Trace-gas analysis—The products offgassed from a pyrolyzing
surface, such as an ablative heat shield, can be used to give insight into
its mode of decomposition and hence provide a measure of its utility.

The National Aeronautics and Space Administration has developed
and sponsored the development of novel and improved techniques of
gas analysis toward these ends. As in the case of cabin-atmosphere
monitoring, some of these techniques have applicability to the monitor-
ing of gaseous air pollutants, and we describe such developments in
detail below.

Gas Chromatograph to Mass Specirometer .Trcmsfer Sysftem

This system was developed at the NASA Ames Research Center by
Dr. John Parker and Marius Kendall. They were studying ablative heat
shields for reentry vehicles, and required a method of analyzing the
material offgassed as the shield pyrolyzes. Standard analytical tech-
niques call for the use of infrared spectroscopy, gas chromatography,
and mass spectroscopy. Shield materials are pyrolyzed in helium in
specific time increments and the offgassed products sampled with a
pyrolysis sampler. The same sample should be run in both a gas
chromatograph for high resolution and a mass spectrometer for high
speed.

Coupling of comercially available gas chromatographic and mass
spectroscopic equipment. is the unique feature of the system developed
at Ames. The gas-transfer chamber of the system takes the gases that
are separated by the gas chromatograph and delivers them to the mass
spectrometer in a continuous operation. There is also a provision for
transfer to an infrared spectrometer. The chamber is a molecular
separator and removes 95 percent of the helium carrier gas with a loss
of only 5 percent of the sample gases. The gas chromatograph provides
readout on strip chart and magnetic tape, and the mass spectrometer
reads out on oscilloscope and strip chart. A computer program for
reduction of data recorded on magnetic tape has also been generated
at Ames.
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Similar procedures are used in several laboratories engaged in gas
analysis, including some doing air pollution research. The transfer
mechanisms used are “home built” by each laboratory, and compari-
son with the Ames device is difficult. However, the high efficiency,
reliability, and record of use speak well for the Ames procedure. It is
not applicable to remote or mobile monitoring, but provides improved
laboratory capability for air pollution research. The cost of the entire
system used by Ames is $80 000, but the transfer mechanism alone
would cost only about $2 000.

Technique for Measuring Nifrogen in Argon

This technique, developed for the NASA Kennedy Space Center,
permits the measurement of nitrogen in argon gas in the parts-per-
million range (ref. 53). NASA required such a technique because of
the need for ultrapure argon as a welding gas, an inert atmosphere gas,
and so forth. The technique is also applicable to detection of nitrogen
in oxygen.

The technique requires material and equipment usually available in
a gas-analysis laboratory and permits accurate measurements in a wide
sensitivity range with only a small sample. Two gas-sampling cham-
bers, a molecular sieve column, and a thermal-conductivity detector cell
are used. The two chambers, arranged in series, are purged with a
common carrier gas into the molecular sieve column that elutes into the
detector cell. Gas samples to be analyzed are injected into a chamber
{using a 30-cc sample) to determine concentrations-of 5 ppm and up or
the second chamber (using larger size samples) to determine concen-
trations in the parts-per-billion range. Determinations are made with
a standard gas chromatographic column and a thermocouple detector.

The inherent reliability of this technique is limited only by the skill
of the personnel who carry out the necessary manipulations. NASA
has no plansto automate the procedure.

Because this system is designed for the analysis of trace gases in a
single-component high-purity carrier gas, it is not applicable to general
air pollution monitoring. However, in some instances a stack-gas
analysis problem occurs in which only two components are present; in
this case, the procedure might be suitably modified. The relatively low
cost (approximately $500 for the sampling chambers and controls,
exclusive of the gas chromatographic and detection systems) for im-
plementation of this procedure would make it worthwhile for simple
or easily definable two-gas systems.

Hydrogen-Gas-Detection System
This instrument system, which was developed at the Kennedy Space
Center, permits continuous, electrical monitoring from a remote loca-
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tion (ref. 54). The areas monitored are potential gaseous hydrogen
(H,) leak points in liquid and gaseous H, transfer and storage areas,
launch-pad towers, and pad aprons. Continuous atmospheric sampling
is accomplished by air diffusion through the perforated cover and
convection through the heated elements in the detector. The bridge
output signal is a function of the amount of combustible gaseous Hy
in the atmosphere being sampled over a range of 0.5 to 4.0 percent in
air, and is produced by an amount of gaseous H, in excess of a prede-
termined level (1 percent), actuating an alarm circuit at the control
module and display papel.

The system consists of a commercially developed detector (sensor),
a control module (General Monitors, Inc., model M135), and related
alarm-transmission equipment and display panels. The detector head
is basically two legs of a Wheatstone bridge; one leg provides the
environmental temperature reference, and the other leg is covered with
a H,-sensitive catalyst. The control module provides individual control
and readout for its detector; contains adjustment circuitry for setting
parameters, a meter for measuring the percentage of H, gas concen- .
tration, and an alarm lamp for indicating when a specific H. concen-
tration is exceeded. The display panel contains an alarm-condition
lamp and confidence indicator (to monitor the excitation current to the
detector). A self-test capability verifies that the detector is operable
by electrically simulating a hazard condition at the detector,

The system has been in continuous use for more than a year at the
Kennedy Space Center, and no serious difficulties have occurred. This
is indicative of a high degree of system and equipment reliability.

This instrument system was specifically designed for the detection
of H, in air; however, it is adaptable (with proper catalyst selection)
for detecting any combustible gas. At a cost of less than $500 per com-
plete module, it is eminently suited for use in both industrial hygiene
and air-pollution-monitoring systems (especially when storage facili-
ties for combustible gases and/or vaporized liquids exist).?

Other similar devices use platinum catalyst detectors for all com-
bustible gases. With the proper catalyst selection, several combustible

! Similar devices are on the market. The Erdco Engineering Co. produces a
combustible gas detector, using a platinum-coated catalyst as an element in a
Wheatstone bridge circuit to detect combustible gases; the Mine Safety Ap-
pliances Co. produces a combustible gas indicator, using a platinum filament as
one element in a Wheatstone bridge circuit for indicating explosive and com-
bustible limits of gases; the Teledyne Inc. produces a series 100 combustible
analyzer, using catalytic combustion on a heated platinum filament as a detector
for combustible gases in process streams; and the Davis Instruments produces
a model 11-3400 portable combustion detector, using a coiled platinum filament
as one element of a Wheatstone bridge circuit and reading out any imbalance as
percent combustible gas.
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gases could be monitored, and the concentration level of each gas could
be obtained on a readout meter.
Hazardous-Gas-Sampling System

This sampling system, developed by John Barnes at the Marshall
Space Flight Center, has been installed at launch pads at Cape
Kennedy. It provides multipoint sampling for the detection of leaks
in any fuel or gas system in the interstage areas of Saturn rockets.
Because of the large volumes involved, several points must be moni-
tored to determine concentrations of hazardous gases or vapors before
explosive levels are reached.

Monitoring is done with a commercially available Consolidated
Electrodynamics Corp. residual gas analyzer. Only tubing and sam-
pling orifices are within the spacecraft; the rest of the analyzer is
outside, approximately 500 feet from the sampling locations. The 14-
inch stainless steel tubing runs through the umbilical cable to the sam-
pling orifices in the interstage area and is disconnected just prior to
launch. The purpose of having most of the monitoring equipment out-
side the spacecraft is to minimize size and weight problems in the
spacecraft.

A valve sequencer, operated by a computer, is used to collect gas
from each orifice in succession. The four hazardous gases to be detected
are H., O, monomethylhydrazine (CH;NHNH.) vapor, and nitrogen
tetroxide (N,QO;) vapor. Because only these four gases are of interest,
an automatic peak selector rather than a spectrum scan is used. The
coupling device on the tubing at the umbilical disconnect point restricts
gas flow, so response time is approximately 50 seconds. The gold leak
detector of the CEC mass spectrometer cannot be used in this system
because the oil-pumped vacuum system of this detector introduces too
much dirt into the lines. The gold leak has been replaced by a Gran-
ville-Phillips servocontrolled capillary, which regulates gas flow as a
function of pressure.

This system has been very reliable and has survived launch condi-
tions in its protected position under the launch pad. Continuous mon-
itoring has been performed for periods in excess of 24 hours. The sys-
tem is not sensitive to low concentrations in the parts-per-million
range, the lower level of sensitivity being about 0.1 percent.

The cost of the system, exclusive of the computer and the mass spec-
trometer, is approximately $20 000. As an air pollution monitor it
would be best suited for fixed-station monitoring, such as stack-gas
monitoring, in an industrial process system. Remotely located instru-
mentation in a fixed installation provides a new approach to moni-
toring inaccessible locations.
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Gaseous Hydrocarbon Monitor

This instrument was developed by the IIT Research Institute for
the Marshall Space Flight Center to detect gaseous hydrocarbons
(refs. 55 through 58). It was developed to sample gaseous systems
rapidly (air, nitrogen (N,), O,, and helium (He) ) used in Saturn and
other spacecraft for life-support systems and for gas-lubricated bear-
ings. Traces of hydrocarbons in O, systems could introduce chemical-
reaction hazards, and hydrocarbons in a gas used for bearing lubrica-
tion could condense, increase friction, and impair the performance
of the guidance system.

The gaseous hydrocarbon monitor is based on chromatographic
separation and determination by flame ionization (fig. 3). It auto-
matically samples gasat a variety of pressures and separates all hydro-
carbon constituents, in a specially packed short chromatographic
column. Each hydrocarbon is introduced into a flame-ionization detec-
" tor, and the detector’s output is integrated and recorded by digital
methods.

This instrument is calibrated for heavy hydrocarbons—heavier than
C.:Hn—Dby using a known mixture of heavy hydrocarbons as a refer-
ence standard and for light hydrocarbons by using hexane as a refer-
ence standard. The lower limit of detection of hydrocarbons in gaseous
systems is approximately 0.05 ppm (by weight).

This instrumental procedure replaces the standard analytical
method of bubbling the gas through a solvent, evaporating it, and
analyzing it with infrared spectroscopy. It greatly reduces the time
required for analysis—each analysis taking 60 to 80 seconds—and in-
creases sampling frequency.

This instrument would be useful for air pollution research in deter-
mining hydrocarbon content in air from automobile and aircraft
exhausts and industrial production. It is not suited for mobile use,
but would be a useful research tool.

Hydfogen Detector

This instrument is used as a portable detector for hydrogen in air,
oxygen, nitrogen, or helium in the atmosphere or in gas supply systems
(ref. 59). '
~ The sniffer is a portable monitor that indicates the presence of H,

in contact with activated palladium black by a change in color of a
thermochromic paint and indicates the quantity of H, present by
means of a sensor probe and continuous readout.

