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FOREWORD

The compilation of the information contained in this publication was
performed pursuant to Contract 70-23 with the Air Pollution Concrol
Office, Environmental Protection Agency.

The information was compiled by Thermo-Systems Inc , and their sub-
contractor, North Star Research and Development, during the period
12 February 1970 to April 1971.

Volume I of this report is written for the engineer or planmer who
needs to know a few basic facts about a particulate mass measurement
technique and wishes to minimize the time required to obtain this
information. Volume I {s intended for use as & quick reference guide.

Volume II of this report is designed as a detailed in-depth report on
operating principles, techniques, historical data, and discussion of
the more viable techniques for particulate mass moniroring. Volume II
is designed for the plant engineer, abatement and control officlials,
and others who may not be familiar with the detailed technology of
thege areas. Included are sections on power plant emissions properties
and extraction sampling probes.

Volume II1 of this report is a comprehensive survey of particle sizing
techuiques which may be used by the plant engineer, abatement and control
officials, and others as a quick reference guide or as a source of more
detailed information, including references to original work.

Volume IV of this report describes an experimental evaluation of the beta
radiarion artenuation and piezoelectric microbalance techniques for mass
concentration measurements on a coal-fired power generating plant. Problem
areas requiring further development are identified for personnel concerned
with improving the techniques.

This report is reviewed and approved.

F. C. Jaye
Project Officier
Envirommental Protection Agency

TUERRMA SVYETEVQ N
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ABSTRACT AND CONCLUSIONS

This report discusses all known sensing techniques available for applicationm
to automatic, continuous measurement of the rate of particulate mass emissions
from large fossil-fuel combustion facilities. The report emphasizes .the measure-
ment of particle mass rather than other particle parameters, and emissions down-
stream rather than upstream of any control equipment. Although the report
emphasizes sensors for permanently-installed effluent monitoring systems, much
»f the information is also applicable to portable and ressarch instruments.

Volume I (this volume) contains brief survevs of all known particle sensing
techniques. A brief discussion of the principle of operation is followed oy a
list of inherent and practical strengths ard- weaknesses of each technique. A
list of commercial manufacturers of related ecuipment and a list of references
helps the reader who needs more information on a specific technique. Recommenaa-
tions for further deveiupmeant outline areas of needed improvement for techniques
which offer some promise for stack monitoring The introduction includes general
comments wnich apply to all sensing technigques, and ranks all techniques i1n order
of present apparent potential. A separate chapter summarizes typical conditions
found in large fossil-fuel effluent gases and sets the necessary specifications

for a particulate monitoring instrument which operates in an effluent gas atmosphere.

Volume II contains detailed discussions of particle sensing techniques as
appliea to em1ss:ions monitoring Each discussion analyzes possible problems, and
their solutions, 1n using the technique for emissions monitoring, and :includes an
analysis of what particulate parameter the technique senses, how closely the
measur®ient correlates with particulate mass, irherent measurement errors,
practical design problems and_possible solutio—s, ire potential sensitivity ancg
response of each technique, the_complexity. of :he potential insctrument, the
present state of development of the technique, and recommendations for further
developmenr.. Each discussion includes a complete bibliography. A separate cnapter
describes typical conditions found in large fossil-fuel effluent gases in greater
detail than found in Volume I. Another separate chapter summarizes many of the
oroblems encountered in the design of sampling probes required by most of the
particle sensing techniques.

Accurate measurement of the particulate mass elissiors rate requires an
instrument which directly senses the true mass of the particles. Sensors that
are not sensitive to particulate mass, even thcugh they may be calibrated against
a mass sensor, do not and cannot yield satisfactorv correlation with particle
mass emissions during periods of changing and/or abnormal plant operating con-
ditions. Effluent characteristics, sucn as particle size and density, change
often in stacks. This may be a result of changes in combustion efficiency, fuel
composition, collector performance, or other system variables.

THERUA €L C~sir » ~
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All existing :a2ss sensors require at least partial extraction of a represent-
ative effluent samplie from the stack. No present commercial mass sensors meet
the requirecents for accurate, long-term, continuous monitoring. Two techaiques
could probably se develcped into next-generation commercial stack monitors within
1 - 1 years beta radiation attenuation and piezoelectric microbalance. Beta
radiatior attenuz:icr has peen partially developed for stacks with several first~
generatic~ IcIrerclal instruments available. These instruments appear to need
design improvements First-generation piezoelectric microbalance instruments
exist for azpiert a:r monitoring, but no stack monitoring development has been
done.

Optical, or lignt, transmission 1s presently the most commonly used partic-
ulate monitcri-g technique. It measures the optical density of stack effluents
very accurate‘.y 1f the instrumert 1s carefully designed. Unfortunately, few of
the presentl: availaple transmissometers are well-designed for accurate long-
tern op:i: 1 censity measurements Although light transmission offers several
significan: inscrument design advantages, the measurement does not correlate -well
with particulate mass measurement, especially during changing effluent conditions.

Volume III contains discussions of automatic or semi-automatic particle size
measuring techniques as applied to emissions monitoring. The dicussions emphasize
the particuiate parameter (mass, number, surface area, etc.) which each techmique
senses &8s well as tne method of classifying particles into size ranges (aero-
dynamicallv, eiaztrostatically, optically, ete.). Included are major features
of each technique, including practical problems which may be encountered when
applying the technique to effluent streams. Also included is a brief, but
comprehensive, survey of the many methods of expressing particle size, and an
evaluaticr oI vhich are most useful for effluent particles.

Volume IV 1s :-e fina. report containing preliminary results of an experi-
mental eialuation o7 the beta radiation attenuation technique and the piezo-
electric micranalance technique. Most of the experimental work was performed
on an eifluent cuct of a large coal-fired power generating plant. The experi~
mental sampling svstem and the method of evaluation are described.

THERMN SVSTFMS INC



INTRODUCTION

Measurament of the total mass flow of particulate emissiomns from large
compustion facilities 1s a mejor problem facing plant owners, pollution control
offxcrals, and emission concrol equipment manufacturers. Plant owners need such
Seasurezerts to more carefully concrol tne combustion and air pollution control
efficiency of the facility. Pollution control officials need permanent records
of s K —ass emissions to azid in air poliution abatement. Emission control
e:c Zanufacturers need more effficient wavs to evaluate the performance of
their equipment. Instrumentation that automarically and continuously records
pa c<ulate =ass eoissions 1s rapidly gaining importance as a desirable tool
ts z:izrmplis- these goals,

Iz tre past, particulate emisslons measurements have been made by sampling
a smown volgme of effluent gas througn a filrer, and weigning the filter before
anc after sampling to find the particle mass concentration. By traversing the
effi.ect gas strear cross-section to measure gas velocity as well as to obtain
tne Zilter samples, an estimate of the toral mass of particles emitted per hour
coule ce made. Such measurements require considerable equipment, laboxr, and
taza. COme saries of measurements typically takes mbour four hours with perhaps
tnree aczitional man-days of labor for planning, equipment transport, setup,
saz==ling, anc data reduction. This wethod canaot be used economically om a
regalar ossis for neasuring combustion efficiency, for monitorang pollutant
exigsiseg, or for extemsively evaluating pollution contrel eguipment.

Thus, tae emphasis of this report is on automatic and continucus monitors
particulate mass ezissions. Automatic means that the instrument is capable -
ecrea cpepation for extended perrods of time, at least 24 hours, but
eleracly —ore than a week. (ontinuous means that measurements are eicner
Cace .gstadtapecusly in Teal time, or measurements are made with a frequency
great eco.g? for most practical monitoring purposes. A Deasurement every few
zanutes 15 probably sufficient for monitoring pollutant emissions while nearly
instantapedus oeasurexents may be needed for some evaluatioms of polluticno con-
trel equip=ent. Oftem, & gain in the speed with which a measuremeat tan be
Sace results 13 & sacrifice in accuracy.-

]

"

TN
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B

Tae prinary goal of this discussion 13 to define the relative merics of
particle-sensing instruments with regard to the measurement of particulate mass
or mass concentration, Notice that the emphasis 1s on the direct measurement
cf nass, oot some other particle parameter. Any instrument wnich measures some
otner forc of particle concentration, whether it is number, zrea, or scwe other
parameter, can be calibrated to read mass concentration under specaific conditions.
However, 1f those specific conditions change, the mass calibration 1s no longer
valid and inaccurate measurements result. Parameters such as the size distribution
ang specific gravity of emissions particles cam, and do, change drastically with
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minor chamnges in combustion efficiemcy or coal composition within a specific
facility. Therefore, instruments which do not directly semse particle mass, or

a parameter closely relatea tc mass, must be severely discounted for reliable

mass emi1ssions measuremenz, In the following dascussions of measurement techniques,
special emphasis 15 given 2 the parameter of the particles which each technique
weasures.

Particle sengsing tecaniques nave many monitoring applications raoging from
clean rooms to pneumatlc zanveving systems. Only a few of the techniques are
applicable to the sensing ci parrticles in effluent gas streams from combustion
sources. Fewer yet are applicablie to the sensing of particulate mass in such
streams, The measurement ¢f primary i1nterest from a pollution standpoint is the
particulate wass flow rate, 1.e,, the total mass of particles leaving the stack
per hour. ¢lost particluiate mass sensors, on the other hand, measure particle
concentration in cerms <X tne mass o- particles per unit of gas volume. This
discussion assumes that tne 2easurement of particulate mass concentratior is
sufficient to define particulate mass flow rate. The volumetric gas flow rate
must be measurea separately or estirated from the operating conditions of the
process, - -

A complete particulate mass concentration monitoring system gemerally consists
of three components: 2 szscling system, a sensing system, and a data processing
and recording system. Ihe subject of tnis report is the sensing system. Data
processing and recoraing 1s onls discussed in cases where i1t cecomes significaatly

simpler or more complicatec tnanm usual, .

The sampling svster, znclucing the nozzle, probe, and sample conditioner,
usually contributes as =uch [J zre measurement error as the sensing svstem. The
design of an cprimum sacpling svsten 1s a difficult problem, Indeed, at the
present time, sampling svstems z=Te a highiv controversial subject. The brief
repotrt on sampling probe cesign included in Volume IIof this report does not
pretend to be complete, bu:t aves introauce umany of the problems encoumtered in
designing such a svstex.

Several particulace eciss:cas monitoring systems consist of only twe major
components: s seuslng svsten ana 3 data processing and recording system. They do
not require a sampling sys:zex with 1tS accoopanylng measurement errors. As will
be seen later, howaver, all o: t-e techniques which do not need a sampling system
have other problems which may result i1n even greater errors 1n the measurement of
particulate mass.

There 18 a4 gquestion about the relative merits of integrated versus point
measurements of particie concentration. The most commonly used particle monitors,
light transmissometers, are 1ntegrating instruments. They measure the average
particle concentration along the 2wasuring path. Most other potectial and exist—
ing particle wmonitoring instruzent measure the particle concentration at a point



within the duct. If the gas velocity and particle concentration profiles are
relatively homogeneous across the duct, either integrated or point sampling
can yield good results vith little trouble, However, such conditions seldom
exist., Not only 1s the gas velocity profile usually askewed, but the particle
concentration profile may be skewed in a different way. Thus, in general, {t
is not clear which sampling method will result in the most representative
measurement., Each specific situation must be analyzed fn detall. Oune con-
clusion is certainm, however: the placement of any instrument within an effluent
duct must be done carefully so that a representative measurement is made.

The operating enviromment strongly affects the application of any instrument
for measuring particulare emissions. A separate chapter defines typical effluemt
gas stream conditions for large, modern, fossil-fuel combustion Facilities. The
data was obtained through an extensive survey of the open literature and private
reports. There is a racher severe lack of detailed informaticn about emZssions
from combuation scurces, primarily csused by the difficulty in making the meagure-
ments. The information about effluent gas conditions was used to defime a set of
desirable instrument specifications for monitoring particulate effluents. A
more detailed descriptiom of effluent gas streams is included in Volume II of this
report.

Since the effluent from oll combustion facilities 1s relatively free of
particles and since only about 102 of the electric power in the U. S. 1s generated
by such plants, the remainder of the discussion is directed primarily toward coal
combustion facilities.

Particulate emissions from cocsl combustion facilities are usually ceassured
in the breeching, a section of rectangular duct between the cellector equipment
and the vertical stack. Because the breeching is usually quite short and is
seldom straight,ideal sempling conditions seldom occur. The choice of the
sampling location is very important, and should be considered carefully whemever
emissions measurements are made. In most cases, the accuracy of the measurement
depends as much on the representativeness of the ssuple as on the accursacy of the
aenadr.

“

Particulare emissions are usually not measured in the vertical stacks for
several reasons. In cases where several sectiomns of breeching feed ome vertical
stack, measurements in the breeching allow the operator to monitor the performance
of each precipitator separately. Well-developed flow conditions exist only near
the top of the stack, i1f at all, where instrument installation is very difficult if
not impogsible. Moat present-day instruments require regular maintenance, making
installations high on a stack very inconvenient. Imnstallation near the bottom of
the stack usually has no signficant advantage over imstallation in the breeching.
In the few instances where installation near the top of the vertical atack is
convenient, such installation is definitely preferred. However, in the foreseecable
future, most instruments will be installed ia the breeching st a location which is
a compromise between the hest locaction from a flow comsideration and the most coo~-
venient location from a comsideration of imgtallation and maintenance difficulties.

THERMO- SYSTEMS INC
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SUMMARY OF STACK EMISSIONS PROPERTIES

Table 1 suzmarizes the effluent characteristics from large coal- and
oil-fired combustion facilities. The information presented is based upon
information obtained from a search of the literature, from visits to power
plants, and from discussions with the operating persomnel and engineers in
pover plantas. Obviously much more information than is presented in Table 1
is needed to define completely the enviromment in which a continuous mass
monitoring instrument must operate. However, to obtain more and better in-
formation requires better instrumentation than now commercially available.

A list of specifications for am acceptable instrument to monitor con—
tinvously the mass emigsjons of particles from the stacks of large coal- and
oil-fired power plants is presented following Table 1. The specifications
are based upon the Inforwmation presented im this section, especially that
presented in Table 1, plus & knowledge of imstruments and techniques that
exbibit a potentiel for measuring mass emissfons of particles in stack gases,

INSTRUMEKT SPECIFICATIONS

The specifications for an acceptable instriment (permanently installed) to
mounitor the mass emissions of particlea downstream from a concrol device on a
large stationary coal- apnd oil-combustion facility are as follows:

Performance Characterxistiecs

« Mensuremeat must correlate with total emissions of particles
into the atmosphere.

« Capabllity of sensing particle mass conceatration in the range
of 0,01 - 4.0 grams per cubic meter.

s Must cope with particulate mass concentration profiles which vary
by typically + 50 percent spatially, by a factor of 10 with time,
and by a factor of 4 during sootblowing.

s Preferably senses the mass of particles from 0.01 to 300 microns.
However, it would be acceptable if it senses mass from 0,1 to 50
microns for coal-firing emissions or from 0.1 to 10 microms for
oll-firing emissions, which would include over 90 percent of the
mass of parcicles.

THERMO-SYSTEMS INC
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Reproducibility between two identical instruments of + 20X.
Should record such itews as zero and span every 1 to 6 hours
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Preferably have an instantaneous readout of the total mass of
particles emitted into the atmosphere per unit time, or at

least one average readout every 15 minutes.

ranging from 250 to 400°F and

+ 5°F for short range periods

+ 20°F for long range periods (more than

er data inp .

P

Operate in corrosive flue gas containing sulfur trioxide, both

combined and uncombined.

Outputs compatible with standard strip chart or digital recorders

and with

Operate in a varilety of stacks, each having widely different

velocity profiles.
Not adversely affected by turbulent flow with characteristic

eddy dimensions of 6 inches to 6 feet.
Must not restrict the flue gas flow in any significant way.

Operate with flue gas velocities of 30 to 120 feet per second.

Operate with flue gas temperatur

with temperature fluctuations of

(less than 1 day) and of

1 day).

Environmental Regquirements

Must withstand such envirommental conditions as vibration with
amplitudes as high as 1/2 inch and frequencies on the order of

reference), and with

3
4

(a

0.1 - 1.0 Hz, all types of meteorological conditions, and direct

sunlight.

Must operate with flue gas static pressures from 15" negative to

5" positive water pr
fluctuations of + 3" water pressure.

THERMO-SYSTEMS INC

TABLF 1 SUMMARY OF EFFLUINT CHARACTLRISTICS FOR COAL AND 0Il

CUMBUSTLION

COAL COMBUSTION EMLSS1ONS

OIL COMBUSTIUN EMISSIONS

Particulate Mass Concentration

{ConLrolled and untontrolled as noted) (Uncontrollud)
(units of grums/cublc snnnl- Before After
Collector  Collector
_Pulverized fired .0 - 15.0 0,03 - 4, 1ypical: 0,06 = 0.2
_Stoker fired .2 = 10,0 0.06 ~ 3.1 Range 0.02 - 1.0
Cyclone fired Wb ~ 4,0 03 -1,

Hass Concentration Varistions
Spatlally across duct

with time

During scorblowin;
Particle Size

Extreme particle size range
Particle specific densit
Flue gas velocity

Flow condition
Periodicity of flow fluctustions
Flue gas temperature

Dew point of flue gases

Moisture content of flue gas
Existing sampling port aisze
Distence across duct from port

Static prespurc at sampling porte

41 grain/cubic foor = 2,29 -n-auun::n cater

Typical: + 504
No information avallable
No information avallabls

Typical. & S0X
As much as 10-fold increase over typical
About &-fold incresse ovar typical

(units of microns

diancter) Aftar Collector

Defore Collector

Rg. of 5% of 95% of Mech, 95% Elect. 95 . .
MHD** Hase less Muss Lees of Mass of Muss “E.nnaw. 0.01 - 1.0 microns
sually uncontrolled
han Than Leos Than Less Than
Pulverized fired 7-20 s 70 50 2%
_Stoker fired 5-70_ - 100 40 25
Cyclone fired 3-10 B 50 40 28

0.01 - 300 microns dismeter
0.5 - 10.0 gn/cmd (variable within esch atack)

0.01 ~ 40 nfcrons diameter
0.3 ~ 5,0 range (variable within each stack)

Range: 30 - 120 fps Average. 50 - 60 fps
Avarage velocity fluctuatea less thanm # 3 fps in most stacks

Turbulent and nonuniform . H
30 - 120 cycles per minute
Range F Typical 290-33

[
varies less thhn + 5°F

Actds 220 - 270%

160°F

Water.

in most -n-_nrJv

5 - 102 by volume

Range. 30 = 120 fps Average 50 - 60 fps

Aversge valocity Eluctuates less than
+ 3 fps in most sracks

Turbulent and non-uniform

30 - 120 cyles per ainute

Typical. S1ightly higher than coal-fired

No quantitive information available

No foformatfon svailable

3 - 8 inch L.I hole typicel

Ranga. 5 - 30 ft. Typical: 7 - 15 ft.
Range: 5" positive to 13" negetive water prowsure
Typical: 0" to 10" nopative wator prassute

3 - 8 inch 1.D. hele typical
Ranget 3 - 30 ft, Typical 7 - 15 f&.
No information availsble

A*MMD = masa sedinn dismotar of the particle size disuribution

-ZT~
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Maintenance and Operational Considerations

Rugged_enough tn last several years without major repair.

Little or no maintenance except for regular weekly maintenance
and foi. major wa.ntenance oanly during regular power plant
maintenance shutdowns (usually every & contns).

Little or no calibration or adjustment while in operation.

Easily accessible during and after installation for weekly
maintenace and for calibratiom or adjustments.

Easy fcr plant ¢parators is undersicuu, operate, and to make
minor repairs.

Operate on 1ll0v or 220V, 60 Hz electrical power and requires
lirtle power, preferably no more than 1500 watts.

May use up to 10 scfm of 90 psig compressed air in mamy facilities.

Economic Factors

Installs easily within a week by 2 men in present and future
stacks with little stack modifications other tnan holes, flanges,
and utilicies.

Preferably cost $10,000 or less but definitely not more than
$20,000. —~ -

Power industry personnel must be willaag to buy it.

LI EY LT
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SUMMARY OF PARTICLE SENSING TECHNIQUES

This section briefly describes a number of particle sensing techniques.
Some are more applicable to the monitoring of particulate mass emissioms than

otners

Several techaiques have been developed intc commercial stack monitors

wvhile others have never before been used for particle measurements. The reader
who 1s interested in more detail about a specific measurement technique is
referred to the listed references (see complete bibliography in the bach of
Volume I of this report) and/or the more detailed discussion in Volume II of
thas report {see table of contents).

Particle measurement techniques which offer some pruamise for particulate

nass emassions monitering from fossil-fuel combustion sources are listed below
i~ trree categories related to the present state-of-the-art:

A. Very promising, commercial instruments exist for stacks, more

testing needed: - -
1. Beta Radiation Attenuation

Verv prosising, commercial instruments exist for ambient air,
ceveloome-: for stachs needed:

1 Piezcelectric Microbalance

Prom:ising, considerably more research and/er development
needec | _ -t

1 Rescrant Frecuancy
2 Caocecitance - Dielectric Change Technique
3 Gravizetric Weighing

% Rotating Masses

5 Capacitance~Impact Sensing

Other particle measurement techniques which cannoc accurately measure
particle mass emissions are listed in three categories below, not necessarily

in any

A

order

lseful for measuring other parcicle properties 1n stacks as sold
commercially or with minor adjustment:

1. Electrostatic Contact Charge Transfer Konitest



2, Laight Transmission
3. Soiling Potential
4. Optical Counters and Photometers

5. Condensation Nuclei Counters

o

» Collection of Particles in Liquic Suspensions

B. Potentially useful for measuring otner particle properties in
stacks after considerable research ana development :

1. Lidar

2. Holography

3

Angular Light Scattering
4. Gas Adsorption
5. Electrostatic lon Capture and Ion Current Attenuation
6. Electrostatic Contact Charge Transfer: Probe-In-Nozzle
7. Filter Pressure Drop
8. Alpha and Gamma Radiation Attenuation
9. Volume Measurement
10. Impact Momentum Sencing
C. Little potential for particulate concentration monitoring in stacks:
1. 2coustical Attenuation and Disperszon
2, Acoustical Particle Counter
3. Flame Photometry
4. Flame Iomnization
5. Hot-Wire Anemometry
6. Radicactive Tagging and Sensing
7. Pressure Drop in Noz‘zles

8. Electrostatic Contact Charge Transfer: Bounce
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BETA RADIATION ATTENUATION

ERINCIPLE OF OPEBATION

When beta particles (electrons) pass through a medium, some are absorbed
and some reflected, resulting in a net reduction in the beam intensity. The
reduction in beam intensity, known as beta radiation attenuation, depends
statistically on the electron density of the medium. Thus, correlation of
attenvation with mass depends on a constant relationship between the mumber of
#lactrons per molecule (atomic number) and the mass of the molecular nucleus
{atomic weight). The ratio is between 0.45 and 0.50 for essentially all
elements found in coal and oil combustion effluents except hydrogen which does
not contribute enough to particle mass to cause any significant error. Therefore,
beta radiatics -atreruaiion is a morc direct measure of particle mass than any?
other knmown technique except gravimetric weighing, vibratiomal weighing, and
centrifugal sensing:

Instruments using this technique consist of a-beta radiation source (a -. -
radioisotope) and detector. In most instruments, particles from a known volume
of effluent gas are collected on a filter tape and then placed between the
radiation source and detector. The difference in the count rate of the detectof ”
before and after the particles are collected is a measure of the mass of-.the
particles, Common detectors are Geiger-Muller counters, proportional counters,
scintillation counters, or semiconductor counters., Common particle collectors
are filters, impactors, cyclones, electrostatic precipitators, or combinations
thereof.

Beta radistion attenuation is not capable of sensing airborme effluent -
yartir.lea-\d.thour. LaTSC coLIec:tng tue~particles and conchntrlr.ing them because
gas molecules 4150 atteéguate beta radiaticn.. "Since tne mass of gas wolecules in
‘effluent streams is ‘several orders—of-magnitude gteater than the cortespomling
mass of particles, r rad.htion attenuation caused by ded particles camnot be
accurately separates from attenuation caused by—gas-molecules. - - Eaiintiants
s ——— - ——

COMMERCTAL EQUIFPMENT

Five ccxpanies manufactur. beta radiation attenuation instruments:

Gelnan Instrument Company
P.0. Box 1448

600 South Wagner Road
Aon Arbor, Michigan 48106

Research Appliance Company
Roure B & Craighead Road
Allison Perk, Pennsylvania 15101
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Verewa, Hans Lgowsx:i & Co,
433 Mulheim an ger Ruhr
Postfach 1845

Eppinghofer Strasse 92/9-+
West Cermany

Frieseke & Hoepfmer GMBd

D 8520 Erlangen-Bruck
Postfach Nz, 72

West Germany

Saphymo-Srat

51, Rue de 1 Amiral Moucnez
75 Paris 13°

France

All five use an indexing filter tape as the particle collector. A sixth
company:

Environmental Research Corporation
3725 North Dunlap S:ireet
St. Paul, Minnesota 55il2

1s reportedly developing a commercial beta radiation attenuation instrument
using a combination cyclome-filrer particle collector.

REFERENCES (See BETA RADIATION ATTENUATION ano Volume II).

A. Princaple of Cperaticm. 1179, 1144, 1000, 1149, 1056, 579,

961, 991, 248, 1011, %.0- 35

B. Applications: 227, 1.76
961, 1045, 1107, 821, 7

, 335, 1085, 1138, 1000, 576, 225, 579,
05
C. Data: 1189, 1117, 122-, 1179, 535, 1085, S61, 543, 1049, 573,
248, 1107, 335, 321 705

D. Specific Instrument Descriprions: 227, 1117, 1179, 555, 1085,
1061, 225, 1048, 248, 1107, 335, 821, 705

DISCUSSION

A. Advantages
L. Directly senses a parameter closely related to particle mass.
2, Commercially available with some stack experience,

3. Needs little calibratiom.



4. Avpears to have capabilicy for fair reliability during
long-term use.

5. Can probably operate at high temperatures.

6. Can be used with several particle collectors giving tne designer
greater flexibility in developing reliable ingtruments.