It consists of a short, thin-walled glass or metal tube, packed with
0.5 gram of powdered, activated palladium black held in place with
compressed glass fibers (fig. 4). The outside of the tube adjacent to
the palladium black is coated with a thermochromic paint having two
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F16URE 3.—Gaseous hydrocarbon monitor.
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F1cUre 4.—Portable hydrogen detector.

successive color-change pointsat 55° and 85° C. A temperature-sensing
probe is inserted into the mass of palladium black and sealed through
one end of the tube to give a continuous, direct indication of thermal
changes. The gas to be sampled is drawn through the gas inlet and
passes through the palladium black. If H., is present, it releases heat
when it contacts the palladium black, the amount of heat being
directly proportional to the amount of H. present. When the tempera-
ture of the tube reaches 55° C, the thermochromic paint changes color
to give a visual indication -of the presence of H,. Suitably calibrated,
the temperature-sensing probe can be used for direct, quantitative
data.

This instrument can be used “as is” for industrial hygiene and air-
pollution-monitoring applications as a detector for hazardous con-
centrations of H,. The developers have also used this principle of
activated palladium black and thermochromie paint to prepare a con-
tinuous, automatic sampling device. In this application a finely woven,

" but porous, glass-fiber tape is impregnated with the palladium black
and coated with a pattern of thermochromic paint. An automatic H,
detection system could be used in a continuous tape sampler with a
color-change monitor.
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WELDING GAS MONITORS, WELDING SPECTROMETER ANALYZER

Innovations in welding technology have been among the significant
NASA contributions to industrial processing. NASA sets extremely
stringent requirements on welds in terms of materials, strength of
weld, lack of porosity, minimal weight, and so forth. Heliarc welding
is used extensively by NASA for joining aluminum and inecreasingly
more frequently by industry. In the process the weld is made under an
inert gas such as helium (He) or argon (A) to avoid oxidation of
aluminum. The amounts of H, and O in the inert gas affect the quality
of the weld, so a monitor was developed to measure these trace
constituents. The monitor developed is applicable to air pollution
monitoring.

This instrument (refs. 60 and 61) was developed for the Marshall
Space Flight Center to monitor the Q., H,, and A constituents of the
inert gas shield used in heliare welding of aluminum. Even trace
amounts of O, and/ or H, in the inert gas can result in an unsatisfac-
tory weld.

This device is a spectrometer that uses photosensitive devices to
monitor the emitted light from the inert gas shield (fig. 5). The light
is collected through a lens system that incorporates a fiber optics
bundle to follow the arc. The light is split in a diffraction grating,
and three components (at 6562.8, 7771.9, and 8521.4 &) go to three
photomultipliers (for H,, O., and A, respectively). The amounts of
H; and O, are directly read out as ratios to A, which is used as an in-

F1eure 5.—Welding spectrometer analyzer.
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ternal standard. The problem of blackbody radiation (background
noise) entering the spectrometer is eliminated by the use of an oscil-
lating rectangular prism in the nondispersed light beam. The oscil-
lation causes the emission line to oscillate across the exit slit, which
effectively produces an ac signal over the dc blackbody signal.

The instrument is sensitive to less than 5 ppm of O, or H, in A
and is highly reliable. The electronic circuitry is solid state, and
circuits have been included that allow use of an oscilloscope for rapid,
simple optical alinement of the exit slits.

As constructed, this device detects only H, and O,, but the design
principles can be used to construct a monitor for virtually any gas,
A heliarc welding instrument is basically a dc arc, and thus a de arc
could be used as the light source for an air pollution monitor. Photo-
multipliers responsive to characteristic emission lines of desired gases
could then be employed to create an air pollution monitor based on
these principles. An automatic continuous monitor is possible, because
the gas stream to be measured could be passed continuously through
the de arc, and the output of the photomultipliers could be recorded
on a strip-chart recorder or similar readout device. The cost of such
an instrument would vary depending on the number of different con-
stituents to be monitored, because each requires a separate photo-
multiplier and associated electronic cireuitry.,

CLEAN ASSEMBLY-AREA MONITORING

Contaminants in or on spacecraft and their components have been
of great concern for two reasons. First, in a device as complex as a
spacecraft, with literally thousands of functioning parts, contamina-
tion of even microscopic proportions can result in the failure of a mis-
sion, the loss of millions of dollars worth of eauipment and effort,
and hazards to personnel. An oxide film on a switch, a metallic par-
ticle in a valve, or dust motes on an ontical surface can hinder the
oneration of the spacecraft, cause incorrect data to be returned from
a sensor, or mean failure of a eritical component.

Second, the effect of the experimenter’s influence on his experiment
is a problem in aerospace research. For example, the detection of the
absence or presence of life on Mars will have far-reaching consequences
on man’s knowledge of the formation of the solar system and, indeed,
his total body of knowledge. But if the space vehicle sent to Mars to
detect life is already covered, internally and externally, with terrestrial
organisms, the experiment will prove a failure.

These considerations have resulted in a great deal of NASA effort
in the clean-room field—the use of noncontaminated areas for the
manufacture and assembly of spacecraft and their components (refs.
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62 through 71). Much work has also been done in sterilization for
removal of contaminants. Our prime interest with respect to air pol-
lution monitoring, however, is the NASA-developed technology for
measuring contaminants in clean rooms. To determine the efficiency
of the various designs and the uses of clean rooms, NASA has spon-
sored the development of sophisticated devices for measuring small
amounts of contaminants. These devices are directly applicable to
measurement of pollutants in the atmosphere. They are described in
detail below. ‘

Aufomatic Aerosol Particle Counter

This particle counter, developed by the Royco Instrument Co. and
modified by the IIT Research Institute for the NASA Marshall Space
Flight Center, monitors particulate contamination in a clean room
(refs. 72 and 73). This includes counting the particles, categorizing
them in terms of size, and recording the data. For adequate sampling
information, counts were necessary at a minimum of three locations
within the clean-room area.

The instrument is a light-scattering device ; that is, a device in which
the number and size of particles present in the sample stream cause
a given degree of scattering of a light beam. A transducer head trans-
forms this light signal into electrical signals for data recording.

The particle counter consists of a light source, an optical lens ar-
rangement, and a photomultiplier tube (fig. 6). The filament of the
lamp is focused on a slit of known size in a light-shield plate. The lens
system images this illuminated slit in the center of a sample stream.
A similar lens system and a slit of the same size are used as a receiving
system to carry the information to the photomultiplier tube. This
arrangement defines an illuminated cube in space. The photomultiplier
tube is excited only when a particle passes through this viewing vol-
ume. The scattered light intensity is directly proportional to the size
of the particle, and thus the signal emitted by the photomultiplier can
be calibrated according to particle size. Measurement of the size and
number of pulses constitutes the counter. A pumping system conveys
the sample stream through the transducer. A concentric air sheath
surrounds the sample tube, and filtered air travels through the annular
space at the same rate as the sample travels in the inner tube. This
arrangement prevents loss of particles into the sample chamber, in-
suring that particles are counted only once and that the lenses remain -
clear. The sampling rate is 1 cu ft/min.

This instrument has high reliability and has been used both for tests
and as a continuous monitoring device at the Marshall Space Flight
Center. It is applicable in its present form for air pollution monitor-
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Freure 6.—Flow diagram of operation of automatic aerosol particle counter.

ing. Tests by NASA have shown that the count obtained with this in-
strument is directly proportional to that obtained in visual counting
with a microscope—the standard technique. However, this device has
distinct advantages over microscopy :

(1) A microscopist is usually limited te counting particles 5 microm-
eters or larger in diameter, whereas this instrument can count particles
with diameters as low as 0.6 micrometer.

(2) The instrument requires only minutes per count as opposed to
at least 1 hour for microscopy.
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(3) The instrument monitors continuously, providing a printed
record for analysis of trends and/or association with specific events.
It also has an alarm signal when a predetermined limit is exceeded.

The cost of this instrument on a production basis would be approxi-
mately $5000. It can be used by civic and industrial groups concerned
with particulate air pollution.

Increased Sampling-Rate Monitor System

This instrument was developed for continuous monitoring of clean
rooms (ref. 74). It samples at least 1 cu ft/min of air and counts
particles 5 micrometers or larger in diameter.

Standard particle counters, such as the Royco PC200A, have a
sampling rate of 0.01 cu ft/min. For extremely clean areas, such as
a class 100 clean room (class 100 clean rooms have a maximum of 100
particles/cu ft), this sampling rate is insufficient for adequate
measurement. '

Sandia Corp. produced this prototype particle counter, which has
a sampling rate of 1 cu ft/min. The device uses forward light scatter-
ing rather than the 90° scattering used in the Royco-IITRI counter.
Adequate particle sizing was not possible because the light uniformity
of the optics system was inadequate. However, the particle-count
correlation was good.

This is a prototype instrument and no reliability figure has been
established. However, the prototype was successfully used for a series
of tests for monitoring a clean room, monitoring work locations within
a clean room, and checking HEPA (high-efficiency particulate air)
filters for leaks.

This device has the same advantages over microscopy that were dis-
cussed in regard to the automatic aerosol particle counter, and it is
also suitable for civic or research use in air pollution monitoring. It
appears to be quite similar to the II'TRI-modified device (one of the
modifications by IITRI increased the sampling rate of the Royco
instrument 140-fold to approximately 1 cu ft/min), with the excep-
tion of inadequate particle sizing. This problem can be overcome by
modifications to the optical system of the prototype.

Flight-Qualified Aerosol Parficle Counter

This instrument was developed by the NASA Electronics Research
Center (ERC) in cooperation with Block Engineering, Inc., and the
Harvard University School of Public Health to obtain information
on aerosol particle buildup in the cabin of an orbiting spacecraft (ref.
75). Because a flight-qualified instrument was needed, weight and
power consumption were minimized, and the unit was strengthened
and supplied with its own battery power.
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The instrument weighs 514 pounds, its envelope dimensions are 334
by 5 by 714 inches, and its power consumption is less than 4 watts. It
operates on the principle of light scattering by single particles and
has an air-sampling rate of 1/60 cu ft/min. (fig. 7). The amount of
light scattered is a function of the particle size. This is a multichannel
instrument, and sorts the information on sizes and counts into one of
five channels: 0.5 to 1 micrometer, 1 to 2 micrometers, 2 to 8 microm-
eters, 3 to 5 micrometers, and 5 to 10 micrometers. This is not a
continuous monitor; rather, it is designed for intermittent use for
reasons of power consumption. It has built-in sequence timers, and in
use it performs the following series of operations after the start button
is pushed: a 10-second warmup, a 60-second sampling time, sequen-
tial display (via digital Nixie tubes) of the total count in each of the
five particle-size ranges, and automatic termination of cycles.

This instrument has been thoroughly tested by ERC and has very
high reliability. Battery life is sufficient for about 150 measurement
cycles. ERC is currently engaged in refinement of the instrument to
lower the minimum particle size measured to 0.3 micrometer (this is
possible with an increase in light output), to improve the optical sys-
tem, and to further miniaturize the electronic circuitry.

This instrument is suitable for use as an air pollution monitor. Its
portability, low power consumption, and capability to measure par-
ticles simultaneously in five size ranges are not found in commercially
available instruments. ERC personnel estimate that the instruments
could be produced in volume at a price that would make them ac-
ceptable for use by civic and law enforcement groups.