7. Problems appear to be basically engineering proolers which
can be solved.
Disadvantages

1. Requires sampling probe and is subject to probe loss errors,
2. Requires conditioning of tne sadpling strear,

3. Requires particle deposition.

4. Requires an automatic advancing mechanisz for the sample deposit.

5. Readout nor nstantanecus Or ZONC1NUOUS®
1 data point ever: ! ~ 15 min.ces

6. Filter tape in present models neeas replacement every
1 - 4 weeks,

7. Moderately expensave: = $8,000 - $12,000.

8. Little relisble data has been rep.rtea altncugh most revorts
are positive.

Recommentations for Further Developzent

We recommend further tescing, evaluation, and accompanyipg develop-
ment of chis technique. Well cesigned eaperimental testing programs,
wuch ag described by Schnitzisr, et al (Ref. 1189), will unaoubtedly
lead to improvements, particularly zor c.iomatic, unattended operacion.
The optimum particle ccilection systec remaine to be found, The
relative merits of various particle sampling systems needs evaluation,
e.g., sample hearing versus sample dilution and mounting the sensor
1nside the stack rather than cutside. Some question remains regarding
the effects whach different marerials. nonuniform particle deposits,
and particle size have on beta raciation attentuation. The prasent data
readout system may not be the best way of aoing the job. A type of
aerosol concentrater which allows aerectioe af the particles in thedir
airborne stat€ would elimipate many of tne operation problems of this
ctechnique, but no such concencraror is known to the authors.
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D. Conclusions

Beta raaiation attenuation is presentl; the best technique
-for monitoring the mass of particulate emissions from stacks,
primarily because it senses a particle parameter ciosely related
¢to zass and 1cs feasibility for stack monitoraing is proven, Oaly
the piezcelectraic aicrobalance and the capacitance impact techniques
offer as muzcn premise for such measurements at this time., These three
techniques offer the most promise for the leonger-range future. C(Con-
sidersble cesting zust be done to fully evaluate :re error of the
beta raaliation atteauition technique, but basic feasibility has been
proven. At leas: five commercial models are now available, none of
which appears to be doviousiy superior.
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PIEZOELECTRIC MICROBALANCE

PRINCIPLE OF OPERATION

Piezoelectricaity is 8 property of certain crystals wnich results in an
electrical cnarge on certain surfaces of the crystal wnen the crvstal becomes
mecharically ssressed. Conversely, a piezoeleztric material becomes mechaniecallw
strained 1f an electrical charge is placed on certair of its crystal faces. A
piezoelecrric crystal, when placed in an appropriate electronic oscillating cir-
cuit, will cause the circuit to oscillate at the natural vibrational frequency of
_tne crystal,

When foreIgn marerial adheres o the surface of a vibraring piezoelectric
irvstal, tne natural frequency of vibration of the crys:al decreases. The
magnitude of the frequency change is directly proportional to the mass of the
deposited foreign material. Some piezoelectric materials, sucn as avartz, vibrate
at very precise natural frequencles, so that frequency changes of ocne part
1n ten million are significant and easily detectable. This vrinciple has been
usec recently tc ceasure the mass of aerosol particles genosited ozto the seusing
suriace by an electrostatic precipitator or an impactor.

A pilezoelectric microbalance instrument for use in stacks would consist of
tne sampling probe and sample conditioning system, tns particle collector, the
piezoeiectric microbalance, a crystal cleaning system, anc suitzable data readout
eguipment. Sampie conditioning would probably consist of sample line hearing
and/or dilution with clean, dry efr to pre.eat comdemsation. An impactor cr
electrostatic precipitator woula probabls be the particle zellector, the cnoice
depending on whether or not small subtlcron particles must pe collected., The
pieziomlectric microbalance includes the crystal and 1rs oscillating circuit.

.The data readout system would permit xerording of particle mass sencentration
in sonme convenient form.

COMMERCIAL EQUIPMENT

Two cowpanies manufacture piezoelectric microbalance systems for use iIn
aonitoring ambient air and auto exhaust aerosols. One instrument uses an
elecrrostatic precipicator to collect pariicles and neatrs the sampling head
to prevent condensation of auto exhaust vapors:

Thermo-Systems Inc.
2500 N. Cleveland Ave.
St. Paul, Mionesota 55113

The second instrumert uses an impactor whach collects particles above a certain
critical size:

Atlantic Repearch Corporation
3333 Harbor Boulevaxd
Costa Mesa, California 92626
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Several companies manufacture plezoelectric microbalance instruments for a
wide range of applications, such as dew point indication and monitoring of
the thickness of evaporated or sputtered thin films,

REFERENCES

A.

C.

D.

DISCUSSION

(See PLEZOELECTRIC MICROBALANCE and RESONANT FREQUENCY in Volume IL)

Prainciple of Operatiom: 244, 1221, 252

Applications: 244, 1223, 252, 1187

Data: 244, 1222, 1223, 252

Specific Instrument Descriprloms: 344, 1222, 1223, 252, 1187

A. Advantages

1.

Directly senses a paru&enet closely related ta particle
mass.

Highest mass sensitivity of any direct mass sensing device.
Needs mo calabraticn.
Can be used witrn several parcicle collectors giving the

designer greater flexibility iz developing reliable Lnstruments.

3. Compacr sersing hread.

6. Commercisl ambient aiz samplers available from 2 domestic
companies, auto exnaust sacplers available from 1 company,
some actual experilence,

7. Offers some cnance for mounting completely within the effluent
gas stream elizinating several sample conditioning problems.

Disadvantages

1. Not »et developed or preven for stack monitoring:

a. Mav nat sense large particles (>20wm), o
b. May ncr oe abie to operate at stack temperatures (350°F).

2, Requires sampling probe and is subject to probe loss errors.

3. Requires conditioning of rthe sample stream.

4, Requires particle deposition.
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5. Requires crystal cleaning with its related system complexity.

6. Readout ncot instantaneous or continuous:
1 data point eavery 5 sec. = 5 min,

7. Mogerezzelv expensive., = $7.000 - $12,000.
Recommendations for Furtner Development

We recomenc that the feasibilaty of tnis technique for stack
monitoring be established soon. Feasibility tests should include
tests in stack eanvircnments witr typacal stack particles, If
feasibility 1s establishea, we recozmend immediate develcpment of
the technique into practical, ccmmercial stack moritors. Such
development shoula incluae evaluarion of the optimuxm type of crystal

swuscr, the relarive merics of various particle sampling and collection

techniques, alternate ways °f cleaning the crystal, and the optimum
data readout system. The development program, and the evaluatien
program which must follow, should include actual stack sampling to
provide conclusive data on applicability ama viability,

Conclusions

The piezoelectric microvbalance technique 1s potentially the
best metnod for momitoring tae zass of particulate emissions from
stacks, primarily because it senses particle mass directly and 1t has
relatavely high semsitivaity. However, feasibility for use in stacks
oust vet be establisnea. The techmique shares many of the advantages
and features of tne pata_yadiation acttenuation technique, but offers
nucn greater semsitivity and tize resolution than beta raciation
attenuation, The total instrument package could probably be quite
small making the piezoelectric microbalance instrument especially
convenient as a portatle conitor used by pollution abatement personnel.
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RESONANT FREQUENCY

PRINCIPLE OF OPERATION

The resonant, or natural, frequency of a vibrating spring-mass system
decreases if the mass 1s increased., This is true of any mechanical system
vibrating at its resonaant frequency. Thus, the cnange in resonant frequency
wnen particles are added to the system 1s a direct oeasure of the mass of
tne added particles. Piezoelectric microbalances, discussed in a separate
report, are one subgrcup of the resonant frequency technique.

COMMERCIAL EQUIPMENT

Ko commercial equipment using tnls principle is available otner than
parezoelectric microbalances. Ver, little laboratory equipment exists.

REFERENCES (See PIEZOELECTRIC MICROBALANCE and RESONANT FREQUENCY in Volume II)
A. Principle of Operation: 1228, 1239
B. Applications: 1228
C. Data: 1228

D. Specific Instrument Descraptions: 1228

DISCUSSION

A. Advantages

1

Directly senses particle mass.

2. Needs little calibration.

3. Can be used with several par:iicle collectors.

o~
.

Should be relatively simple to operate.
5. Should make a rugged instrument.
6. Technique 15 very similar to piézoelectric microbalances

which are commercially available for some particulate
mass monitoring applications.
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B. Disadvantages

1. Almost ro development of tne technique nas been done,
feasibility not weil proven.

2. Requires sampling probe ang 1s subject to probe loss errors.
3. Requires particle deposicion.

4, May require condizicning of tne sample stream,

5. Reoguires periodic cleazing of the ageposit surface,

Reagouf not instantanesus Or CONTlRUOUS:

Prcbably capaplc- 22 1 aate gpoint everv 1
sgcond to 1 _nour,

<

7. A possible problez is lack of required sensitivity,
C. Recommenaations for Furtner Development

We recommend tnzat Zeaszolity testing of thas tecnnigue be
done soon, If such tests incicate nigh potential for stack
monitoring, we recommerc fLIiner cdevelcpment into a practical
instruzent. Since tnis techniqua coes measure mass and has no
apparent major disadvantages, >t eeiinitely merits furtner
1nvestigation, If feasibiliryv is proven, it appears that
development into commercial stacs =onitoring imstruments will
take at least two years,

D. Conclusions

Thas tecnnique measures 2ass directly and has no aoparent
major problems except i*- -nfar: state of development. Piezo-
electric microbalances, a subgroup of tnis technique, have proven
useful for manv particle wmass monitcring applications, If the
sensitivity of octher rescna~t frequencv devaces proves high
enough for stack monltering, the tec .:oue has great promise of
development into a ruggec, reliable instrument in a relatively
short time. Development of this tecnnique definitely appears
Justifiec,
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GRAVIMETRIC WEIGHING

PRINCIPLE OF OPERATION

A gravimetric weighing device consists of a pivot point about which two
equal and opposing torques act, One torque 1s set up by tne weight of the
particle sample whose mass 15 10 be determined. TIre other torque is usually
controlled such tnat a "null" position 1s reached wnere both torques are equal.,

Several techniques are possible for measuring and controiling this opposing
torque.

When this technique is usec for measuring partizle mass concentration, a
means of collecting the partic.es 1s neecec. Tne collector can be an electro~-
static preclpitator, an xmpacier, a filter, or a cyclore. Tne collection sur-~
face must pe locked while the varticies are being collected ana freed when
weighing 1s done. Air flow must de turned off or diverced during weighing to
avold disturbing the balance. A mechanism for automatic cleaning or replacing
of the collection_surface is needed.

COMMERCIAL EQUIPMENT
Several commercial balaaces exist for marral weighing of samples and most

components needed for automating the tecnnique eaist, However, no commercial

equipment exists using this technique to measure particle mass concentration
automatically,

REFERENCES (See GRAVIMETRIC WEIGHING in Volure 11)
A. Pranciple of Operation 243, 1097, 938, 1086
B. Applications: 243, 225
C. Data 243

D. Specific Instrument Descriptions: 243

DISCLSSION

A. Advantages

l. Directly senses particle mass.

2

Needs little calibrationm.
3. Has been tested in stack enviromments.
4. Can be used with several parricle collectors.

5. Problems appear to be basically engineering pfoblems which
can be solved.
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B. Disadvantages

1. Potential instrument appears expensive, perhaps around
§12,000 - $15,000.

2. Requires sampling probe and is subject to probe less errors.

w

Requires conditioning of the sample stream.

S

Requires particle deposition,

5. Requires an automatic advancing mechanism for the sample
deposit.

6. Automatic designs require many moving parts with reiiabilach
a potential problem.

7. Sensitive to vibration.

8. Readout nct instantaneous Or continuous:
1 data point every 1 - 30 minutes

9. Moz availablie commercially.

1), Lxtcle data available on research prctoctype units.

C. Recommendations for Further Development

we recommend that any furtner aevelopment of tnas teznnique be
onea pending the results of_gevelopment on the beta radiation
ttecwation and piezoelectric microbalance techniques. Since tne
easibiiircy of this technique seems tc e proven, anv further develop-
zeat shoula concentrate on engine=ring design of the mechanisc for
automating the cleaning or replacing of tne collecting surface. Im-
provement would also seem possible in the sensing of the torque on

tae balance.

1)
noa
PE)

a

v

Ccnclusions

Gravicetric weighing 1s the most familiar method for airectly
oeasuring the mass of particles. However, automation of the technique
leads to a system with considerable mechanical complexity with the
agsociatec problems of high cost and low reliabilicy. For this reason,
the peta radiation and piezoelectric microbalance techniques offer
greater promise for the continuous monitoring of the mass of particles
in effluem. streams. Gravimetric weighing may find a place in research
meassrements of particle mass.
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ROTATING MASSES

PRINCIPLE OF OPERATION

The mass of a given sample of particles can be sensed by the change
1in inercie whicn tney cause wnen placed in a centrifuge. A sample of
partacles can be collected at a point on a rotating body such that a dynamic
off-balance is set up, causing the body to vibrate as 1t rotates. The off-
balance causec by tne particles is a function of the mass of the collected
sample, and car Se cetected by a displacement detector wnich is sensitive
to the magnitude =f zvnamic vibrationms.

A similar —eans of sensing particle inertia is to deposit the particles
on a rotating poc\, apply a constant torque, and measure the angular acceleration
of the pody. Ine c:iiference in acceleratisn before and after the aceposit of
the parcticle sanmple 1s a direct measurement of the angular momentum added by
the particles, anc, therefore, is a measurement of the mass of the particles.
In this case; tne particles must be deposited at a known radius from the axis
of rotation, anc a sensitite accelerometer must be used to ceasure acceleration
changes.

COMMERCIAL EQUIPMENT

No commercial or .adoratery equipment exists at present wanich uses this
srinciple to measire par:iicle Dass concentration.

REFERENCES

This tecnnigue was suggested oy, h. T. Whatoy 1n private comversations.
No publisned anfercaz:ion nas peen found.

DISCLSSION
A. Advan:isges
1, Direct_. seasas a parameter closelv relatea to particle mass.
2, Needs iircle calicracion.
3, Car o2 J4sed witn several particle collectors.
4, Sooulc be rel;:1vely simple to operate.

B. Disaavantages

1. Time resclution may be limited by the requirement of a large
mass of co.lected particles.

2. No equipment has been developed so feasibality is not proven.

3. Requires sampling probe and is subject to probe less errors.



4. Reguires conditioning of the sample stream.
5. Requires particle deposition.
6. Requires an automatic cleaning mechanism,

7. Requikies tight manufacturing tolerances to provide sensitive
detection of acceleration or displacement.

Recommendation for Development

VWe recommend that any further aevelopment of rthis technique be
postponed pending the results of development on tne beta radiation
attenuation and piezoelectric microbalance techniques. However,
developifent programs shoula pe considerec ir the furure in wnich
instrumentc using cthis praincaple are built and tested. Since this
technique does measure mass and the instrumentation should be simple
to operacte, the principle definitely merits some investigation.

Conclusions

This technique does measure the mass of a collected sampie of
particles and 1s aefinitely a procising candicate for measurang
stack emissions at some time in tne furure. However, since no work
has been done using this principle, tne feasibility zs not fully
proven and much work will be needed to develop pracrical monitoring

instruments. Development of this tecrnnique definitely appears
justified,
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IMPACT MOMENTUM SENSING

PRINCIPLE OF OPERATION

Whea particles strake a surface, they exchange momentum with the surface.
If tne velocity of all particles striking a surface is constant, the momentum
excaange is cirectly related to the mass of the particles. This principle can
be used in several ways for particulate mass concentration measurements.

Whea a single particle hits a piezoelectric crystal, the crystal vibrates
because oI the momentum transfer. The vibration causes an electrical signal in
tne attacnec circuit. Tne amplitude of the signal 1s related to the particle's
in:tial co=entuc. In tris systed, an impactor can apply the comstant velocity
to tne particles. Suicable electronic signal manipulation could result in an
incication of parzicle zass concentration. Only particles above 30 microns can
be sensec by this zetnod.

1f particles strike tne semsing plate of a sensitive gravimerric micro-
balance, ine plate deilects a certain distance depending on the momentum of the
particles. Agaip, an impactor can apply comstant velocity to the particles. The
defiectien of tne seasing piate, sensed electronically, is a measure of the mass
of tone gariizies striking 1t. The deflection of the microbalance sensing plate
causel ©¥ the &iT jet 1s a potentially major problem. This method resembles the
capacitance-impact tecnaique descrirad separately in this report.

COMMERCIAL EQUIPMENT

aszruments using this technique are known to exist. The
tec~rique has been used as a micrometeorite detector on

Reference I aad 25 aiscuss the theory of the piezoelectric momentum
transc.cev,

DISCLSsIMN

A. Aavantages
i. Can sense a particle parameter closely related tc mass.

<. vaz cete:zt individual particles, perhaps as small as 30 microns
didmeter,

3. has been used for micrometeorite detection.
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Disadvantages
1. Can sense only particles larger tnar about 30 microns diameter.

2, Probably cannot detect concentrazions as nigh as those in smoke
stacks,

3. Small particles would intertere’with tne detection of large ones
by contaminating the impact s.rface,

4. Has not been used for purposes crher tnan micrometeorite detection
on spacecraft, T

5. The gravimetri¢ microbalance technzcue woulé nave severe interference
by the air jet from tre impactor.

6. Contamination of the sensor woula probably cause measurement errors;
periodic cleaning 15 requarec.

7. Different responses will probably result depending on whether or
not the particle sticks to the semsor,

8. Requires sampling probe ana 15 Sabjest to probe loss errors.
9, Probably requires conditioning of tne sample stream,
Recommendations for Furtner Development

¥We recommend mo further cevelopment of =-1s tecanique for particulate
mass monltoring in smohe stacks at tais time. However, clever design
combinations could appear in tne future calling for reevaluation of the
technaque, especlally 1f particle sizing- coulc be done by the same
instrument and if the technique baccrmes usef.l fer partizles as small
as 1 micron.

Conclusions

A variation of this tecnalque 1s capacle of detecting the mass
of individual particles larger tran 30 picrons diameter. However, it is
not sensitive enough to detect smaller particles with the present known
technology. Other variations nave similar problems as listed above.
The technique may be useful for some particle sizing applications of
large particles, but does not look promising for mass concentration
monitoring at this time.
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CAPACITANCE-IMPACT SENSING

PRINCIPLE OF OPERATION

If & particle hits one plate of a capacitor with enough momentum, the
te =oves slightiy causing a change in the capacitance of the system. In
simplest form, this principle can monitor the momentum of moving particles.
airborne particles are first accelerated to a constant velocity in a nozzle,
magnitude of the measured change in capacitance becomes independent of
1cle velocity and dependent only on particle mass.

4 U

um

a
a

&
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i

Ar instrument of thas type for particulate mass concentration monitoring
zonsists of a nozzle which accelerates the particles to near sonic velocity,
2 aeradynamicallv stablized, very thin, capacitor lamella, and a RMS voltmeter,
s an indicator. Such an instrument has been used to monitor mass concentrations
sove 15 mg/m3 of particles in the 1 - 20 micron size range. The lower size
izit 15 set by the impaction efficlency of the system (probably 0.3 - 1.0 um).
ne upper size limat is probably above 100 um.

COMMERCIAL EQUIPMENT

N> rommercial equioment of this type exists. Only three research prototypes
-<ave >een reporced.

e Rl ]

RETERENCES
Reference 1248 discusses this technique.
38 SsSioN
i. Advantages
1. May sense a parameter closely related to the mass of particles.

2. In a2 second mode of operation, the same instrument can obtain
some particle size information.

3. High sensitivity, can sense concentrations at least down to 10
mg/m3.

(<]
4. Can probably operate at temperatures as high a= 1000 F.
5. Essentiallv instantaneous and continucus readout

6 Appears to be simple and inexpensive, potential cost of
commercial instrument 1s in the $2,000 - $5,000 range.

7 Compact sensing head.
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Disadvantages

1 Almost no development has been done for any applications,
only three prototypes have been reported.

2, Correlation with mass is not presently established.

w

Requires lamella cleaning or 12placement periodically with some
related system complexity.

4. Requires the lamella to be aerodynamically stable with no
flutter. -

5. Requires sampling probe and is subject to probe loss errors
6. Requires particle deposition.

7. May require some conditioning of the sample stream.
Recommendations for Further Development

We recommend that the only reported research on this technique,
performed in France, be investigated in detail. If tne technique
iooks promising after more details of the French work are knowm,
feasibility studies for stack monitoring should have hign praoraity
Cleaning or replacing the lamella for automatlZ operacrion mayv be a
major problem. Problems with maintaining aerodynamic stabiliity
of the lamells liwmit the lowest concentration which the seasecr can
detect The ability of the technique to sense Dass must be tested

Conclusi®ns

This technique is potentially one of the best methods of monitoring
particulate mass concentration in smoine stacks, primarily because it
may sense a parameter closely related tc the mass of particles, the
technique and apparatus 1is very simple and 1inexpensive, and it can give
instantaneous and continuous readout. It 1s nct clear how clesely the
measurement correlates with mass. Potential problems appear to be
periodic clemening or replacing of the lamella for automatic operation
and maintaining aerodynamic stability of the lamelia The technique is
very new with only three prototype instruments constructed. Develaopment
i1s needed to make the technique into a reliable instrument for stack
monitoring. The reported prototype instruments (see Ref. 1248) should be
investigated further, and feasibility tests for stack momitoring should
proceed if the investigation indicates high potential. The apparent
low cost and simplicity recommend it highly for such studies.

TUEDUA CLETTWUC s - -
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ELECTROSTATIC CONTACT CHARGE TRANSFER: KONITEST

PRINCIPLE OF OPERATION

As particles sliae along a wall, they exchange electrostatic charge with
the wall. In the Konitest, particles whirl through a tube in a helical path.
Centrifugal force causes many particles, especially the larger, heavier onmes,
to hit and slide along tne wall, exchanging electrostatic charge with the wall.
An electrometer measures the current flowing from the electrically-floating
wall. The current level can be calibrated to read particle comcentration. A
second design, with the same name, uses an electrically-floating venturi as the
surface which exchanges charge with particles. The second design differs little
from the probe-in-nozzle technique discussed separately in this report.

The firsc Konitest design differs from other electrostatic techaniques in
that centrifugal force causes particles to strike the cyclone wall and slide or
bounce along the surface. Thus, larger particles containing most of the mass
have a greater effect than smaller ones. If there is no secondsry interfereuce
by submicrom particles, the calibrated output current can correlate reasonably
well with particulate mass in certain effluent streams. Little is kanown about
the actual charge transfer process.

COMMERCIAL EQUIPMENT

Uncal recently, the Konitest was manufactured by J. C. Eckardt A. G.,
7000 Stuttgart-Bas Cannstatt, Postfach 347, West Germany. However, this
company no longer makes the imstrument. No other manufacturer is known.
REFEREMNCES (See ZLECTROSTATIC MEASUREMENT METHODS 1n Volume II)

A. Principle of Operation: 923, 241

B. Applications: 1189, 659, 923, 225

C. Data. 1189, 923, 241, 1188

D. Specifiic lnstrument Descriptions: 923, 241

DISCUSSION

A. Advantages
1. Continucus, nearly instantaneous readout.

2. Can operate at stack temperatures, eliminating several
sample conditioning problems.

3. Senses larger particles which contain most mass.

4. Self-cleaning 1if some particles are large, somewvhat
abrasive, and not sticky.



5. Operates over a wide concentration range.
6. Has been marketed commercially in the past.

7. Available data appears to show surprisingly good
cecrrelation with particulate mass concentration.

8. Sensor 1s compact and easy to operate.
B. Disacvanteges

1. Several invesrtigartors mention high sensitivity to submicron
particles leading to hignly erroneous mass concentration
measurements.

2, Response depends strongly on particle size and composition,

on surface characteristics of the particle and probe, and

may depena on tne initial chaxge on the particle.

3. Principle of operation is largely unknown.

4. Does not sense par:ticle mass, but may sense something close to
1t for some aeroscls, periodic calibration of each instrument
installation appears necessary.

5. Requires some large, non-sticky, abrasive particles to keep
tne tube clean,

5, Reou.res neasurement of low currents in effluent atmospheres.

._Reguires samnling probe and 1s subject to probe loss errors.

C. Recommendations for Furtner Development

we recommend an intensive investigation of past experience
vith the Konitest, primarily in Germany where it has beem sold
for about 10 years. Several investigators indicate excellent
correlation with particulate mass concentration in coal-fired
effluent streams., Others report overwhelming sensitivity to
submicron particles which do not have much mass. These reports
appear to conflict, as do the reports on operational problems
itk the Konitest. If the recommended investigation uncovers
better aocumented evadence supporting the reported excellent
mass correlation, we recommend further testing and development
of this technique.

D.
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Conclusions

The Konitest is reported to have excellent correlation with
particulate mass concentration with coal-fired effluents. If this
1s true, the instrument could be an excellent, truly continuous,
fast response, compact, reliable, automatic stack monitor. However,
conflicting reports claim very poor mass correlation because of
high sensitivity to submicron particles. The theory is not well
developed and, tnerefore, does not resolve the problem. Only
further discussions with past users, perhaps followed by a testing
and development program, can resolve the conflicting reports. In
any case, since the Konitest does not measure particulate mass
directly, periodic calibration of every installation would be
required of any instrument using this principle. Thnis may be a
severe limitation. Another probable negative feature of the instr-
ment 1s that, although mass correlation may be excellent duriang the
large majority of the time when the process is under control, mass
correlation may be very poor during the times when something happens
to the process causing severe changes in emissions. This is precisely
the time when accurate mass measurements are most valuable.
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ELECTROSTATIC CONTACT CHARGE TRANSFER: BOUNCE 5. Requires measurement of low current levels in efflueat
atmospheres.
PRINCIPLE OF OPERATION 6. Requires sampling probe and is subject to probe loss errors.
Particles will bounze between the plates of a high voltage electric 7. Probably requires conditioning of the sazple stream.
capacitor ag they are carried through by an airstream. As parcicles enter
the capacitor, they are attracted elecrrically to one capacitor plate or the C. Becommendations for Furcher Development
other, because of any initial electrostatic charge or because of charge
picked up in the capacitor's electric field. Upon hicring the first place, efflu::trzgnxt::inno developnent of this techaique for stack
the particle loses its old charge and gains a new charge with the same polarity 8.
as the first plate. The repulsion of the particle by the first plate, caused D. Conclusions
by their like polarity forces the particle to migrate toward the secona plate, *
carrying electrical charge with it. When 1t hits the second plate, it sgein This techm:
que camnot be used to moritor stack effluents
loses its old charge ana picks up a new charge wirh the same polaricy as the
second plate. The new charge causes the particle to migrate toward the first because of the reason listed as disadvantage 2 above.

plate, carrying electrical charge with it, where the entire process is repeated.
The net current flow across the capacitor plates is a measure of the concentration
of particles passing through. The technique reportedly works well for dry, non-
sticky particles, especially ahove 100 um, but sometimes as small as 1l um.
COMMERCIAL EQUIPMENT

No commercial equipment exists and little laboratory equipment exists.

REFERENCES (See ELECTROSTAIIC MEASUREMENT METHODS in Volume I1)

Reference 226 discusses all aspects of this technique including a
description of a prototype iastrument.

DISCUSSION
A. Advantages
1, Continuous, nearly instantaneous readout.
2. Senses large particles wnich contain most mass.
B. Disadvanteges
1. Does not s;nse particle mass or a parameter very close to mass.

2, Works only with large, dr;, non-sticky particles, almost certainly
would not work in coal- or oil-fired effluent stacks.

3. Not well developed; only one iavestigator is known.

4, Probablv contamination sensitive.

-39-



ELECTROSTATIC CONTACT CHARGE TRANSFER: PROBE-1N-NOZZLE

PRINCIPLE OF OPERATION

When particles bounce off a surface, they usually exchange some electro-
static charge with the surface. The quantity and polarity of the exchanged
charge depends on the ition of the partacles and surface, on the surface
characteristics of both, on the intensity of the collison, and on the initial

cnarge carried by both. The process is not understooa well enough to analyze
mathematically.