CONTAMINANTS IN FLUIDS

Many fluids are used in spacecraft, and two of these, hydraulic fluid
and fuel, must be of exceptionally high purity. Impurities in these
fluids are of three forms: dissolved gases, other fluids, and particulate
matter, '

NASA has sponsored the development of monitoring instruments
for dissolved gases and particulate impurities in fluids (refs. 76 and
7). We are including descriptions of these two instruments because
they could be useful in air pollution monitoring after pretreatment
of the air sample places the impurities in a liquid stream.

Ulirasonic Particle Counfer

This instrument (refs. 55, 78, and 79) was designed and fabricated
for the NASA Marshall Space Flight Center to detect, count, and
size solid particles in a fluid stream. It has been used for monitoring
hydraulic fluids, both in centinuous and discrete sampling.



NASA CONTRIBUTIONS TO THE ART 51

LIGHTY

FOCcus SOURCE SAMPLE
: LENS INTAKE / VOLUME

LIGHT
\ | TRAP
+ g
PHOTOMULTIPLIER /UGHT PATH EXHAUST \—PARABOUC
T0 COLLECTING
FILTER PUMP MIRROR

FieurRe 7—Schematic diagram of flight-qualified aerosol particle counter.

This instrument uses the ultrasonic-reflectoscope method of ana-
lyzing echo amplitude from discrete reflectors (particles in the fluid).
Two thousand pulses per second of a 5 megahertz frequency signal are
passed through the fluid. If the ultrasonic wave hits a particle in the
fluid, it is reflected back to the source, and the amplitude of the re-
flected signal is a function of the particle size. The device detects par-
ticles with a diameter of at least 25 micrometers. The maximum flow
rate of the fluid is limited by the concentration of impurity and the -
percentage of the fluid sampled. For essentially 100 percent examina-
tion of each unit volume, the maximum flow rate in gallons per minute
is made inversely proportional to particle count per volume. Thus,
with a concentration of 10 particles/100 milliliters, the flow rate is 500
gal/min; and with a concentration of 100 particles/100 milliliters, the
flow rate is 50 gal/min. The particle counting rate is 4000/second.

Skilled technicians are needed to maintain and calibrate the elec-
tronic components. Once calibrated, the instrument produces counts
that can be correlated with a microscopic count, although the relation-
ship of the correlation is not Jinear.

This instrument is not suited for use as a remote monitor or mobile
monitor for air pollution, but could be used in air pollution research.
It would be most useful in counting particles captured in a filter or
impactor and subsequently collected in an aqueous solution.

Nonvolatile Residue Nephelometer

This instrument (ref. 55), designed and built by the ITT Research
Institute under contract to NASA Marshall Space Flight Center,
automatically determines the nonvolatile soluble residue in solvents as
a step in the purification of liquid-oxygen systems. Although pure
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liquid oxygen (LOX), the most widely used oxidizer in space vehicles,
is stable and not subject to deterioration, mixtures of LOX with most
organic materials explode under impact. Even the grease from finger-
prints left on aluminum valves and transport lines during assembly
has combined with LOX, and the mixture has caused explosions.

Thus, exceptional measures are taken to insure removal of incom-
patible organic materials and traces of grease from all LOX systems.
After cleaning and degreasing, the systems are inspected by rinsing
them with highly purified trichloroethylene or Freon, and the rinsings
are examined for traces of contamination to verify the thoroughness of
the cleaning. In the standard laboratory method, the traces are ex-
tracted by evaporating the rinsings just to dryness and then weighing
the residue to determine the nonvolatile, soluble residue (NVR). The
nephelometer is an automatic device for determining the presence of
NVR in the solvent without going through this long, tedious
procedure.

The instrument is based on the light-scattering characteristics of
_ an aerosol spray of the solvent. Solvent is continuously fed to a nebu-
lizer, in which it is atomized with a large volume of air to produce
micrometer-size liquid particles of solvent and soluble contaminant.
The large volume of air eévaporates the volatile solvent, and the NVR
is left behind as an aerosol in trichloroethylene vapor and air. The
aerosol particle size depends on contaminant level. The aerosol, sur-
rounded by a clean air sheath, is fed to a photometer, and the scattered
light from a defined field of view is measured. The amount of scattered
light is a measure of the contaminant level. The NVR nephelometer
has two modes of operation; one in which a signal is given from a sin-
gle sample, and one in which the contaminated sample is compared to
a reference sample.

The device is quite reliable. Tests at Marshall Space Flight Center
have shown that once calibrated, the instrumeht provides accurate
analysis of the NVR in chlorinated solvents within 40 seconds per
sample. These tests have been compared with the standard laboratory
procedure, and a high degree of correlation has been found. The device
will detect down to 0.1 to 0.5 milligram of degreasing NVR/1 solvent.

This device is useful in air pollution research for determining prod-
ucts of industrial processes, and for checking solvent purity and de-
creasing efficiency in general industrial application. It is not a general
air-pollution-monitoring device but could be useful in research or in-
dustry where there is a requirement to measure NVR that might be
released into the atmosphere. For such an application, it is much faster
and as reliable as the standard laboratory method.
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BIOSPHERE STUDIES

The interest of NASA in microbiological content of the Earth’s at-
mosphere is threefold. First, NASA research vehicles (spacecraft)
permit men to measure biological life at high altitudes for the first
time. Second, techniques for detecting life on other planets are being
tested in the Earth’s atmosphere. Third, as mentioned in the section
“Clean Assembly-Area Monitoring,” spacecraft sent to other worlds
must not carry terrestrial organisms with them. Thus, NASA must
know to what extent a spacecraft can become biologically contaminated
as it passes through the atmosphere.

These studies (refs. 80 through 90) and the techniques and instru-
mentation developed in their course are important to air pollution
monitoring. Most obvious, of course, are the collection techniques that
have been developed. Several of these are applicable to collection of
any type of particulate matter from the atmosphere. Also of interest
are sampling and counting techniques, because microbiological con-
tamination is a form of air pollution (i.e., in hospitals), and also be-
cause air pollution research makes use of vegetative and spore cultures
for particles in aerosols.

Accordingly, some of these NASA developments that are novel and/
or improved instruments or techniques applicable to air pollution
monitoring will be described below.

Air Sampler for Minute Particles

This instrument (ref. 91) was designed and fabricated for collec-
tion of extraterrestrial dust greater than 0.1 micrometer in diameter.
The particles were to be both collected and protected for use in.
analysis.

The device consists of an air-ejector impactor sampler that causes
impaction of particle-laden air onto several collection surfaces within
a collection cylinder (fig. 8). When not in operation, the collection
cylinder is retracted within a protective envelope.

An air-ejector pump, comprised of a compressed gas source and
associated tubing, valve, and flowmeter, simultaneously sends com-
pressed gas through valves to a nozzle in a diffuser and into a pneu-
matic actuator. The gas flow into the actuator extends the collector
from the retracted position to the exposed position. Gas flow into
the nozzle and diffuser entrains surrounding air and produces a re-
duced pressure within the collection cylinder, causing air to flow
through its impactor slits and ‘particles to impact on the collection
surfaces within. When the gas flow is shut off, a spring draws the
collection cylinder back into the protected position.

This device has been shown to have high reliability because it uses
a compressed gas for power (the only electrical power required is for
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F1cURe 8.—Air sampler for minute particles.

the valve, and that can be provided by batteries) and is very simple to
operate. :

This is an excellent device for airborne collection of particulate
matter at any altitude. Its primary application would be for aircraft
monitoring. However, the device can operate in a stationary position,
because it produces its own airflow.

Several instruments for sampling biological species at high altitudes
have been developed by NASA efforts. These are relatively sophis-
ticated units using motor-driven, air-movement devices for sampling
at high altitude and eliminating microbiological contamination while
reaching sampling altitude. For these reasons, these devices appear
to be overly complex for the requirements of air pollution monitoring.
Nevertheless, the Litton Mark IT and Mark ITI sampling systems (ref.
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92), the NCAR Corp. enclosed cryocondenser for air recovery (ref.
93), the University of California microbe sampler (ref. 94),the NASA
Jet Propulsion Laboratory work conducted by Gerald A. Soffen (ref.
95}, and the X-15 mounted micrometeorite collector may be of interest
to air pollution researchers.

Wolf Trap Mars Microbe Detector

This instrument (ref. 96) was designed and built by the University
of Rochester for NASA. It was designed to detect microbial life on
the surface of Mars and has features necessary for surviving launch
and Martian environments.

The device collects soil samples and places them in five separate
enrichment cultures. It then optically monitors the cultures for evi-
dences of turgidity caused by multiplication of microbiological orga-
nisms. A sensitive pH monitor measures the acidity changes in each
culture. The device has been tested in the Mojave Desert and success-
fully detected life. Engineering for space-flight requirements insures
a very rugged device. Standard laboratory culturing and counting
techniques are usually less expensive and more reliable. However, in
cases where remote monitoring might be necessary, this device would
be applicable.

A device operating on the principle of microcalorimetry, that is,
detection of a very small amount of heat, has been produced by
Beckman Instruments for NASA Ames Research Center.

Another instrument for remote detection of life employs the “firefly
reaction,” that is, the generation of light that occurs when the firefly
enzyme, luciferin, reacts with adenosinetriphosphate (ATP). An in-
strument to extract ATP from a soil sample, introduce luciferin, and
monitor the light produced (if any) has been produced by Hazleton
Laboratories for the NASA Goddard Space Flight Center (refs. 97
through 103). '

These instruments were designed for life detection on Mars and,
though operating on different principles, have the same utility for air
pollution monitoring as the Wolf trap.






CHAPTER 3

NASA Air Pollution Studies

AIR POLLUTION MONITORS

Measurements of air pollution from satellites is a possibility, and
NASA has sponsored research in this direction. Although such remote
sensing cannot replace surface (and near-surface) monitoring, it can
be used for global distribution, buildup, and dispersal measurements
as functions of meteorological conditions. Such measurements can be
made with such instruments as lasers, infrared sensors, and micro-
wave equipment. Much information is necessary to determine the
characteristic emission bands of pollutants that could be detected by
such satellite-borne instrumentation. Further, the signal-to-noise ratios
of the instrumentation must be established to give indications of what
types of measurements are possible, how sensitive they can be under
optimum instrumentation development, and what types of instrumen-
tation hold the greatest profit.

To these ends, the NASA Electronic Research Center in Cambridge,
Mass., has funded a “Study of Air Pollution by Remote Methods”
(refs. 104 and 105). The study has been underway only a short time,
and no instrumentation for use for air pollution monitoring has been
developed. However, pollutant characteristics have been established
and work has been started on evaluation of various remote sensors
such as the radiometer, dispersive spectrometer, interferometer, micro-
wave radiometer, and laser systems and a long-path infrared radi-
ometer. This work will result in much useful information in air
pollution monitoring.

Two instruments designed by NASA for use in air pollution moni-
toring are covered below.

Ultraviolet Densitometer

This instrument (refs. 106 and 107) is being developed at the NASA
Flight Research Center with the cooperation of Plasmadyne Corp.
and with Beckman Instruments, Inc. The objective is a technique for
remotely measuring free-stream air densities at high altitudes. Be-
cause of interferences from Mie scattering, the device is also capable
of detecting particles in the atmosphere.

An optical transmitter projects a beam of ultraviolet light away
from its source. A receiver near the source views an area of the trans-
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mitted beam. The resulting intersection volume contains the gas whose
density is being measured by light scattered back to the receiver by the
intersection volume. The receiver collects light that is scattered either
from air molecules or from particles in the atmosphere (fig. 9).

The device is in the developmental stage, and details concerning
operating distance, molecular concentration, composition, and so
forth, are not available. The present reliability is also very low, be-
cause the light source is a pulsed arc that has a tendency to shift
both in wavelength and intensity. Electrode disintegration occurs at
an unacceptable rate because of high-temperature operation. In addi-
tion, the pulse source creates large transients in the receiver electronics.

The cost will be quite high if the ultraviolet arc is used as the illumi-
nation source. There are no commercially available instruments similar
to this device. As it stands, this instrument is not suitable for con-
version to air-pollution-monitoring instrumentation. The basic concept
is of interest for determining gas composition and temperatures, but
interferences from Mie scattering in the atmosphere may invalidate
information from this device for low-level operation.

Infrared Tunable Laser

This instrument (refs. 108 and 109) is under development at the
NASA Electronics Research Center as an air-pollution-measuring
device.

The laser system operates similarly to the ultraviolet densitometer
discussed above. A beam of light from an iodine infrared laser or from
a CO, infrared laser is passed through the atmosphere to a reflector
and back to a detector. The laser is tunable; that is, the laser can be
forced (by placing in front of the laser source a given concentration
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Freure 9—Flow diagram of operation of ultraviolet densitometer.
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of a gas such as propylene) to emit specific spectral lines that fall on
the characteristic infrared absorption bands of certain air pollutants.
Thus, the amount of attenuation of the light laser of a specific spectral
line is a measure of the amount of a given air pollutant. The narrow
spectral width of the laser emission permits sensitive detection, mini-
mizes interference among various pollutants, and allows penetration of
the atmospheric water-absorption bands. The collimation and high-
power outputs available from lasers permit transmission of the radia-
tion over long straight paths through the atmosphere and over long
folded paths in multiple-pass absorption cells.

With a 14-kilometer path to a retroreflector and back, it is predicted
that the following pollutants can be detected :

Pollutant Conecentra- Laser line
tion, ppm used

Carbon monoxide_ .. ___ . _______._______. 2 4.86 ym I
Nitric oxide _ ___ e 1 55 um I,
Ethylene____ . .. 01 10.53 ym CO,
Sulfur dioxide_ ________ . _.__ 1.5 9.08 um CO,
OZODe_ _ il 0.15 | 9.52 um CO,

It seems feasible to extend the technique to other gases. Because this
is a developmental device, no cost or reliability factors are available.
Effort is being expended on constructing the transmitting and receiving
equipment and making the laser portable. A prototype instrument is
now under construction. '

There is no immediate applicability of this instrument to air pollu-
tion, but the theory and the practical work done thus far indicate that
anovel and very useful technique is being developed by NASA. Tulane
University will use the prototype laser for tests.

FUEL CELLS FOR POWER GENERATION

Many air-pollution-monitoring instruments must be placed in rela-
tively inaccessible locations or be used in mobile monitoring without
access to commercial power supplies. There are currently no weight or
size requirements for this instrumentation as stringent as those en-
countered in space travel. Conventional power sources, such as batteries,
are usually adequate, but the development of fuel cells offers an
opportunity for improvements in power generation for remote or
mobile air pollution instrumentation (refs. 110 and 111).

A fuel cell is an electrochemical device in which most of the free
energy of reaction of one or more chemical species can be directly
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transformed into electrical energy. Reactants are added on demand,
and products are removed as required. Fuel cells are classified as
primary or secondary. In the former, reactants are used only once; in
the latter, reactants are regenerated for reuse. Because they are devices
for direct conversion of chemical to electrical energy, fuel cells are
not limited by the Carnot-cycle efficiency limitations, and thus have a
theoretical efficiency of 80 percent. Fuel cells with efficiencies as high
as 65 percent have been produced, whereas heat-cycle engines have
reached only 40 percent. Because there has been no mass production
of fuel cells, their cost is still relatively high. Also, power densities are
still too high. Costs will be reduced as more applications for fuel cells
are realized. One possible application of fuel cells is in mobile and
remote monitoring of air pollution.



Glossary

aliquot: a part of a number that divides the number without a remainder.

biosphere: the sphere of living organisms, which penetrates the lithosphere
(land), hydrosphere (water), and atmosphere (air).

colorimetric: pertaining to measurement by hues and/or intensity of color.”

conductometric: pertaining to measurement by heat or electricity transmission
capability.

corona: discharge of electricity that appears on the surface of a conductor under
high voltage.

ecologic: describing biology as it deals with the mutual relations between
organisms and their environment.

exothermic: formed with evolution of heat.

gravimetric: pertaining to measurement by weight.

interferometer: instrument using light interference phenomena for measure-
ment of wavelengths.

nebulizer : device for reducing to a fine spray, an atomizer.

offgas : to vaporize or sublimate.

planimetry : measurement of plane figures. )

pyrolyze: heat or burn, not necessarily in oxygen-containing environment.

radiometer : instrument measuring intensity of radiant energy by the torsional
twist of a suspended disk blackened on one side.

thermochromic: pertaining to measurement by color change caused by heat.

61



References

10.

11.

12.

13.

14.

15.

16.

. GAEKE, G. C.; aAND WEsT, P. W.: Fixation of Sulfur Dioxide as D sulfitomer-

curate (II) and Subsequent Colorimetric Estimation. Anal. Chem., vol. 28,
1956, pp. 1816-1819.

. GREENBURG, L. ; AND Jacors, M, B.: Sulfur Dioxide in New York City Atmos-

" phere. Indus. Eng. Chem., vol. 48, 1956, pp. 1517-1521.

. THOMAS, M. B.; ET AL.: Automatic Apparatus for Determination of Small

Concentrations of Sulfur Dioxide in Air. New Counter-current Absorber
for Rapid Recording of Low and High Concentrations. Indus. Eng. Chem,,
vol. 18, 1946, pp. 383-387.

. Jacos, M. B.: Ultramicrodetermination of Sulﬁde_s in Air. Anal. Chem.,,

vol. 29, 1957, pp. 1349-1351.

. SarrzMaN, B. E.: Colorimetric Microdetermination of NO, in the Atmos-

phere. Anal. Chem., vol. 26, 1954, pp. 1949-1955.

. SALTzZMAN, B, E.; AND WARTBORG, A. F.: Absorption Tube for Removal of In-

terfering Sulfur Dioxide in Analysis of Atmospheric Oxidant. Anal. Chem.,
vol. 87, no. 6, 1965, pp. 7T79-782.

SIKES, J. H.; AND YAMAMORA, 8. S.: Direct Spectrophotometric Fluoride De-
termination. Anal. Chem., vol. 34, no. 10, Sept. 1962, pp. 1308-1312.

. ZarLErRo, N. 8.: Automation of Colorimetric Chemical Procedures as Ap-

plied to Analytical Requirements in Air Pollution Programs. J. Air
Pollution Control Assoc., vol. 13, no. 11, Nov. 1963, pp. 531-534.

. ALTSHULLER, A. P.; AND MCPHERSON, S. P.: Spectrophotometric Analysis of

Aldehydes in the Tos Angeles Atmosphere. J, Air Pollution Control
Assoc., vol. 13, no. 3, Mar. 1963, pp. 109-111.

GUERRANT, G. O.: Portable Instruments Based on Flame Ionization Detec-
tors for Analysis of Air for Trace Organic Constituents. Anal. Chem.,
vol: 37, no. 4. Apr. 1965, pp. 516-520.

Marox, H. J.; anp Rounps, G. L.: Electrostatic Sampler for Dust-Laden
Gases. Anal. Chem., vol. 27, no. 5, 1955, pp. 829-830.

Jacoss, M. B.; Er AL.: Continuous Determination of CO and Hydrocar-
bons in Air by a Modified Infrared Analyzer. J. Air Pollution Control
Agsoc., vol. 9, 1959, pp. 110-114.

Ping, A. Y.; Craxron, L. R.; anp McEwEeN, T.: The Application of Silica
Gel in Source Testing, Part 1: Collection of Samples (paper no. 66-79).
Proc. 59th Annual Meeting, Air Pollution Control Assoc. (San Francisco,

_ Calif.), June 20-24, 1966.

BARRINGER, R.; anp NEwBURY, B. C.: Molecular Correlation, Spectrometer
for Sensing Gaseous Pollutants (paper no. 67-198). Proe. 60th Annual
Meeting, Air Pollution Control Assoc. (Cleveland, Ohio), June 20-24, 1967.

PaxTon, R. R.: Measuring Rate of Dust Fall. Rock Products J., vol. 54, no.
2, Feb. 1951, pp. 114-118.

FLETCHER, A. H.; AND VELZ, C. J.: Pollens : Sampling and Control. Ind. Med.
Surg. J., vol. 19, no. 8, Mar. 1950, pp. 129-140.

62



17.

18.

19.

21.

22,

31,

32.

REFERENCES 63

Watson, H. H.: Errors Due to Anisokinetic Sampling of Aerosols. Am. Ind.
Hyg. Assoc. Quart., vol. 15, no. 1, Mar. 1954, pp. 21-25.

GRUBER, C. W. : Recommended Standard Methods for Continuing Air Monitor-
ing for Fine Particulate Matter. J. Air Pollution Control Assoc., vol. 13, no.
9, Sept. 1963, pp. 397-404. .

CLARK, W. E.; AND WHITBY, K. T.: Electrical Aerosol Particle Counting and
Size Distribution Measuring System for the 0.015 to 1 Micron Size Range.
Tellus, vol. 18, no. 2, 1966, pp. 573-586.

. LANGER, G.: An Acoustic Particle Counter, Preliminary Results. J. Coll.

Sei., vol. 20, no. 6, 1965, pp. 602-609.

Kemwy, D. T.: An Airborne Cloud Drop S8ize Distribution Meter. J. Meteorol.,
vol. 17, 1960, p. 349.

BuULBA, E.; AND SILVERMAN, L.: A Mass Recording Stack Monitoring System.
for Particulates (paper no. 65-141). Proc. 58th Annual Meeting, Air
Pollution Control Assoc. (Toronto, Can.), June 20-24, 1965.

. CrAUDET, JULIAN H.; AND DEScHMERTZING, HANNIBAL: Utilization of In-

frared Spectrophotometry in Microcontaminant Studies in Sealed En-
vironments, Final Report. Rept. no. SAM-TR-67-2, June 2-29, 1965,
Melpar Inc., Falls Church, Va., Jan. 1967. AF 41(609)-1962; AD 650 000.

. ANDERSON, 1. C.; BETHEA, R. M.; AND BRUCE, R. A.: Contaminant Collection

and Identification (N67-14247). Anon. : Selected Papers on Environmental
and Attitude Control of Manned Spacecraft. NASA TM X-1325, 1966.

Apaus, J. D.; ConxiLe, J. P.; MassoN, W. HK.; WELCH, B. E.; AND ZEFT,
H. J.: A Detailed Study of Contaminants Produced by Man in a Space
Cabin Simulator at 760 mm Hg, NASA CR-87451, 1967.