An instrument using this principle has been designed. A cone-shaped probe
points upstream within the throat of a venturi nozzle., Most large particles
passing through the nozzle strike theprobe and bounce off, resulting in a
charge transfer., An electrometer attached to the probe indicates the magnitude

of the charge transfer, which can be related to aerosol coocentration by suit-
able calibration.

COMMERCIAL EQUIPMENT

No commercial equipment exists whicn uses® this principle for measuring
particle concentration, Only laboratery equipment exists.

REFERENCES (See ELECTROSTATIC MEASUREMENT METHODS in Volume I11)

A

Principle of Operation: 187, 104, 5, 659
B. Applicatiocns: 20, 1036, 684, EEQ
C. Datas 20, 104, 1036, 684, 922~5; 659
D. Specific Instrument Descriptions: 20, 104, 1036, 684, 922, 5, 659
DISCLSSION
A. Advantages
1. Continucus, nearly instantaneous readout.
2, Senses large particles which contain most mass.

a. Self-cleani&g if some particles are large, somewhat
_abrasive, and not sticky.

4, Operates over a wide concentration range.

~41-

B. Disadvantages

1.

2.

Does mot sense particle mass or a parameter closely related
to mass.

Response depenas stroagly on particle size and composition,
on surface characteristics of the particle and probe, and on
the 1nitial cnarge on tne particle.

Requires some large,non-sticky, abrasive particles to keep
the probe clean.

Requires measurement of low currents in effluent atmospheres.
Requires sampling probe and 1s subject to probe loss errxors.

May require some conditioning of rhe sample stream.

Recommendations for Further Development

We recommena no development of this techanique for coal=- or

c1l-fired effluent monitoring.

Conclusions

This technique is not suitable for use ia monitorilng stack

ef fluents because of reasons listed as disadvantages 2 and 3 above.
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ELECTROSTATIC 10N CAPTURE AND ION CURRENT ATTENUATION

PRINCIPLE OF OPERATION

1f a comstant supply of unipolar ons flows perpendicularly across
a stream of airborne parcticles toward the grid of an electrometer, some of
the fons will strike the particles, become captured, and be carried away,
thus reducing the ion current as measured by the electrometer. The reduction
ia 10n current, known as 1on current attenuation, is a measure of the particle
flow rate.

The ion capture technique measures the otner portion of the total ion
current: the portion carried away by particles, The particles must be collected 3
downstream of the charging region by some means such as filrration or electro-

static precipitation, the charge from the particles must leak through an eleccro-
meter.

COMMERCIAL EQUIPMENT

No commercial eguipment exists for monitoring stack effluents. One company
manufactures a sophasticated version of ion capture as a submicron particle
sizing instrument:

Thermo-Systens Inc.
2500 North Cleveland Avenue
St., Paul, Minnesota 55113
Several laboratory prototypes of stack zonitors exist. -~

REFERENCES (Sfee FLECTROSTATIC MEASUREMENL-MRETHODS in Volume II)

A. Principle of Operation: 68:-1211. 8, 916, 554, 122, 245, 1040,
284, 242 e

B. Applicatioms: 659, 552, 916, 55~ ~
C. Data: 659, 1040, 302, 8, 55, 122, 245, 1040, 284, 242

D. Specific Instrument Descriptioms: 6539, 242, 581, 68, 302, 916, 554,
122, 284

DISCUSSION
A. Advantages
1. Coatinuous, nearly imstantanecus readout.

2, Can operate at stack temperatures, eliminating several
sample conditioning problems.

TUEPLEN ST

3. Several investigators have operated instruments in coal-fired
effluents with some success,

-. Sensor is compact and easy to operate.

3. Simple technigue available for drawing particles through
tne sensor eliminating many isokinetic sampling problems
and =uch equipment.

&. Laigque suction technique makes readout proportiomal to
particle flow rate rather than particle coacentration,

=aking auxiliary measurements of gas velocity unnecessary,

Zisacvantages

i1, Does 10t sense particle mass or a parameter closely related
O mass.

2. Response depends strongly on particle size with very high
sensitivity to submicron particles which do not contain
2uch mass.

3, Raquires periodic cleaning by an auxiliary technique.

-. Requires measurement of low currents in effluent atmospheres,

W

. Jaquires sampling probe and is subject to probe loss errors.
Reco—mencations for Further Development

=2 recommenc no further development of this technique Eor
carticulate =ass measurements. However, further development as a
=ceactor for other partacle concentrations or flow rates, such as
zczal surface area flow rates, is strongly recommended.

Conziusions

This technique cannot measure particulate mass flow rare or
¢easentration. However, the technique 1s a strong candidate for
otner particle concentration measurements, for example, measure—
cents basea on total surface area of the particulate cloud. The
poiant sacpling feature, the compactness, and the instantanecus,
< Mmtinucus readout should recommend this technique for scme
raesearch applications as well as for evaluating specific portioms
2f an eiectrostatic precipitator.

—43~
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CAPACITANCE-DIELECTRIC CHANGE

PRINCIPLE OF OPERATION

1f the dielectric strength of the material between the plates of a
capaciror cranges, the capacitance 0f the system changes. If tne compasition
of the macerial remains constant, the change in dielectic strength depends
prizarily oa tne mass of warerial berween the plates. This technique has
been usec to detect the presence of the powder particles in both poeumatic and
bale conveying systems. The resolutiom of these lastantaneous readout devices
is apparently not high enough to accurately meagsure flcw rates, even in systems
vith bign particle concentrations. However, it may be possible to collect
enough particles on a suitable substrate, such as a filter or impaction plate,
so that the mass of materfal could be periodically measured in a batch process.
The imstmoen: would consist of a particle collector, a capacitance sensor with
an appropriate electrical circult, and a system to move the substrate for each
batch froc tne collector to the sensor,

COMMERCIA. EQUIPMENT

M somoercial equipment exists., Several powder detection prototypes have
been tesiec.

REFEREMDCES

This technigue was suggested for aerosol measurements by 8. Y. H. Liu in
private conversations. References 4 and 1031 discuss the powder detecting
systecs,
DISCLSSION

A L:.'\-an:ages ’

1. Decests a parameter related to the mass of particles for a given
parraculate compesition.

Can be used with several particle collectors.

» May need little calibration within each stack if the dielectric
soustant of the material remains constant,

+. Should be relatively simple to operate.

B, stsd\'an:;ges

1. Almest no developmeant of the technique has been done, feasibility
adt vet proven.

Z, Mav lack sufficient sensitivity.

D.

3. Dielectric constan: of stack effluents may mot remain constant,
probably requires aa initial calibration for each installation
at each operating cenditionm.

4, Readout not ianstartaneous oOr contlnuous.

5. Requires sampling —ptone aod 1s subject to probe loss errors.

6. Requires particle depositiom.

7. May tequire ccadicisning of the sampling stream.

8. Reguires replacement or cleaning of the collection substrate for
every measurement.

Recommendations for Furtner Development
We recommend that preliminary feasibility tests of this technique

be made soon. Further develop should depend on the results of such
tests. A serious problem may be a lack of sufficient sensitivity.

Conclusions
This techmique nas more promise than most techniques, primarily
b ic es a par er hat related to particulate mass

1f the dielectric constant of particulate matter remains constant.
However, the possible lack of semsitivity may severely restrict the
the use of this principle. The feasibility of the technique has not
yet been testea. This technique requires several years of development
To reach the commercial instrument stage, and offers somewhat less
promise than tecnniques listed earlier.
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LIGHT TRANSMISSION

PRINCIPLE OF OPERATION

When light, or other electromagnetic radiation, passes through an
aerosol, its intensity decreases because of scattering and absorption by
the particles. The transmission or attenuation of light through an aerosol
is a measure of the aeroscl concentration. In oraer to measure the particle
mass concentration, particle size, shape, optical characteristics and censity
must remain constant. The relationship between particle mass concentration and
light transmission must be established by calibration of each instrument within
every stack under every plant operating condition.

Despite the severe limitation in terms of mass concentration measurement,
light transmission is now the most widely usea principle for comtinuous monitor=-
ing of smoke emissions from stacks. The technique has several impressive
practical advantages, and the measurements correlate quite well with the visual
appearance of the effluent. Although light transmission may remain an important
effluent monitoring technique, measurements made in this way must not be confused
with the mass concentration of particles in the effluent. In practical situations,
particle mass concentration must be measured by other techniques.

COMMERCIAL EQUIPMENT

A number of companies manufacture and/or sell light transmission instruments
for installation in smoke stacks including:

Airflow Developments (Canada) Ltd.
244 Newkirk Road
Richmond Hill, Oatario, Canada

Bailey Meter Company
29801 Euclid Avenue
Wickliffe, Ohio 44092

Cleveland Controls, Inc.
1111 Brookpark Road
Cleveland, Ohio 44109

Combustion Equipment Associates, Inc.
120 Park Avenue
New York, New York 10017

Durag Apparatebau Gmbh
2 Hamburg 61
Killanstrasse 105,
West Germany

Electronics Corporation of America
Photoswitch Division

3 Memorial Drive

Cambridge, Massachusetts 02142

General Electric Company
Communication and Control Devices Department
Waynesboro, Virginia 22980

Infra-Red Inaustrial Systems Division
Ovitron Corporation

1425 Milldale Road

Cheshire, Connecticut 06410

Intertech Corporation
262 Alexanger Street
Princeton, New Jersey 08540
(L.S. representative for Irwin Sick
Optik Elektromik
Neuried, West Germany)

Leeds & Northrup Cozpany
4901 Stenton Avenue
Philadelphie, Pennsylvania 19144

Mac Leod & Stewart Company, Inc.
43 Rome Street
Faraingdale, Long Island, New York 11735

Nebetco Engineering
1107 Chandler Avenue
Roselle, New Jersev 07203

Photobell Compamv, Inc.
12 East 22nd Street
New York, New York 10010

Pnotomataon, Inc.
280 Polaras Avenue
Mountain View, California 94040

Reliance Instrument Manufacturing Corporation
141 Lawerance Avenue
dackensack, New Jersev 07601

Sentry Controls, Inc.
P.O. Box 116
Pearl River, New York 10965

Robert H. Wager Company, Inc.
Passaic Avenue
Chatham, New Jerse. 07928
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A=FERENCES (See LIGHT TRANSMISSION and MULTI-WAVELENGTH LIGHT TRANSMISSION in

Volume II) -

A. Principle of Operacion: 1211, 485, 147, 1201, 1214, 1215, 843, 1212,
1199, 1250, 33, 1213, 34

o
.

Applications. 487, 13, 718, 964, 485, 34, 637, 1189, 225, 1230
c

Data: 485, 1201, 1211, 1215, 846. 847, 848, 1181, 1200, 33, 1213,
718, 964, 34, 1189, 225, 1230

D. Specific Instrument Descriptioms: 950, 9€3, 850, 851, 193, 1033,
487, 13, 485, 34, 637, 225, 1230

A. Advantages

1. Measures the optical density of suspended particies in a portion
of the stack without removing them or depositing them.

2. High reliability easily possible hecause of relative mechanical
simplicity.

3. Lower initial cost than most other techniques if necessary
calibration is ignored.

4. Several commercial instruments exist,

5. No =.1ing pa¥Tts are necessary.
6. Ins:anr.aneous‘._connnuous measurement readout which is easy
to record.

7. Measures sverage conceatration over a long path, an advantage
in some applications 1f carefully used.

B. Dasadvantages

1. Does not detect particle mass, but some other parameter which
1s poorly related to mass concentration.

2. Requires extensive repeated calibrations of each installation
under each plant operating condition for correlation with particle
mass concentration. Small changes in plant operating conditions
can resislt in measurement uncertainties of typidally +108 % without
such calibration. -

3. Yields erromeous weasurements during normal plant operations such
as rapping' and soot-blowing.

C.

4. Becomes very expensive with the necessary calibrations.

5. Even with careful calibration, plant operating conditions must
be known at all times im oraer to interpret the data.

6., Does not iit most existing sampling access ports, requiring
higher cost of installation.

7. Requires careful placement, installation, and alignment.

B. Pregsent manufacturers have a somewhat established market in the
United States, making the introduction of new, more accurate mass
concentratlon monicors more difficult.

9, Present-commercial instruments often show poor correlation with

each otnez.

Recommendations for Further Development

Although we reject this technique for particle mags concentration
measurements, we recommend extensive development and testing of light-
transmission instruments for use as optical density monitors. Different
models of present commercial instruments show poor correlation with each
other, suggesting tne need for standardization of instrument design.
Before that, towever, extemsive development and testing is needed to
identify the "best” design. We recommend that a carefully-planned,
long range pragram be undertaken which will result in an instrument
design worthy of standardizarion. Such a program must also increase
the kocwlecge >f wnat light transmission instruments in stacks really
measure.

Conclusions

Measurezents made with this technique correlate very poorly with
the mass conceatration of aerosol particles. Thus, for most stack
monitoring apr.:cations, the light transmission technique must be re-
jected for measurements of particle mass concentration. However, the
technique wilil undoubtedly be used for monitoring optical densigy in
stacks for some tiue to come because the measurement does correlate
somewhat witn the visual appearance of the plume and because instruments
using the tecn=ique have several important practical advantages. A
nuzber of co=oazies manufacture 1light transmission ins ruments. Con-—
saderable zeveicpuent of both theory and hardware is necessary to
evaluate what 1z being measured., The lack of good correlation between
the many light transmission instruments is disturbing. Although careful
design coula ioprove the correlation of-light transmission measurements
with particle —ass concentration, this technique is not capable.of
accurate mass Deasurements.
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LIDAR

PRINCIPLE OF OPERATION

Lidar, the optical analog of radar, uses the backward reflection of
light from particles as a way of measuring particle concentration. The lidar
light source is a laser and the derector 1s a photomultiplier. The source and
detector are generally located close to each other. Most instruments have been
made to study aerosol clouds 100m to 100 km from the lidar unit.