. Hopesow, F. Ne1L; PUTSINGER, JoEN V., JR.; AND Ross, WiLLiaM D.: Iden-

tification of Volatile Contaminants of Space Cabin Materials. Final Report.
Rept. no. AMRL-TR-66-53, Monsanto Research Corp., Dayton, Ohio,
June 1966. AF 33(615)-1779; AD 642 054.

. HovLrzMan, WiLriaM W.: Characteristics, Selection and Use of Residual

Gas Analyzers. NASA TM X-1281, 1964.

. CoNkLE, JAMES P.: Sampling and Analysis of Atmospheric Contaminants

(N66-24078). Anon.: Proc. Conference on Atmospheric Contamination in
Confined Spaces. Wright-Patterson AFB, Dayton, Ohio, Mar. 30-Apr. 1,
1965. Rept. no. AMRI-TR~65-230, 1965. AF 33(657)-11305; AD 629 622.

. FLowers, O. L.; HonMa, M.; NYGREN, R. E.; RINEEART, R. W.; TUTTLE,

W. N.; ET AL.: Program for Delineation of Trace Constituents of a
Closed Ecologic System, Final Report. Rept. no. SAM-TR-67-4, June 2-29,
1965. Lockheed Missiles & Space Co., Sunnyvale, Calif., Jan. 1967. AF
41(609)-2788; AD 650 003.

. BR1IGDEN, WAYNE H.; aAnpD RoMAN, JAMES: Flight Research Program: IV.

A Small Gas Analyzer for Aerospace. Aerospace Med., vol. 87, no. 10, Oct.
1966, pp. 1037-1040.

BrmeEN, WAYNE H.; AnD RoMaN, James: Flight Research Program: V.
Mass Spectrometer in Medical Monitoring. Aerospace Med., vol. 37, 12,
Dec. 1966, pp. 1213-1217.

Hawx, L. G.; axp MoBiNgon, C. F.: Small General Purpose Cycloidal-Focus-
ing Mass Spectrometer. Rev. Sci. Instr., vol. 27, no. 7, July 1956, pp. 504—
508.

. McCLEARY, U., Jr.: Mass Spectrometry. Ind. Res., vol. 7, no. 5, May 1965.



35.

36.

37.

38.

39.

40.

41.

43.

45,

46.

47.

48,

49.

50.

51.

ATR-POLLUTION-MONITORING INSTRUMENTATION

. HeEpMAN, JoHN; LiTrLE, W. SHANNON ; SHAFFER, LARRY W.; AND WAKE-

FIELD, WAYBERN L.: Development of a Non-Magnetic Flight Type Mass
Spectrometer, Final Report, General Electric Co., Daytona, Beach, Fla.

Mogere, M. L.: Analysis of Trace Contaminants in Closed Ecologic Atmos-
pheres. Rept. No. SAM-TR-66-99, Aerojet-General Corp., Azusa, Calif,,
Dec. 1966. AF 41(609)-2783; AD 647 618.

MoBeRrG, M. L.: Analysis of Trace Contaminants Contained in Samples From
a Closed Environment at 258 mm Hg, Final Report. Rept. no. SAM-TR-
67-6, Mar. 16-Apr. 12, 1966, Aerojet-General Corp., Azusa, Calif., Feb.
1967. AF 41(609)-2783; AD 651 287.

GiBsoN, A, DAvID: A Tape Programmed Sequential Sampler. Rept. no. PB-
175925, Natl. Center for Atmospheric Res., Boulder, Colo., 1967.

ANON. : Hot-Wire Detector for Chemically Active Materials Used in Gas
Chromatography. NASA Tech. Brief B66-10139, MSC-269, 1966.

JonNEs, G. E.: Microwave Spectroscopic Identification of Atmospheric Con-
taminants, Status Report. NASA CR-79490, 1966.

EasLEY, W. C.; AND WHITE, W. F.: Practical Use of Microwave Spectroscopy
for Trace Contaminant Detection. Presented at the Fourth Annual Conf.
on Atmogspheric Contamination in Confined Spaces. Wright-Patterson AFB,
Dayton, Ohio, Sept. 1012, 1968.

Waite, W. F.: Qualitative Analysis of Gas Mixtures by Microwave Spec-
troscopy. Presented at the 155th Natl. Meeting, Am. Chem. Soc. (San
Francisco, Calif.), Mar. 31-Apr. 5, 1968,

. HarrINGgTON, H. W.: On the Separation of the Broadening-Relaxation Time

and Molecular Concentration From Pure-Rotational Spectroscopic In-
tensity Data. J. Chem. Phys., vol. 46, no. 10, May 15, 1967, pp. 3698-3707.

JonEs, G. E.: Microwave Spectroscopic Identification of Atmospheric Con-
taminants, Status rept., Apr.—Aug. 1968. Dept. of Physics, Miss. State
Univ., 1968.

. RiznerArT, E. A.: Investigation of Available Methods of Microwave Spectral

Line Intensity Measurements. Preliminary Report, Univ. Wyoming.

LEg, C.: Investigation of a Dual Resonant Cavity Absorption Cell Using the
Double-Resonance Microwave Spectroscopy Modulation Technique. M.S.
Thesis, Univ. Va., 1968,

VorpICELLI, R. J.; STIEFVATER, O. L.; aAvp FLYNN, G. W.: A Study of Trace
Contaminant Identification by Microwave Double Resonance Spectroscopy.
NASA CR-967, 1967.

WHITE, W. F.: The Application of Microwave Spectroscopy to Contaminant
Analysis. Chem. Eng. Prog. Sym. Ser., vol. 62, no. 63, 1966. pp. 70-75.

RoraeraM, M. A.: Laboratory Contaminant Sensor, Final Report. NASA
CR-66606, 1968. (Addendum, NASA CR-66606-A.)

PosSCHENRIEDER, W. P.; AND WARNECK, P.: Improvement and Optimization
of a Mass Spectrometer Employing a Photoionization Source. NASA CR-
1018, 1968.

Jounson, E. T.; MiLLer, R. R.; AND WiLLiaMg, D. D.: A Method for the
Determination of Strong-Acid Vapors in the ppm Range, Final Report.
Rept. no. NRL-6332, Naval Research Laboratory, Washington, D.C.,
Oct. 14, 1965. AD 624 296.

Davizs, P. J.; ANp HaMLIN, A, G.: A Sorption An-alyser for the Determina-
tion of Trace Components in Gas Streams. Rept. no. PG-700(CA), United
Kingdom Atomic Energy Authority, Capenhurst, England, 1966.



52.

53.

55,

56.

57.

58.

59,

61.

62.

65.

67.
68.

69,

REFERENCES 65

Young, RoBerT A.: Measurement of Nitrie Oxide in the BEarth’s Atmosphere,
Final Report. Rept. no. DASA-1887, Stanford Research Inst., Menlo Park,
Calif., Mar. 23, 1967. DA-49-146-XZ-112; AD 649 829.

FickEY, B. W.: Gas Analysis Technique for Measuring Nitrogen in Argon.
Rept. no. 67-5, The Bendix Corp., Launch Support Div., Kennedy Space
Center, Fla., Feb, 8, 1967.

. WoaTasINsSkI, R. J.: Hydrogen Gas Detection System. Flash Sheet No. KSC-

10065, Kennedy Space Center, Fla., May 10, 1967,

RiERL, W. A.: Monitoring of Impurities in Fluids and Gases, Marshall Space
Flight Center, Huntsville, Ala. (N66-17710) Anon.: Symposium on Tech-
nology Status and Trends. Apr. 21-23, 1965. NASA SP-5030, 1966.
N66-17706.

StockHAM, Joun D.: Supplemental Operations Manual for the IITRI Con-
tinuous Gas Analyzer. Report no. IITRI-U6000-40, Suppl., IIT Res. Inst.,
Chicago, 1968.

ScHoLz, ROBERT G.: Development of Analytical Methods and Test Equipment
for Deteérmination of Hydrocarbon Contamination, Final Report. Rept. no.
IITRI U6000-40, IIT Res. Inst., Chicago, Nov. 29, 1965,

ScHoLz, ROBERT G.: Operation Manual for IITRI Continuous Gas Analyzer.
IIT Res. Inst., Chicago, Mar. 22, 1966.

Daxyaw, V. H.; Anp RoMMEL, M. A.: “Sniffer” Used as Portable Hydrogen
Leak Detector. NASA Tech Brief B66-10356, M-FS-846, M-FS-806,
Aung. 1966.

. GrOVE, E., 1.: Portable Spectrometer Moni;tors Inert Gas Shield in Welding

Process. NASA Tech Brief B67-10826, M-FS-12144, Sept. 1967.
GrovE, B, L. : Design, Development, and Fabrication of a Portable Spectrome-
ter-Type Monitor. Rept. no. IITRI-U6010-18, June 29, 1964—Jan. 31, 1966.
IIT Res. Inst., Chicago, 1966.
Powkers, EpMUND M.: Microbial Profile of Laminar Flow Clean Rooms.
NASA TM X-55320, 1965.

. Errineer, H. J.; Moorg, R.; POSNER,.S.; AND PratT, O. R.: Bvaluation of

Particle Sizing Techniques; Comparison of Computer Particle Sizing
Programs, Technical Progress Report. Rept. no. LF-30, July 1966. Love-
lace Foundation for Medical Edueation and Research, Albuquerque,
N. Mex., AT (29-2)-1013 ; N67-22326.

. ANON.: Better Room Climate—“White Rooms"—Better Performance. Staub,

vol. 26, no. 8, Aug. 1966, pp. 37—40. Israel Program for Sei. Trans,
Jerusalem.

FAvVERO, MARTIN 8.: Microbial Contamination in Conventional and Laminar
Flow Clean Rooms. NASA CR-81751, 1966.

. MICHAELSEN, G. 8.; RUSCHMEYER, 0. R.; AND VESLEY, D.: The Bacteriology

of Clean Rooms. NASA CR-890, 1967.

ANON. ;: Contamination Control Principles. NASA SP-5045, 1967,

PosTMA, A. K.; AND SCHWENDIMAN, L. C.: Current Research on Aerosols
at Pacific Northwest Laboratory. Presented at the 60th Annual Meeting
of the Air Pollution Control Assoc., Cleveland, Ohio, June 11-16, 1967.
Rept. no. BNWL-SA-1255, Battelle-Northwest, Pacific Northwest Labora-
tory, Richland, Wash., May 10, 1967.

Corring, R. H.; THOMAS, A, L.; AND MUMMA, V. R.: A Particle Size Ana-
lyzer for Aerosols. Ann. N.Y. Acad. ‘Sci., vol. 99, June 29, 1962, pp. 298-308.



66

70.

71,

72,

3.

4.

5.

76.

7.

78.

9.

80.

81.

82,

84.

85.

ATR-POLLUTION-MONITORING INSTRUMENTATION

CripER, W. L.; AnD StRONG, A. A.: Flame Ionization-Pulse Aerosol Par-
ticle Analyzer (FIPAPA). Rev. Sci. Instr., vol. 88, no. 12, Dee. 1967, pp.
1772-1775. ,

CrAWFORD, A.: AND RicH, H.: Engineering Guidelines for Clean Assembly
and Sterilization of Spaceflight Hardware. Rept. no. X—624-67-578, God-
dard Space Flight Center, Greenbelt, Md., Nov. 1967.

Lewis, Taeopore W.: Evaluation of an Automatic Aerosol Particle Counter
for Measuring the Airborne Contamination Level in a Controlled Environ-
ment. NASA TM X--53416, 1966.

NeLsgoN, M. B.: Clean Room Air Sampler Counts, Categorizes, and Records
Particle Data. NASA Tech Brief B67-10076, M-FS-2221, June 1967.

MAsHBURN, J. C.; ANp WHITFIELD, W. J.: Development of an Increased
Sampling Rate Monitoring System, NASA CR-79537, 1966.

ANON. : Development and Fabrication of a Flight Qualified Aerosol Particle
Analyzer. Final Rept., July 1-Sept. 30, 1965, Block Engineering, Inc.,
Cambridge, Mass., Feb. 7, 1967.

ANTHONY, H. V.; DREW, J. G.; LARUE, E. F.; aANnpD McDonaLp, J. P.;: Study
of Contamination Sensors. Vol. I: Executive Summary Report. NASA
CR-78437, 1966.

GAYLE, J. B.; AND ROMINE, J. O.: Evaluation of High Accuracy Products

- Corporation Model PC 202 Automatic Particle Counter. NASA TM X-
53145, 1964.

BEAKLEY, JOHN WILLIAM ; MASHBURN, J. C.; AND WHITFIELD, W. J.: Micro-
biological Studies Relating to Clean Environments. Part I: Evaluation of
the Efficiency of a Class 100 Laminar Flow Clean Room for Viable Con-
tamination Cleanup. NASA CR-83246, 1966.

ANON.: Equipment Specification: ‘Contamination Level Indicator for Sub-
sieve Particles—Style 58E003. Specification S8 50-264, Howe Sound, Inc.,
Sperry Products Co. Div., Brookfield, Iil., July 12, 1960.

ANDRUS, PAUL G.; DUFFEE, RICHARD A.; AND SHULZ, HARL J.: Investigation
of Methods to Measure Size Distribution of ¥Fog Droplets and Condensa-
tion Nuclei, Final Report. Rept. no. AFCRL-65-724, Apr. 1, 1962-Apr. 17,
1965, Battelle Memorial Inst., Columbus, Ohio. May 16, 1966. AF 19(628)~
344; AD 633 232. :

BiscAaYEk, PierReE E.; FEELY, HErRBerT W.; FRENCH, EUGENE R.; KATZMAN,
Davip; AND PANACCIONE, JoHN B.: Flight Data and Results of Radio-
chemical Analyses of Filter Samples Collected During 1965 Under Project
Stardust. Rept. no. HASI~176, Isotopes, Inc., Westwood, N.J., May 1,
1966. DA-49-146-XZ-079.

Juneg, CHERISTIAN E.: Studies of the Chemistry of Unpolluted Atmospheres,
Final Report. Stanford Res. Inst., Menlo Park, Calif., Nov. 10, 1966. Cwb-
11151, AD 646 465.

. AMIcK, JAMES, L.; AND Giir, GeErarp C.: A Stationary Cylindrical Wind

Speed and Direction Sensor for Use in Model Testing. No. 130, Dept. of
Meteorology and Oceanography, Univ. Mich., Sept. 1967.

Grir, GeEraLp C.: Wind Speed Sensors—Basic Principles and Dynamic Re-
sponse. Seminar No. 2 from a Seminar Series at White Sands Missile
Range, Oct. 24-28, 1966, Temperature and Wind Measuring Systems—
Basic Principles and Dynamic Response, Dept. of Meteorology, Univ.
Mich, .

ANON. : Product Specification Brochure for Model 1500 Moving Slide Impac-
tor. Meteorology Research, Inc., P.O. Box 637, Altadena, Calif.



87.

89.

91.

92.

93.

96.

7.

98,

99,

100.

101.

102.

103.

104.

REFERENCES o7

. LEDoux, F. N.: Clean-Room Facilities for Explorer XXXV Spacecraft.

NASA TN D-4577, 1968.

LeDoux, F. N.: Microbial Decontamination and Sampling Program for
Anchored Interplanetary Monitoring Platform (AIMP-E) Spacecraft.
Rept. no X-723-67-375, Goddard Space Flight Center, Greenbelt, Md.,
July 1967.

. LEDoux, F. N.: Decontamination of the AIMP-D Spacecraft. Rept. no.

X-123-87-171, Goddard Space Flight Center, Greenbelt, Md., Apr. 1967.

Piccioro, G. L.; Powers, E. M.; ANp RicH, E.: An Experiment to Detect
Microorganisms in the Upper Atmosphere Flown on Aerobee NASA 4.150.
Rept. no. X-624-66-359, Goddard Space Flight Center, Greenbelt, Md.,
Dec. 1966.

. Powers, E. M. : Microbiological Burden on the Surfaces of the AIMP Space-

craft, Part 1. Rept. no. X-624-66-342, Goddard Space Flight Center,
Greenbelt, Md., May 1966.

Woop, R. C.: Air Sampler Collects and Protects Minute Particles, NASA
Tech Brief B67-10661, HQ-10037, Dec. 1967.

PEDERSON, PAUuL D., JR.: Microbiological Exploration of the Stratosphere.
NASA CR-1101, 1967.

MARTELL, E. A.: Sixteenth Quarterly Status Report. Mar. 15-June 15, 1968,
Natl. Center for Atmospheric Res., Boulder, Colo., June 15, 1968.

. ‘COOPER, ROBERT C.; NICHOLSON, DAVID; AND OSWALD, WiLLIAM J.: Detection -

and Study of Microbial Population in Upper Atmosphere. Simulated
High Altitude Microbial Sampling With an FEleetrostatic Precipitator.
Univ. Calif. Sukalo, Lucille H., ed. Proc. Atmospheric Biology Conference,
Apr. 13-15, 1964. NASA CR—62786, 1965,

. SOFFEN, GERALD A.: Atmospheric Collection at 130,000 feet. Calif. Inst.

Technol. (N65-24000). Sukalo, Lucille H., ed. Proc. Atmospheric Biology
Conference, Apr. 13-15, 1964. NASA CR-62786, 1965.

Riep, L., Jr.: Wolftrap Mars Microbe Detection Device, Final Report, NASA
CR-85589, 1967.

ANON. : Fireflies for Space Research. Goddard Space Flight Center, Green-
belt, Md.

CuarpELLE, B, W, ; Piccioro, G. L., AND ALTLAND, R. H.: A Sensitivity Assay
for Flavin Mononucleotide Using the Bacterial Bioluminescence Reaction.
Biochem. Med., vol. 1, no. 3, Dec. 1967, pp. 252--260.

P1ocroLo, G. L. ; CHAPPELLE, B. W.; AND RicH, E.: Use of an Assay for Flavin
Nucleotides as a- Technique for Detecting Extraterrestrial Life. Bio-
science, vol. 18, no. 5, May 1968, pp. 427-428.

CHAPPELLE, E. W.; RicH, E.; anp MacLeop, N, H.: Prevention of Protein
Denaturation During Exposure to Sterilization Temperatures. Science,
vol. 155, no. 3767, Mar. 10, 1967, pp. 12871288,

ANON. : Bioluminescence. Rept. no. X-624-68-43, Goddard Space Flight Cen-
ter, Greenbelt, Md. 1968.

ANON.: Bioluminescence. Rept. no. X-624-66-152, Goddard Space Flight

. Center, Greenbelt, Md., 1966.

ANON.: The Design and Fabrication of an Instrument for the Detection of
Adenosinetriphosphate (ATP). NASA CR-411, 1966.

Lupwia, C. B.: Study of Air Pollutant Detection by Remote Sensors. Monthly
Prog. Rept. No. 1, Mar. 28-Apr. 28, 1968. General Dynamies Corp., San
Diego, Calif., Apr. 28, 1968,



68

1065.

106.

107.

108.

109.

110.

111.

AIR-POLLUTION-MONITORING INSTRUMENTATION

Lupwig, IC. B.: Study of Air Pollutant Detection by Remote Sensors. Monthly
Prog. Rept. No. 2, Apr. 28-May 28, 1968. General Dynamics Corp., San
Diego, Calif., May 31, 1968.

BeNnNgETT, DOoNALD L.: Uliraviolet Density Sensor Development. Summary
Rept. No. 125-24-03-02-24, NASA, Flight Research Center, Instrument
Development Branch, Bdwards, Calif., Dec. 26, 1967. )

SoperuOLM, L. G.: Ultraviolet-Absortion Technique Measures Auto Air
Pollution. Design News, vol. 23, no. 13, June 21, 1968, pp. 56-57.

HANsT, P. L.; AND MOBREAL, J. A.: Detection and Measurement of Air Pol-
lutants by Absorption of Infrared Laser Radiation. Paper No. 68-91, NASA,
Electronics Research Center, Cambridge, Mass.

Hipareo, J. U.: Monthly Technical Report No. 1. May 1-May 31, 1968, Radia-
tion Laboratory, Tulane Univ,, May 31, 1968.

SCHLATTER, MAURICE J.: An Evaluation of Fuel Cell Systems for Military
Vehicle Propulsion and Portable Electric Power Generation, Special
Report No. 2. Rept. AD 456 740, Feb. 1, 1960, California Research Corp.,
Richmond, DA-49-186-AMC-149 (D).

CoHN, ErNst M.: An Introduction to Fuel Cells. NASA TM X-57300, 1965.



Bibliography

ANON. : Can Today’s Equipment Do The Job? Mod. Castings, vol. 47, no. 3, Mar.
1965, pp. 57-62.

ANON.: Microwave Method Uses Double Resonance., Chem. Eng, News, vol.
45, no. 6, Feb. 6, 1967, pp. 70-71. .

ANON. : Revised Microwave Coeflicient Allows Quantitative Gas Analysis. Chem.
Eng. News, vol. 45, no. 27, July 3, 1967, pp. 32, 45.

. ANON.: Unit Monitors Atmospheric Particles. Missiles and Rockets, vol. 6, Jan.
25, 1960, p. 38.

ANON. ;: Design and Fabrication of a Trace Contaminant Removal System for
Apollo. Phase I Rept., Sept. 1, 1964-Mar. 15, 1965. NASA CR-65278, 1965.
ANON.: Design and Fabrication of a Trace Contaminant Removal System for

Apollo. Phase IT Rept., Mar.—Sept. 1965, NASA CR-65299, 1965.

ANWON. : Determination and Microbial Survival of Cryogenic Whole Air Sampling
Conditions. NASA CR-354, 1965.

ANON, : A Survey of Space Applications. NASA SP-142, 1967.

ANON.: Bibliography of Welding Methods, With Indexes. NASA SP-5024, 1966.

ANON.: Handbook for Contamination Control on the Apollo Program., NASA
Rept. no. NBH-5300.3, 1966.

ANON. : Spacecraft Sterilization Technology. NASA SP-108, 1967.

ANON.: Sterilization. Rept. no. X-450-66-53, Goddard Space Flight Center,
Greenbelt, Md., 1966.