A typical lidar system consists of a laser, sending telescope, receiving

telescope, and signal detector. Light pulses of very short duration (30 x 10 ~ sec)

and high energy (45 megawatts) are directed through the sensing telescope toward
the cloud, Energy returned by the atmosphere is collected by a similar telescope
and sensed by a photomulriplier. as with most optical particle sensing methods,
the size and optical properties ofthe particle must be known for accurate data
interpretation. Lidar has proven itself useful in defining the boundaries of
aerosols plumes and clouds at some distance from the observer.

COMMERCIAL EQUIPMENT
Only research prototype licar units exist,

REFERENCES (See LIDAR in Volume II)

A. Principle of Operactiom: 66, 221, 149

B. Applications: 280, 22i, 569, 514, 149, B9, 66

C. Data: 280, 221, 568, 514, 89, 149

D. Specific Instrument Descriptions: 286, 802, 221, 89
DISCUSSION

A. Advantages

1. Measures some concentration of particles remotely from the
cbserver.

2. Requires no sampling or particle deposition.
3. Senses a wide range of concentrations.

4, One instrument, located at some central location outside
the stack, can nonitor a number of stacks in turn.

5. Can measure the particles just after eantering the atmosphere
from the stack.

THERUN CSVETEMG v
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6. Source and detector can be located in one housing, measurement
is single-ended and truly remote.

7. Lidars have been used ta monitor stack plumes.

8., Remote monitoring removes the problems of high temperature
and the otherwise harsh stack enviromment.

9, Can scan & cloud to obtain concentration profiles and cloud
boundaries.

10. Cost can be low for monitoring a number of stacks remctely
with one unit.

B. Disadvantages
1. Does not measure the mass of particles.

2. Particle size, density, and optical properties must be known
to interpret the data accurately.

3., The measured parameter is not readily defined.

4. Technique not fully understood and developed yet,

5. Only sophisticated research equipment exists.

6. Present uaits are too expensive for monitoring single stacks.

C. Recommendations for Further Development

We d¢ not ¥ d develop t of lidar as a particle mass
concentration detector because the technique cannot sense mass.
Even though it is not within the scope of this report, we recommend
this technique highly as a remote monitor of particulate emissions
from a number of stacks with one centrally-located instrument.
Further studies should include better definition of the measured
particulate parameter.

D. Conclusions

Lidar cannot measure the mass concentration of particles im or
from a smoke stack. However, lidar appears to have excellent porential
for remotely momitoring a number of stacks with one, permanently - in-
stalled instrument. This application would seem to be very useful in
identifying possible emissions violators. After such identificatiom,
more careful particle mass tration ts could be made for
more definite proof of violations. Thus, although lidar cannot £111
the needs of a particle nass emissions monitor, it appears to be a
potentially useful tool for pollution abatement.




=52

HOLOGRAPHY

PRINCIPLE OF OPERATION

Holography 1is an interferometric technique by which three-dimensional
information can be recorded on a two-dimensicnal photograph. The process
consists of photographing the interference pattern that exists when &
diffracted or object field (Fresnel or Fraunhofer diffraction pattern of
the object) 1s allowed to fnterfere with a reference or bhackground wave.
The image can be reconstructed in three-dimensions by illuminating the
‘film record with a coherent beam of quasi-monochromatic light.

Holography can be used to find the size and number disctribution of an
aerosol which passes through a given volume. The reconstructed holograms
can be dieplayed on a TV monitor. Manual or automatic scanning techniques
can then obtain the number concentration as a functiom of particle size in
the 1 to 500 um range. This information could be transformed into the toral
volume occupied by particles in a given volume of gas.

COMMERCIAL EQUIPMENT

Several companies manufacture apd/or market holographic equipment for

research purposes. Three companies that market equipment which can be specifi-

cally applied to particle holography are:
Stat Volt Company
1130 Channel Drive
Santa Barbara, California 93103
Optics Technology Inc.
901 California Avenue
Palo Alto, Califormia 94304
Technical Operations Inc,
South Avenue
Burlington, Massachusetts 01803

REFERENCES (See HOLOGRAPHY in Volume II)

B. Applications: 1197, 682, 253, 150, 483, 1198, 3, 516, 633
C. Data: 1198, 150, 3

D. Specific Instrument Descriptions: 148, 253, 483, 150, 1196, 3

A. Principle of Operarion: 150, 1195, 1197, 128, 682, 253, 126, 132, 784
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DISCUSSION
A. Advantages
1. Does not require particle deposition or disturbing the aerosol
flow stream.
2. Records permanent, 3-dimensional photographs of particles.
3. Can pe used to measure particle size and mumber councentration
plus some particle shape information.
B. nisac‘.'.'.smt:aggs1
l. Very expensive at the present time and for some time to come.
2. Does not measure true particle mass, aithough it can measure
particle volume.
3. Does not lend itself easily to automation without added expense
and complex equipment.
4., Prineciple of operation is quite complicated,
C. Recommendations for Further Development
We do not r d development of holography for particle mass
concentration measurement at this time. The techanique will undoubtedly
be useful for studying the size, shape, and number concentration of
particles in their natural state. Therefore, development for purposes
other chan particle mass measurement may be justified,
D, Conclusicns

Holography is not a feasible monitor of particulate mass emissions
from stacks at this time and probably will not be in the future. The
svsten appears to be much too expensive and complex for such purposes.
Uncoubtedly, many other uses will be found for holography, including
researcn study of particle size, shape, and concentration in the natural
suspencea state within smoke stacks.
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OPTICAL COUNTERS AND PHOTOMETERS

ERINCIPLE OF OPERATION

An optical counter measures and counts individual particles by light
scattering or extinction. Particles in an aerogol cloud are led single-file
through a light beam where they scatter and absorb a certain amount of light
depending on the particle size, the optical characteristics of the particle,
and the light beam characteristics. Most optical counters detect the light
scattered in a given direction by meamns of a photomultiplier. The output data
is generally given as the number of particles within a given particle size
range per unit gas volume, Modified commercizl optical counters are limited
to particle diameters of 0.2 1m to about 70 um, Aerosol concentrations enter-
ing well-designed optical counters must be less than about 10/ particles per
cubic foot within the sensing range of the instrument. Some optical counters
detect the amount of light blocked out by the particle. Optical counters are
also known as single particle optical counters, aerosol counters, particle
counters, and dust counters.

Photometers, often called nephelometers, perform their measurement on 2
cloud of aerosol particles by light scattering. They are useful for measuring
aerogol concentration. In a photometer, a light beam shines through the cloud
of aerosol particles. A photomultiplier measures the intensity of light
scattered at a certain angle by the particles. The intensity of the scattered
light depends on the particle size and concentration, on the optical character-
istics of the light beam, Correlation with particle mass concentration requires
that all these parameters except concentratlion remain constaant. Photometers
can measure aerosol clouds with considerably higher concentrations than can
the optical counter.

COMMERCIAL EQUIPMENT

A number of companies manufacture optical counters, primarily for use as
clean room monitors, but with several models for use as ambient atmospheric
aerosol monitoring:

Royco Instruments, Imc.
141 Jefferson Drive
Menlo Park, California 94025

Bausch & Lomb
635 St., Paul Screet
Rochester, New York 14602

Climet Instruments, lanc.

1240 Birchwood Drive
Sunnyvale, California 94086
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High Accuracy Products Corporation
141 Spring Street
Claremont, California 91711

Coulter Electronics Industrial Division
590 West 20th Street
Hialeah, Florida 33010

Dynac Corporation
Thomson's Point
Portland, Maine 04120

Phoenix Precision Instrument Company
3803-05 North Fifth Street
Philadelphia, Pennsylvania 19140

Envirco
P. O. Box 6098
Albuquerque, New Mexico 87107

Several companies manufacture aerosol photometers for atmospheric aerososl:

Phoenix Precision Instrumeat Company
3803-05 North Fifth Street
Philadelphia, Pennsylvania 19140

Meteorology Research, Inc.
Box 637

464 West Woodbury Road
Altadena, California 91001

Royco Instruments, Inc.
141 Jefferson Drive
Menloc Park, California 94025

Envirco
P. 0. Box 6098
Albuquerque, New Mexico 87107

REFERENCES (See OPTICAL COUNTERS and PHOTOMETERS in Volume II)

A. Principle of Operation: 143, 515, 362, 813, 625, 840, 1083, 1192, 1082,
578, 132, 680, 1211

B. Applications: 711, 732, 731, 840, 124, 919, 69, 928, 285, 225, 288, ll10,
993, 307, 578, 580, 559, 1180



C. Data: 993, 988, 731, 171, 680, 132, 928, 69, 919, 1083, 374, 285,
752, 340

D. Specific Instrument Descriptions: 145, 146, 370, 580, 1210, 756, 670, 615,
120, 1128, 949, 824, 276, 598, 1066, 822, 876, 1082, 362, 346, 840, 124,
928, 288, 1192, 1193, 1194, 969, 287

DISCUSSION

A. Advantages
1. Optical counters can detect very low concentrations (a single particle
within the sensitive size range 9&5:1!\5 through the instrument)and
upper concentrations of about 10/ particles per cubic foot within the
specified size range.

2. Optical counters can measure particle size distribution in the
0.2 - 70 ym diameter range if correctly designed.

3. Readout of phorometer is instant , conti s, and easy to
record.

4. Automatic instruments are commercially available for ambinet
air and clean room monitoring.

B. Disadvantages

1. Neither optical-counters ner photometers measures particle mass,
correlation with mass is not good.

2. Both types oi™~ilistruments, especially the optical counter, are

designed for clean room and other low concentration aerosols.
3. Both instruments require sampling probe and are subject to probe
loss errors. .

4, Both instruments require conditioning of the sample stream, including
considerable dilution to measure stack concentrations.

5. Calibration of the instruments changes with changee in particle
optical properties.

6. Both instruments lack the wide size range necessary for mass
measurements.

~
.

Changes in the specific gravity of particles causes errors in
estimating particulate mass.
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8. Two particles passing through an optical counter at one time
are counted as one particle.

9., Fluctuations in the number concentration of particles smaller
than the lower size limit of optical counters cause errors in
counting of particles in the lower size ranges.

C. Recommendations for Further Development

We r d no develop of these techniques as particle mass
concentration monitors. A good dilution and sample conditioning system
is necegsary for use of either device in specific regearch applications.

D. Conclusions

These techniques cannot measure the mass concentration of airborne
particles. Correlation of these measurements with particle mass con—
centration is very poor. These instruments share most of the problems

of light transmission instruments and also have several additional problems
for particle mass concentration monitoring. Optical counters may be useful

for particle size distribution measurements of stack effluents after
development of a sample conditioning system. Photometers may find
specialized research application for measurement of stack effluents.



ANGULAR LIGHT SCATTERING

PRINCIPLE OF OPERATION

Ligat scatrering is the redirection of illumination which is incident
upoz zne object. Scattered light is a combipation of transmitted, reflected,
ana siffraczed light, aund depends upon characteristics of the object, the
surrouccizg Zeaium, and the incident radiation. Important parameters which
influecce lignt scattering are light wavelength, particle size and shape,
refractive index of the particle with respect to the medium, and the angle at
whicn ac observer is located in relaction to the incident light. Light scattered
at various angles from the direction of illuminationm provides a means of
stucving aerosols., The light intensity as & function of observation angle
provicas r1=farmarion which describes particle size if che index of refractiom
anc :lgot wavelength are known and the particle is spherical.

CROERCIAL EQUIPMENT

%¥: commercial equipment is known which uses this principle for aerosol
measJ-eseczs. Only laboratory prototypes exist.

REFEZRAENCES (See ANGULAR LIGHT SCATTERING in Volume II)

A. Principle of Operation: 147, 1201, 1211, 702, 1203, 909, 1233, 70,
-2, 38, 474, 805, 85, 1235, 1236, 1237, 1238

Applications: 702, 909, 1234, 1237, 1238

X

caza: -7+, 805, 85, 1203, 1234, 1232

[y

. Specific lastrument Descriprions: 842, 1211, 38, 787
DISCUESION
A. Azvantages

.. cap measure particle coaceatration without depositing the
carcicles onto a surface.

2. Can measure particle concentration more accurately than
standaczd light transmission or scattering because particle
size is parcially measured.

3. Can detect low concentratioms.

-. Potentially, rapid measurements are possible,

- P T |

B.

Disadvantages

1. Cannot measure particle mass or a parameter closely
related to maess.

2, Procedure is presently manual and does not lend itself
to automatic stack monitoring.

3. Data reduction is complicated and requires expensive
equipment.

4. Results with adequate accuracy for stack monitoring are
probably not possible.

5. Only research equipment has bheen constructed. .

6. Considerably more theory and development remain to
be done if practical ianstruments are to result.

Recommendations for Further Development

Ve recommend nc further development as a particulate mass
monitor. Further research and development may be justified for
other types of particle measurements in stacks.

Conclusiecns

Angular light scattering cannot measure particulacte mass
concentration, Some research applications for the technique
in stack effluents cay be found.
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SOILING POTENTIAL

PRINCIPLE OF OPERATION

As a filter becomes loaded with particles, the amount of light which
can be transmitted through the filter decreases. The unit of measurement,
called the coefficieat of haze (Coh), corresponds with the optical demsity
of the Eilter deposit. Another system with reflectance units of dirt (Rud),
measures the stain potential due to light reflection rather than transmission.
Soiling potential instruments usually consist of an indexing tape filter with
2 light source on one side of the filter deposit and a light detector on the
other side.