ANON. : Clean Rooms : A Selected Bibliography. NASA T™M X—-60555, 1967.

ANON. : Symposium on Technology Status and Trends, Apr. 21-23, 1965. NASA
SP-5030, 1966.

ANON.: Proc. Atmospheric Research Aircraft Instrumentation Workshop and
Symposium, Nov. 17-18, 19668, Rept. no. NCAR-TN-29, Natl. Center for At-
mospheric Res., Boulder, Colo., July 1967.

ANON. : The Third National Conference on Air Pollution, Dec. 12-14, 1966. Rept.
no. N67-40595, Public Health Serv., Washington, D.C., 1967.

ANON.: Development of a Two-Gas Atmosphere Sensor System (Mass Spec-
trometer), Final Study Report, Phase I. NASA CR-66172, 1966.

ANON.: Proc. Fourth Symposium on Remote Sensing of Environment, Apr. 12—
14, 1966. Rept. no. 4864-11-X, Univ. Mich., June 1966,

ALEXANDER, ALLEN I.; AND Prarr, Vicror R.: The Present Status of Chemical
Research in Atmosphere Purification and (Control on Nuclear-Powered Sub-
marines. Rept. no. NRL-6491, Naval Research Laboratory, Washington, D.C,,
Jan. 11,1967,

ANDERSON, 8. D.; Boranp, T. J.; Axp Wirpe, Ngd : Ins{rument Development Branch
Annual Report, 1966. Rept. ho. ID0-17234, Phillips Petroleum Co., Idaho Falls,
Idaho, 1967. AT(10-1)--205.

AnTHONY, H. V.; DrEWw, J. G.; LARUE, B. F.; axpD McDonarp, J. P. Study of
Contamination Sensors. Vol. II: Final Technical Report. NASA CR-78438,
1966.

69



70 ATR-POLLUTION-MONITORING INSTRUMENTATION

Baper, HENRI; BrowN, PAvL L.; AND HaMILTON, WAYNE L.: Measurement of
Natuaral Particulate Fallout onto High Polar Ice Sheets. Part I: Laboratory
Techniques and First Results. Rept. no. CRREL-RR-139, School of Eng,
Miami Univ., Nov. 1965.

Bauger, C.; Ebpmonps, D. 8.; Herzoe, L. ¥.; KenparLr, B. R. F.; AND WYLLIE,
P. J.: Analysis of the Lunar Surface and Atmosphere by Mass Spectroscopy.
Rept. no. 1-3-84-81002-01(1F), Oct. 1963-Feb. 1964, Nuclide Corp., State
College, Penn., Jan, 11, 1964.

BEAUBIEN, DAvip J.; BisBERG, ARTHUR; AND PAPrPAS, ARTHUR: Design, Develop-
ment and Testing of an Acoustic Anemometer, Final Report. Rept. no. AFCRL-
66-650, June 1, 1963-May 31, 1966, Cambridge Systems, Inc., Newton, Mass.,
1966. AF 19(628)-2988 ; AD 641 574.

Bepwerr, THEoDORE, C., JR.; AND STRUeGHOLD, HUBERTUS, EDS.: Proe. 3d Inter-
national Symposium on Bioastronautics and the Exploration of Space, San
Antonio, Tex., Nov. 16-18, 1964, Rept. no. AD 627 686, N66-23048, Southwest
Res. Inst., San Antonio, Tex. Dec. 1965.

BHAGAT, AsHOK KUMAR; AND WiILKE, CHARLES R.: Filtration Studies With Ul-
trafine Particles. Rept. No. UCRL-16574, Univ. of Calif,, Lawrence Radiation
Laboratory, Berkeley, Calif., Sept. 1966.

BINDER, G. J.; anp Kung, RoBIN J.: Ultra Low-Speed Anemometry. Rept. No.
CER66-67TRJK49, Colorado State Univ., June 1967.

Bora, K. M. ; RosBINg, R. C.; AND RoBINsoN, E.: Carbon Monoxide in the Atmos-
phere. J. Air Pollution Control Assoc., vol. 18, no. 2, Feb. 1968, pp. 106-110.

BRIAN, MICHAEL; AND FOSTER, DoNaLD L.: Survey of Methods for Gas Analysis
in Respiratory Atmospheres, Final Report. Rept. no. TR65-102, Space/De-
fense Corp., Birmingham, Mich., Apr. 20, 1965. AD 634 039,

BrowninNg, W. E.,, Jr.; FRANZEN, F. L.; SiLvERMAN, M. D.; anNp Trurrr, J.:
Characterization of Radioactive Particulate Aerosols by the Fibrous Filter
Analyzer. Rept. no. ORNL-4047, Oak Ridge Natl. Laboratory, Tenn., Mar.
1967,

BRUBAKER, WILSON M. : Study Directed Toward Selection of Apparatus for Analy-
sis of Lunar Crust and Atmosphere, Summary Report, Bell & Howell Research
Center, Pasadena, Calif., Oct. 1963.

BurcuFIELDp, H. P.; McKeE, HErBerT C.; AND RHOADES, JoHN W.: A Study of
Trace Contaminants in Enclosed Systems. Rept. no. N62-10068, Southwest
Research Inst., San Antonio, Tex., Jan. 1962.

BurcHFIELD, H. P.; McKEE, HERBERT C.; RHOADES, JOHN W.; AND WHEELER,
RarpH J.: Gas Chromatographic Measurement of Trace Contaminants in a
Simulated Space Cabin. NASA TN D-1825, 1963.

BuroSTED, C. A.: Requirements for Fire Resistant High Efficiency Partlculate
Air Filters. Rept. no. ORNL-P-2387, Oak Ridge Natl. Laboratory, Tenn.,
1966. -

BuBpICE, 8. J.; anp Evaxs, R. C.: Efficacy of Alkali-Superoxide Beds for Bac-
teria Removal From Air. Rept. no. APL-TG-879, Johns Hopkins Univ., Appl.
Phys. Laboratory, Silver Spring, Md., Dec. 1966,

BureEss, WILLTAM A.; AND NETTLETON, WILLIAM: A Powered Air-Purifying
Respirator. Rept. no. UCRL-50263, Harvard School of Public Health, Boston,
Mass., May 23, 1967.

Bureess, WILLIAM A.; AND REist, PARKER C.: Study of Space Cabin Atmos-
pheres, Status Report. NASA CR-83915, 1967.

Bureess, WILLIAM A.; aAND REIsT, PArRkER C.: Study of Space Cabin Atmos-
pheres, Status Report. NASA CR-89075, 1967.



BIBLIOGRAPHY 1

CALDWELL, ROBERT G.; AND DoYLE, GEORGE J.: Feasibility of Removing Gaseous
Contaminants From Manned Space Cabin Atmospheres by Ionic Processes,
Final Technical Report. Rept. no. AMRI-TR-66-22, Mar. 1-Oct. 31, 1965,
Stanford Research Inst., South Pasadena, Calif., Feb. 1966, AF 33(615)-2405;
AD 635 522. :

Corrins, RosertT H., IIT; AND THOMAS, ALBERT L., Jr.: Development and Con-
struction of a Portable Particle Photometer and Size Distribution Analyzer.
Rept. no, 4520-1176-1, Southern Research Inst., Birmingham, Ala,, July 19,
1960.

CripER, W, IL.: Spectrothermal Emission Aerosol Particle Analyzer (SEAPA).
Rev. Sci. Instr., vol. 39, no. 1, Feb. 1968, pp. 212-215.

Davis, IrvING; GLENN, WILLIAM G.; JAEGER, HEINZ A.; PRATHER, WESLEY H.;
AND RUSSELL, WARREN J.: Instrumented XIdentification for Bacterial Differen-
tiation. A. The BAIT and TAMIS Concept. B. Immunoelectronic Principles
and Instrumentation. Rept. no. SAM-TR-66-61, School of Aerospace Med.,
Brooks AFB, Tex., Nov. 1966.

DEETER, R.; MarrrTT, K. OLsoN, R.; Woop, R.; AND ZELLER, H.: Studies of
Extraterrestrial Dust at 40 Kilometers (1966). Final Report. NASA CR-
84811, 1967. .

DEeEKALB, EDWARD L.; FASSELL, VELMER A.; AND KNISELEY, RicHARD N.: Purifica-
tion of Materials. Optical Emission Spectroscopy as an Analytical Tool. Rept.
no. I8-1237, Iowa State Univ., Aug. 23, 1965.

DESCHMERTZING, HANNIBAL 8.; Haron, HarorLp G.; AND NELSON, SoL S8.: Analy-
sis of Cryogenically Trapped Contaminants by Ionizing Gas Chromatography,
Final Report. Rept. no. AD 645 714, N67-22552, Oct. 15, 1965-Jan. 15, 1967,
Melpar, Inc., Falls Church, Va., 1967.

DESOHMERTZING, HANNIBAL 8.; ANp NELSON, SoiL 8.; AND EartonN, HAroOLD G.:
Cryogenically Trapped Trace Contaminants Analyzed by Ionizing Gas Chroma-
tography. Rept. no. SAM-TR-67-68, School of Aerospace Medicine, Brooks
ATB, Tex., Aug. 1967,

Dotrson, W. L.; Nickora, P. W.; axp WorF, M. A.: Real-Time Sampling of Zine
Sulfide Tracer in Diffusion Studies. Presented at USAEC Meteorol. Inform.
Meeting, Chalk River, Ontario. Rept. no. BNWL-SA-1407, Battelle-Northwest,
Pacific Northwest Laboratory, Richland, Wash., Sept. 5, 1967.

Duean, V. L.: Principles of Operation of the Vacuum Probe Microbiological
Sampler. NASA CR-88381, 1967.

Evans, GeorgE R.: Dust Control Techniques for Clean Rooms: An Annotated
Bibliography. Rept. no. SB 61-9, Lockheed Missiles & Space Co., Sunnyvale,
Calif., Feb, 1961,

FERGUSON, L. D.; O'HALLORAN, G. J.; PoLENz, F. W.; AND WALKER, L.: Mass
Spectrometer for Lunar Analysis Study. Bendix RLD Rept. no. 2542, Final
Summary Report, June 1-Aug. 31, 1963, The Bendix Corp., Southfield, Mich.,
Nov. 30, 1963. .

FriNg, L. R.; GREENE, V. W.; LUNDGREN, D. A.; MULLIN, D. D.; AND NasH, J. H.:
Experimental Design Study, Microscopic System for Mars Study Program.
NASA CR-60650, 1963.

FUNKHOUSER, J. T.; ARMSTRONG, S.; AND HARRINGTON, H. W.: New Developments
in Quantitative Analysis Using Microwave Spectrometry. Anal, Chem., vol. 40,
no. 11, 22A-30A, Sept. 1968.

GoETz, A.; AND KLEINOT, O. J.: Transformation of Gaseous Reactive Hydrocar-
bons into Aerocolloids by Ultraviolet Irradiation. J. Air Pollution Control
Assoe,, vol, 17, no. 9, Sept. 1967.



72 AIR-POLLUTION-MONTTORING INSTRUMENTATION

GorpoN, C. M.; HoOVER, J. I.; JonEs, BE. C.; AND LEIGHTON, R. BE.: Airborne In-
struments for Tracer Studies in Clouds. (N67-29574), William M. Leak, ed.
Report of NRL Progress. Rept. no. PB-174051, N67-29573, Naval Research
Laboratory, Washington, D.C., Feb. 1967,

GraziANO, EUGENE E.: White Rooms and Sub-Micron Aerosol Particle Control:
An Annotated Bibliography. Rept. no. SB 61-54, Lockheed Missiles & Space
Co., Sunnyvale, Calif., Oct. 1961. .

GREENE, V. W.; ET AL.: Microscopic System for Mars Study Program. NASA
CR-~51538, 1962.

GRrOSSMAN-COOPER, ANNA : Air Pollution Publications: A Selected Bibliography,
1955-1963. Rept. no. 979, 1955-1963, Public Health Serv., Washington, D.C.,
1964.

GrossMAN-COOPER, ANNA : Sulfur Oxides and Other Sulfur Compounds : A Bibliog-
raphy With Abstracts. Rept. no. 1098, Bibliog. no. 56, Public Health Serv.,
‘Washington, D.C., 1965.

HARRAR, J. E.: Analytical Chemistry Section. Progress Report. Rept. no. UCRL~
14767, Univ. of Calif., Lawrence Radiation Laboratory, Livermore, Calif.,
1966. .

LEVINE, RoBERT J.: A Hydrogen Air Detector Suitable for Use Aboard Space-
craft, Final Report. NASA CR-61536, 1967.

Livu, B. Y. H.; AND VERMA, A. C.: A Pulse-Charging, Pulse-Precipitating Electro-
static Aerosol Sampler. Anal. Clem,, vol. 40, no. 4, Apr. 1968, pp. 843-847.

LUKE, KEUNG P.; AND NamITCcH, SAM: Study of Ionization Potential of Small
Particles, Final Report. Rept. no. AFCRI-65-615, July 16, 1964-July 15, 1965,
Unified Science Associates, Inc., Pasadena, Calif., Oct. 1965.

MawpELSTAM, H. L.; AND OPTICAN, A. W.: First Generation Manned Spacecraft
HEnvironmental Control System. Rept. no. STL-9990-6397-RU-000, Space
Technol. Laboratories, Redondo Beach, Calif., Mar. 1963.

MARDRES, J. ' W.: Dry Heat Survival of Bacillus subtilis var. Niger in Association
With Soil Mineral Particles. Rept. no. X-624-66-187, Goddard Space Flight
Center, Greenbelt, Md., May 1966.

MARDRES, J. W.: Survival of Selected Microorganisms in High Ultraviolet Flux.
Rept. no. X-624-66-189, Dec. 1966. '

McDonALp, R. T.; ANpD ROMAN, J. : Development of Respiration-Rate Transducers
for Aircraft Environments. NASA TN D-4217, 1967.

McREE, P. C.; AND SANDERS, MERwWYN : High-Volume, Air-Monitor Calibration
Facility. Rept. no. Y-1503, Union Carbide Nuclear Co., Oak Ridge, Tenn.,
Feb. 9, 1966.

MrrcHELL, RUSSEL FOREST: An Experimental Study of an Electrostatic Pre-
cipitator Used for the Collection and Sizing of Airborne Particulate Matter.
Rept. no. GNE/PHYS/65-13, Aug. 1965, M.S. Thesis, AF Inst. Technol, Wright-
Patterson AFB, Dayton, Ohio.

MrrcEELL, R. 1. ; AND PILCHER, J. M. : Improved Caseade Impactor for Measuring
Aerosol Particle Sizes. Ind. Eng. Chem,, vol. 51, no. 9, Sept. 1959, pp. 1039-1042,

PEARCE, D. W.; AND GREEN, J. K,, Eps.: Pacific Northwest Laboratory Annual
Report for 1965 in the Physical Sciences. Vol. 3: BEarth Sciences. Rept. no.
BNWIL-235-3, Battelle-Northwest, Pacific Northwest Laboratory, ‘Richland,
‘Wash., May 1966, AT (45-1)-1830; N67-13741. '

P1erop, CHARLIE M.: Detection Techniques and Atmospheric Dispersal of Toxic
Gases and Aerosols: An Annotated Bibliography. Rept. no. 8B 63-39, Lockheed
Missiles and Space Co., Sunnyvale, Calif.,, Apr. 1963. AD 439 379; N64-20531.



BIBLIOGRAPHY 73

Poruma, D. C.; aNp BasLEY, W. C.: An Improved Contaminant Sensing Technique
for Laboratory and Spacecraft Application. Presented at the 4th Annual Conf.
on Atmospheric Contamination in Confined Spaces. Wright-Patterson AFB,
Dayton, Ohio, Sept. 10-12, 1968. .

Powess, E. M.: Microbial Contamination of a Surface by Handling. Rept. no.
X-624-65-491, Goddard Space Flight Center, Greenbelt, Md., Nov. 1965.

Powess, E. M. : Microbial Profile of Laminar Flow Clean Rooms. Rept. no. X-600—
65-308, Goddard Space Flight Center, Greenbelt, Md., Sept. 1965.

Powers, E. M. : Microbiological Burden on the Surfaces of the ATMP Spacecraft,
Part 2. Rept. no. X-624-66-368, Goddard Space Flight Center, Greenbelt, Md.,
June 1966. .

Powegrs, E. M. : Microbiological Burden on the Surfaces of the AIMP Spacecraft,
Part 3. Rept. no. X—624-66-369, Goddard Space Flight Center, Greenbelt, Md.,
July 1966.

Powess, B. M.: Microbiological Burden on the Surfaces of the AIMP Spacecraft,
Part 4, Rept. no. X—624-66-370, Goddard Space Flight Center, Greenbelt, Md.,
Aug. 1966,

Ramseaw, C.: Techniques for Drop Size Measurement by Direct Photography
and Electronic Particle Size Analysis. Rept. no. RPE-TR-65/9, Rocket Pro-
pulsion Establishment, Wescott, England, Dec. 1965. (AD 636 972).

ROSEN, JAMES M.: Dust Collection from the Stratosphere. Anon. Atmospheric
Physics Research, Annual Progress Report, period ending May 31, 1966. Rept.
no. AP-24, Univ. of Minn., June 1966.

SawpeErs, MERWYN.: Innovations in Air Monitoring Techniques for Large-Scale
Programs, Presented at the IAEA Symp. on Instr. and Tech. for the Assess-
ment of Airborne Radioactivity in Nuclear Operations, Vienna, July 8-7, 1967.
Rept. no. Y-KB-78, Union Carbide Corp., Oak Ridge, Tenn., 1967. W-T7405-
ENG-26.

SHERWOOD, R. D.: Project STRAP, Final Report. Rept. no. NY0-3615-1, Isotopes,
Inc., Westwood, N.J., 1967. (AT(30-1)-3615; N67-29323).

Swvinski, H. D.: Planetary Quarantine Program. Quarterly Progress Report,
period ending June 30, 1967, NASA CR-85573, 1967.

SrApE, Davip H.: Dispersion Estimates From Pollutant Releases of a Few
Seconds to 8 Hours in Duration. Tech., Note no. 2. Rept. no. ARI—1, Weather
Bureau, Washington, D.C., Aug. 1965,

Syrra, GERTRUDE T.: Fuel Cells, Their Practical Applications. Rept. no. SB 59—
38, Lockheed Missiles and Space Co., Sunnyvale, Calif., Dec. 1959.

Surkaro, Luomie H., Bp.: Proceedings of the Atmospheric Biology Conference.
Apr. 13-15, 1964. NASA CR-62785, 1965.

THOMAS, ANTHONY A.: Aerospace Toxicology Research. N66-83746, Aerospace
Med. Div,, Wright-Patterson AFB, Dayton, Ohio. Anon. (AGARD, Paris,
France). Collected Papers presented at the 22d Meeting of the AGARD Aero-
space Medical Panel. Fuerstenfeldbruck Air Base, West Germany, Sept. 2-6,
1965. Rept: no. AGARD-CP-2, Sept. 1965.

THOMPSON, B. J.; AND WARD, J. H. : Particle Sizing—The First Direct Use of Holo-
graphy. Sci. Res., vol. 1, no. 10, Oct. 1968, pp. 37-40.

THOMPSON, B. J.; WaRD, J. H.; AND ZINEY, W. R.: Applications of Hologram
Techniques for Particle Size Analysis. Appl. Optics, vol. 6, no. 3, Mar. 1967,
519-26.

TILrerY, M. I.: Design and Calibration of a Modified Conifuge. Rept. no. LF-34,
Lovelace Found. for Med. Educ. and Res., Albuquerque, N. Mex., Jaun. 1967.
AT(290-2)-1013.



T4 ATIR-POLLUTION-MONITORING INSTRUMENTATION

Tromeore, E. T.: Trace Material Generation Rate Simulator (Trace Gas Simu-
lator), Final Report. NASA CR-65383, 1966.

VipuGiris, V.: Performance Evaluation Test Results: Spacecraft-Cabin Moisture-
Removal System 630275-1. NASA CR~65286, 1965.

WELLS, G. H.: Leak Locator for Vacuum Jacketed Pipelines Eliminates Need for
Removal of Outer Jacket. NASA Tech. Brief B66-10412, 1966,

WrieHT, DoNalp E.: Bibliography on Clean Rooms. NASA CR-81783, 1966.

U.S. GOVERNMENT PRINTING OFFICE: 1969 ©-—335-653



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D. C. 20546

OFFICIAL BUSINESS FIRST CLASS MAIL
. ’ES PAII
10U 001 39 51 3DS 69134 00903 uTics

AIR FORCE WEAPONS LABORATORY/AFWL/
KIRTLAND AIR FORCE BASE, NEW MEXICO 87117

ATT £. LOU BOWMAN, ACTING CHIEF TECH. LI

2 (.Secti
,DoNo

“The aeronautical and space activities of the United States shall
be conducted so as to contribute . . . to the expansion of human
knowledge of phenomena in the atmosphere and space. The
Administration shall provide for the widest practicable and
appropriate dissemination of information concerning its activities
and the results thereof.” .

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA TECHNOLOGY UTILIZATION PUBLICATIONS

These describe science or technology derived from NASA’s activities that may be of
particular interest in commercial and other non-aerospace applications.
Publications include:

TECH BRIEFS: Single-page descriptions Technology Utilization publications are

of individual innovations, devices, part of NASA’s formal series of scientific
methods, or concepts.
and technical publications. Others

TECHNOLOGY SURVEYS: Selected
surveys of NASA contributions to
entire areas of technology.

include Technifal Reports, Technical
Notes, Technical Memorandums,
Contractor Reports, Technical Transla-
OTHER TU PUBLICATIONS: These
include handbooks, reports, notes,
conference proceedings, special studies,
and selected bibliographies. Details on their availability
may be obtained from:

tions, and Special Publications.

Details on the availability of these
publications may be obtained from:

National Aeronautics and
Space Administration
Code UT ‘Code US

Washington, D.C. 20546 Washington, D.C. 20546

National Aeronautics and
Space Administration

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546