COMMERCIAL EQUIPMENT

Several companies manufacture and/or sell soiling potential instruments
for ambient air sampling including:

Research Appliance Company
Route 8 & Craighead Road
Allison Park, Pennsylvania 15101

Gelman Instrument Company
P. 0. Box 1448

600 South Wagner Road
Ann Arbor, Michigan 48106
Precizion Scientific -
3737 West Cortland Street
Chicago, lllinois 60647
Leigh Systems,Inc.

220 Boss Road

Syracuse, New York 13211

Von Brand
Rhinebeck, New Yark 12572

Some of the amblent air monitors may adapt to stack monitoring with little
modification.

REFERENCES (See SOLLING POTENTIAL in Volume II)
A, P;inciple of apetation: 51§, 396, 831, 305

B. Applications: 519, 396, 831, 305

LT Lol

C. Datra: 519, 396, 831, 305

D. Specific Instrument Descriptions: 519, 396, 831, 305

DISCUSSION

A. Advantages

1. Several commercial models available for ambient air sampling;
modification for stacks appears simple.

B. Disadvantages
1. Does not measure the mass of particles.

2., Particle size, density, and optical properties affect the
measurement severely.

3. Requires sampling probe and is subject to probe loss errors.
4. Probably requires conditioning of the sample stream.
5. Requires particle deposition.
6. Requires an automatic advancing mechanism for the filter.
7. Difficult to make readout continuous and instantaneocus.
8. Filter tape in present models needs replacement every 1 - 4 weeks.
C. Recommendations for Further Development

We rec d no develap ¢ of this technique as a particle
mass concentration monitor.

D. Conclusions

This technique cannot measure the mass concentration of airborne
particles. The soiling index way be a useful measurement for pollution
monitoring programs, but measurements cannot be expected to correlate
with particle mass concentration. The technique shares nearly all the
problems of light transmission measurements while having the additfional
problems of extraction sampling.



-62-

ACOUSTICAL ATTENUATION AND DISPERSION

PRINCIPLE OF OPERATION

Acoustical attenuation is the decrease in emplitude of an acoustical
presgure wave traveling through a media due to such effects as interactions
with walle and suspended particles. Two mechanisms account for practically
all the attenuation caused by particles. Ome is viscous energy loss caugsed
by the lagging motion of the particles as the acoustic wave passes. The
other mechanism is thermal energy loss caused by the irreversible flow of
heat between the suspended particle and the gas during rarefactions and
compressions of the sound wave.

Acoustical dispersion is the decrease in sound velocity due to the presence
of particulate matter in the gas. Particles added to a gas cause an increase

in heat capacity and an increase in the density of the gas—particle mixture.
Both result in a lower sound velocity.

COMMERCIAL EQUIPMENT

No coumercial equipment using thas principle is available for measuring
particles. Only laboratory equipment exists,

REFERENCES (See ACOUSTICAL ATTENUATION AND DISPERSION in Volume II)
A, Principle of Dperation: 13B, 139, 604, 616
B. Applications: 314, 600
C. Data: 103, 138, 139, 605
D. Sp;t;ific Instrument Descriptions: 314, 557
DISCUSSION
A. Advantages
1. Measures suspended particles without first depositing them,
2. Probably imsensitive to contaminarion of apparatus.
B, Disadvantages
1. Does not sensa particle mass conceatration.

2, Sengitive only to very high concentrations, not sensitive
to stack concentrations.

A

3. R

ponse is dap t on particle size.
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4., Instruments require batch sampling with relatively long
stabilizing time,

5. Principle not well understood.
6. No feasible instrument design yet discovered.
Recommendations for Further Development

We do not recommend further development at this time. More
basic research for developing a better understanding of the principle
is needed. New methods for utilizing the principle may result from
such programs. However, a number of other particle measurement
techniques appear consfderably more promising.

Conclusicns

Acouatic attenuation and dispersion are not practical methods
for measuring particle concentration in smoke stacks. Particle-
acoustic interactions are in the research stage and little practical
use has been found for the technology to date. We see little chance
that practical instruments using this technology can be developed in
the next 5 - 10 years.
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ACOUSTICAL PARTICLE COUNTER

PRINCIPLE OF QPERATION
Particles cause an audible "click" when passing through or leaving a
laminar =ap:llary, The intensity of the "click" is somewhat related to
particle szze, but the exact relationship is not yet known. Although the c.
phenomen2 :5 not very well understood, it can be used to count individual
particles. Particles below 5 ym cannot be detected. The resulting measure-
ment 1s tié anamber concentration of particles above 5 wm,
COMMERCIAL EQUIPMENT D.

No co—ercial equipment exists using this principle. Only laboratory
prototypes exist,

REFERENCES (See ACOUSTICAL PARTICLE COUWNTER in Volume II)
A. Principle of Operation: 249, 349, 6
B. aprplications: 250, 349, 2
C. Dacza: 250, 349
D. Spezafic Instrument Descriptions: 249, 349

DISCUSSION

A, Aavaazages

1. Sensitive to single particles.

2. Measures suspendad particles without first depositing them.
B. Disacvantages

1. X2t sensitive to particle mass, but to particle number
sancentration.

2. Not sensitive to particles below 5 um,

3. Bas a0t been made to work reliabily in the laboratory and
would need much more development for stack use.

T oo

L. Requires low particle concentrations to prevent coincidence errors,
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5. Physical principles poorly understood.

6. Requires sampling probe and is subject to probe loss errors.
7. Requires conditioning of the sample stream,

Recommendation for Further Development

We recommend no development of this technique for particle
monitoring in smoka stacks.

Conclusions
Acoustical particle counting 1s not a practical method for

monitoring particles in smoke stacks, primarily because of the
first three disadvantages listed earlier.
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ALPHA AND GAMMA RADIATION ATTENUATION

PRINCIPLE OF OPERATION

As with beta radiation, alpha and gamma radiation are also attenuated
when passing through a medium. Alpha radiation particles, which are really
helium nuclei, are not very energetic. A piece of ordinary paper atops
most of them. Gamma radiation is an electromagnetic wave with characteristics
identical to those of x-rays of the same energy. Gamma radiation can have
either high or low energy, depending on the source. The attenuation of gamma
radiation, particularly low-energy gamma radiation, depends strongly on the
atomic number of the target material., High energy gamma radiation is mot
appreciably attenuated by thin layers of psrticles. Alpha and gamma radiation
have not been used much to sense particles.

COMMERCIAL EQUIPMENT
No commercial equipment of this type exists.

REFERENCES (See BETA RADIATION ATTENUATION in Volume II)

Few references discuss using alpha and gamma radiation for monitoring
particles. Reference 1085 discusses the use of gamma radiation to measure
the ash content of coal.

DISCUSSION
A, Advantages
1, No significant advantages as compared to beta radiation attenuation.
B. Disadvantages

1. Not sensitive to particle mass concentration, very sensitive
to particulate composition.

2. Alpha radiation is not emergetic encugh to penetrate reasonable
particle deposits.

3. Gamna radiation pene:ritel laxge thicknesses of particles with
almost no attenuation and, therefore, has poor sensitivity.

4. Gemma tadiation is dangerous if not carefully handled and
would require careful shielding.

5. Requires ,sampling probe and is subject to probe loss errors.
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6. Requires particle deposition.
7. Requires conditioning of the sample stream,

8. Requires an automatic advancing mechanism for the sample
deposit,

9, Not available commercially.
Recommendations for Further Development

We recommend no further development for particle wonitoring
at this time,

Conclusions

Alpha and gamma radiation attenuation have no significant
aedvantages over beta radiation attenuation for particle monitoring
in stacks. On the other hand, each has several severe disadvantages
compared with beta radiation attenuation. Alpha and gamma radiation
attenuation cannot be used for monitoring effluent particle mass
concentration.
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COLLECTION OF PARTICLES IN LIQUID SUSPENSIONS

PRINCIPLE OF OPERATION

If airborne particles are collected into a 1liquid, the concentration of
the resulting suspension is proportional to the original aerosol concentratiom,
This technique can be used for concentrating particles from a large volume of
air into a small volume of liquid. Particle collectors include impactors,
electrostatic precipitators, cyclones, and bubblers, Particle sensing techniques
include light transmission, light scattering, and electrical resistivity.

COMMERCIAL EQUIPMENT

No equipment is known which is designed specifically for autecmatic monitoring
of this type. However, several samplers are available which deposit or collect
the particles directly into the liquid., Also, several particle concentration
monitors for liquid suspensions are available. A combination of a sampler and
sensor should be very easy to assemble since each can operate nearly independent
of the other. Samplers which collect particles directly into liquid are:

1. Cozmon bubbler samplers sold by a number of companies.

2, Impaction and electrostatic precipitation samplers particularly
suited to this application are manufactured by:

Litton Systems, Inc.
Applied Science Division
13010 County Road 6
Minneapolis, Minnasota 55427

Eavironmental Research Corporation
3725 North Dunlap Street
St. Paul, Minnesota 55112

S 8 which e the concentration and/or the size distribution of particles
in a liquicd suspension are sold by a number of companies,

REFERENCES
No references have been found which discuss this specific technique. A large
oumber of references discuss the two components of this technique: the particle
collector and the liquid suspension sensor.
DISCUSSION
A. Advantages
1. Because some samplers which leave the particles in liquid

Suspension operate at high air flow rates, they cam collect
large samples in a short time,
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The liquid suspension acts as a particle concentrator, allowing
the measurement of & wide range of alrborne particle concentrations.

Several different collectors and sensors can be used.

The particle size distribution can be obtained by the same or a
similar method.

Disadvantages

1

2.

3.

4.

5.

6.

Liquid particles are lost in cthe liquid suspension.

Solid particles may change their shape, size, surface
characteristics, etc., when placed in a liquid.

Sensing techniques do not measure particle mass and generally
share the same problems as their aerosol counterparts.

Requires sampling probe and is subject to probe loss errors.

Requires the particles to become wetted and remain in liquid
suspension until semsed.

Requires liquid handling system, probably including recirculation.

Recommendations for Further Development

We do not recommend further development of this technique for

particle mass concentration measurements at this time.

Conclusions

This technique is not a practical method for monitoring the

mass concentration of particles in smoke stacks, primarily becuase
of the first three disadvantages listed earlier.
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CONDENSATION NUCLEI COUNTER

PRINCIPLE OF OPERATION

1f an aerosol of 0,002 - 0.1 um particles with water vapor is suddenly
expanded, the water vapor condenses on most particles causing them to grow,
Such particles are called condensation nuclei. Depending cn the thermodynamic
properties of the system, particles larger thaa about 20 2 grow while smaller
particles do not. After sufficient growth, most particles are ia the 0.1 to
1.0 ym size range and are quite uniform in size, composition, and opticel

properties. A phorumeter then senses the concentration of the resulting aerosol.
The measurement can be calibrated- in terms of particle number concentration. The
measurement is overwhelmingly dominated by submicron particles which do not contain

much mass.

COMMERCIAL EQUIPMENT
At least three companies manufacture condensation nuclel counters:
Environment /One Corporation
2773 Ballcowm Road
Schenecrady, New York 12309
General Electric Company
P. O, Box 43 .
Schenectady, New York 12301
Singeco Inc.
11l Cypress Drive
Burlingtoh, Massachusetts 01813
REFERENCES
A. Principle of Operation: 1133, 683
B. Applicacions: 1133, 27, 42, 68, 683, 606
C. Dets: 1133, 336, 683, 606
D. Specific Instrument Descriptioms: 1133, 336, 683, 606
DISCUSSION

A. Advaatages

1, Measures suspended particles without first depositing them,

2. Fast response, aseveral per d

3, Readout ia easy to record,

THERMO SYSTEMS IneC
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4, Sensitive to submicron particles (see disadvantages).
5. Several commercial automatic instruments available.
B, Disadvantages

1. Measurement of number concentratiaon does not correlate
wich mase concentration.

2. The number of submicron particles to which this instrument
15 sensitive fluctuates etrongly in most efflueats.

3. Requires sampling probe and is subject to probe loss errors.
4, Probably requires conditioning of the sample stream.

5, Calibration of present instrument does not appear to remain
constant.

6. Some particles may not allow condensation and will therefore
acot be sensed.

C. Recommendations for Further Development

We d no develcy t of this technique as a parxticle
mass concentration monitcr. Soms development as a research toal
for specialized applications may be justified.

D. Conclusions

This technigque cennct measure the wmass coancentration of airborme
particles. The measurement is wuch too sensitive to submicron
parcicles to correlate with particle mass. 5Some specialized reaearch
applications of this technique to stack effluent measurewents may exist.
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FILTER PRESSURE DROP

PRINCIPLE OF OPERATION

When particle-laden air is passed through a clean filter, the collection
of particles on the filter will cause an increase in the pressure differential
across the filter, This 1s because the particles reduce the effective flow
area through the filter, which has the same effect as a constriction in a tube.
This technique measures the particle concentration in an airstream if the
pressure drop across a filter is monitored as a function of time. This technique
does not sense the mass of the particles, It is rather semsitive to the size and
shape of the particles, Its particle-size dependence arises because the size (or
cross-sectional area) of a particle determines the amount of air flow it "blocks".
The shape of the particle determines its ability to penetrate the filter, and, if

a particle is allowed to penetrate to the interior of the filter, its effect will
be much less pronounced.

COMMERCIAL EQUIPMENT

No commercial equipment is available which uses this technique to measure
particle mass concentration.

REFERENCES

A. Principle of Operation: 136, 482, 674

B. Applications: 482, 674, 932, 1042

C. Data: 482, 915, 932-

D. Specific Instrument Descriptions: 225, 482, 921, 1042
DISCUSSION

A. Advantages

1. Insensitive to contamination of apparatus because all particles
are collected on the filter.

2. Quite simple to design, construct, and operate.

3. Inexpensive.

4. Present commercial filter tape spot samplers cam be adapted
quite easily.
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Disadvantages
1. Does not measure the mass of particles.

2, Theory not developed relating particulate mass loading
to pressure drop.

3. Technique is sensitive to particle size and shape to

such a degree that changes in these parameters over-

shadow changes in mass loading.
4. Requires sampling probe and is subject to probe loss errors,
5. Requires particle gleposlr.ion.

6, May require conditioning of the sample stream.

7. Requires some hanism for periodically replacing filters,

8. Read not instant or continuous:

1 data point every 1l min, - 1 hr.
Recommendations for Further Development

We do not recommend further developuent of this technique
at the present time.

Conclusions

This technique is not very promising for use in stacks at this
time, Although a rugged, practical instrument could easily be
fabricated, an accurate reading of particle mass concentration is
not possible because the technique is oot sensitive to the mass of
the particles. Changes in other properties such as size and shape.
overshadow changes in the mass concentration.



FLAME IONIZATION

PRINCIPLE OF OPERATION

when combustible particles pass through a hot flame, they will burm,
producing a pulse of electrical ions. The intensity of the ion pulse can
be sensed vitn an electrometer, yielding information about particle con-
centration and particle size. The magnitude of the ion pulse depends on
the mass o the particle, but also on the composition. This technique is
analogous to the flame photometry technique.

COMMERCIAL EQUIPMENT
Me flazme ionization instruments are manufactured for momitoring of

particles although several companies manufacture gaseous analyzers using
flame ionization.

REFERENCES

[g]

. Data: 54, 60, 289
D. Specific Instrument Descriptioms: 54, 289, 408
DISCUSSION
- A. Aavantages
1, Measures suspended particles without first depositing them,
<. CTaz probably operate at stack temperatures.

3. Sives size and concentration data continuously,

-. Prodably senses a parameter closely related to particle
=ass if the composition is acceptable and remains conmstant,

B. Disaavantages

. Senses only combustible particles, few of which should exist
iz gtack effluents if the process is under control.

b

Z, Even with combustible particles, the particle composition must
renain quite constant.

3. Bequires sampling probe and 1is subject to probe loss errors.

4., Equipment may be expemsive.

C. Recommendations for Further Development

We do not recommend further development of this technique
for particle mass tration ement in stacks.

D. Conclusions

This technique is not a practical method for monitoring
the mass concentration of particles in smoke stacks, primarily
because of the first disadvantage listed earlier. Flame photo-
metry may be a8 good indicator of the poor burning of combustible
materials and could probably be used in this way to help the plant
operator adjust the fuel burning efficiency.



FLAME PHOTOMETRY

PRINCIPLE OF OPERATION

When combustible particles pass through a hot flame, they will burn,
producing a bright glow., The intensity of the glow can be sensed by a
photometer, yielding information about particle concentration and particle
size. The amount of 1ight proauced depends on the mass of the particle,

but also depends on the composition. This technique 1s analogous to the
flame ionization technique.

COMMERCIAL EQUIPMENT

No flame photometers are manufactured for stack monitoring.
REFERENCES
Reference 53 discusses this technique.
DISCUSSION
A. Advantages
1. Measures suspended particles without first depositing them.
2. Can probably operate at stack remperatures,
3. Gives size and concentration data continuously.

4. Probably s-enaes a parameter closely related to particle
mass if the composition 1s acceptable and remains constant.

B. Disadvantages

1. Senses only combustible particles, few of which should exist
in stack effluents if the process 1s under control.

2. Even with combustible particles, the particle composition must
remain quite constant.

3. Requires sampling probe and is subject to probe loss errors.

4. Equipment would probably be quite expensive, especially readout
equipment,
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C. Recommendations for Further Development

We do not recommend further development of this technique
for particle mass concentration measurements in stacks.

Conclusions

This technique is not a practical method for monitoring the mase
concentration of particles in smoke stacks, primarily because of the
first disadvantage listed earlier. Flame photometry may be a good
indicator of incomplete burning of combustible materials and could
probably be used in this way to help the plant operator adjust the fuel
burning efficiency.
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GAS ADSORPTION

PRINCIPLE OF OPERATION

If a gas 1s in equilibrium with a solid surface, the concentration of
gas molecules in the vicinity of the surface is always greater than the free
g 15 ph This ph a, } as adsorption, is independeat of the
nature of the gas and the surface. The amount of gas, usually nitrogen, adsorbed
on a surface can be measured very accurately by means of the Brunnauer~Emmett-Teller
(BET) method. This technique measures surface area of a sample. For the monitoring
of particles in stacks, a sample must be collected by some auxiliary method and
then introduced to the BET apparatus: a batch process.

COMMERCTAL _EQUIPMENT

No commercial or research equipment is known to exist for measurement of
airborne dusts by this technique. Several companies manufacture BET surface
PP us for manual lsboratory measurements of collected particles

ing
including:

Micromeritics Instrument Corporation
800 Goshen Springs Road
Norcross, Georgia 30071

Perkin-Elmer Corporatiomn
702 G Main Avenue
Rorwalk, Connecticut 06852

REFERENCES

Reference 312 suggests this principle for dust measur
digcuss actual instruments or data.

No ref

DISCUSSION
A. Advantages
1. Directly measures the surface area of the sample very accurately.

2-. Surface area measuring apparstus is well developed and
commercially developed.

B. Disadvantages

1. Does not measure the mass of particles, correlation with mass
is highly questionable since surface ares is measured.

2. Technique not tried oa stack effluents, feasibility remains
to be proven.

C.

3. Automation of the batch process may be difficule,

4. The batch process may require excessive time to complete
one measurement.

5. Requires sampling probe and is subject to probe loss errors.
Recoumendations for Further Development

We recommend no further development of this techigue for
particulate mass monitoring. However, the technigue is useful
for accurate particulate surface area measurements., Automation

of the batch process would require considerable development.

Conclusions

This technique can meagure surface area very accurately,

Correlation with mass 1is poor, and the technique must be rejected

for that purpose. However, the technique will be useful in a
laboratory for surface area measurements of batches of collected
effluent particles.
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HOT-WIRE AMEMOMETRY

PRINCIFLE OF OPERATION

Output voltage fluctuations of a hot-wire anemometer placed in an air-
stream with liquid aerosol are primarily caused by two phenomena: transient
cooling of the wire by turbulence of the airstream and evaporative cooling
resulting from liquid drops which have impacted on the hot wire. If the
thernodynamfc properties of the liquid and airstream are known, the twe
effects can be discriminated by electronic filters. The concentration of
liquid droplets can be measured by am electronic counter. Droplets below
3 um are difficult to detect, Solid particles tend to contaminate the hot

wire, resulting in erroneous measurements of gas stream velocity and droplet
concentration,

COMMERCIAL EQUIPMENT
Several domestic companies manufacture hot-wire or hot-film snemometers:
Thermo~Systems Ine.
2500 North Cleveland Ave.
St. Paul, Minnesota 55113
Datametrics Division
CGS Scientific Corporation
127 Coolidge Hill Road
Watertown, Massachusetts 02172
Two foreign companies also manufacture this equipment:
Disa Elektroaik A/S
Herlev Hovedgade 15-17
Herlev, Denmark
Nihon Kagaku Kogyo Co., Ltd.
4168, Yamadashimo
Suita, Osaka, Japan
REFERENCES (See HOT-WLRE ANEMOMETRY in Volume II)
A, Principle of Operation: 79, 10, 798, 39
B. Applications: 14, 799, 1046, 39, 2
C. Data: 14, 830, 10, 799, 39, 2

D. Specific Instrument Descripticns: 224, 830, 14, 799, 39

DISCUSSION

A. Advantages
1. Can discriminate liquid droplets from solid droplets.
2. Does not require extraction of a sample from the airstream.
3. Can be calibrated to measure droplet silze distribution.

4, Several commercial anemometers for sir velocity and turbulence
measurements have existed for over 10 years.

B. Disadvantages
1. Capnot sense particle mass comceantration.
2. Cannot sense solid particles.
3, Cannot sense droplets below 3 im.

4., Droplet size calibration is only valid if all droplets
are the same material.

wn
.

Present hot wvires and hot films needed for draplet sensing
are somewhat fragile for continuous stack use.

C. Recommendations for Further Development

We recommend no further development for particle monitoring
in smoke stacks.

Conclusions

Hot-wire and hot-fil: anemometers camnnot be used for monitoring
particle mass concentratiom because of the five listed disadvantages.

TUrDRIA SV CTIUC INT



~82-

PRESSURE DROP IN NOZZLE

PRINCIPLE OF QPERATION

As a gas stream passes through a nozzle, the gas flow rate can be
calculated using the well-known relationship between pressure drop and
velocity., The presence of particles in the gas stream changes this
relationship because the particles lag behind during the rapid velocity
changes of the gas stream. Thus, the pressure drop across a nozzle
increases if particles are present. The magnitude of the effect caused
by particles depends on particle size. Dust concentration of 500 s/m3
or more are necessary, making it necessary to enrich the concentration
of effluent dusts by a factor of at least 1000 in order to measure the
concentration with any degree of accuracy.

COMMERCTAL EQUIPMENT

No equipment specifically designed for particle concemtration measure-
ment appears to be available., Numerous companies sell nozzles for meagsure-
ing the flow rate of gas through a tube.
REFERENCES (See PRESSURE DROP IN NOZZLES ia Volume II)

A. Principle of Operation: 1067, 225, 1031

B. Applications: 1031, 1067, 225 -

C. Data: 225, 1031, 1067

D. Specific Instrument Descrapticans: 1067
DISCUSSION

A. Advantages

1. Measures suspended particles without first depositing them.

2. Uses simple apparatus vhich is familiar to most technical
people.

3. Reliability of apparatus shauld be high,
4. Can operate at stack temperatures.
B, Disadvantages

1. Cannot sense particle mass concentration.

TrrrDsA Ty -

2. Canncot sense particle concentrations below 500 glm3,
requiring particle enrichment of at least 1000 timas for
stack effluents. Since cyclones are too erratic, no use—
able enricher is preseantly known.

3. Requires sampling probe and is subject to probe loss errors.

4. Measurement depende on particle size.

S. Very litle development has been done on this technigue.

Recommendations for Further Development

We recommend no further development for particle monitoring
in smoke stacks.

Conclusions
Pressure drop across a nozzle cannot be used for monitoring

particle mass concentration, primarily because of the second
disadvantage listed above.
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RADIOACTIVE TAGGING AND SENSING

PRINCIPLE OF OPERATION

It may be possible to tag airborne particles radioactively so that the
activity level is pruportional to particie concentration. An acrivity meter
downstream of the "charger" would monitor the activity of the airborme cloud
or of the collected (and, thus, concentrated) sample.

COMMERCIAL EQUIPMENT

No instrument of this type is presently available. No reports of research
on this technique have been found by the authors.

REFERENCES

No direct references have been found by the authors. Reference 920
di some pects of radiocactively labeled aerosols.
DISCUSSION

A. Advantages

1. May offer possibility of monitoring aerosols without first
collecting the particles on a surface.

B. Disadvantages

1. Probably would be more proportional to surface area
than to mass of particles.

[
.

Feasibility is not proven, no development has been done.

w
.

Probably requires sampling probe and is subject to probe
less errors.

4. May not operate with stack concentrations.
C. Recommendations for Further Development

We recommend no further development of this technique for
particulate mass monitoring unless some radioactive ctagging
technique is available which places activity on the particles
proportional to their mass,

D. Conclusions

Since no feasibility has been done on this technique, it must
be rejected for the presemt. Further evaluation awaits such a study.
It appears that this technique would not measure particulate mass but
some other particle parameter.
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VOLUME MEASUREMENT

PRINCIPLE OF OPERATION

The volume occupied by particles can be measured by several methods. For
example, particles collected by a cyclone can settle into a small diameter tube
(about 1 om diameter). The volume of the sample can be measured by monitoring
the heignt of the deposit in the tube after a specified time with a light beam.
Another way to measure the sample volume is to meagure the amount of liquid needed
to fill the tube which holds the particles. Other particle collection and volume
measuring techniques caa be used,

This technique offers greater promise than most techniques which do not
directly sense particulate mass because the volume concentration is related to
mass concentration by knowledge of only one other parameter: the average specific
gravity of tne particles. Most other techniques which do not directly sense mass
also require knowledge of the size distribution and other particulate parameters.
Unfortunately, average specific gravity of combustion effluent particles fluctuates
strongly.

COMMERCIAL EQUIPMENT

No commercial or research instruments of this type are known to exist,
REFERENCES

No references have been found describing this technique.

DISCUSSION
A. Acvantages

1. Measures some form of particle volume, a parameter related to mass
if ome knows particle specific gravity.

2. Principle is simple and easy to analyze for errors.
3. Apparatus could be moderately simple.

4. Time resolution should be quite good, probably about 1 minute
per neasurement with a c¢yclone collector,

5. Several particle collectors and sensors caan be used, offering the
designer greater flexibility in developing instruments.

B. Disaavantages

1. Does not measure particulate mass directly.
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C.

2. Particle specific gravity must be known and should be constant
for all volume sensing techniques; particle specific gravity
within stacks is not well known at this time and may vary con-
siderably with slight plant operating changes,

3. Some volume sensors require knowledge of the packing of the dry
deposit, others require a rather complicate liquid-batch process.

4, Readout not instantaneous or continuous:
1 data point every 1 - 10 minutes.

5. Time required for 1 - 10 micron particles to settle into a
chamber may increase the time required for each measurement.

6. Requires particle collection and cleaning of the system for
every measurement,

7. No development of this technique appears to have been done
although the technique simply combines several well~known
procedures.

8. Automation may be difficult.

9. Requires sampling probe and is subject to probe loss errors.

10. May require some coanditioning of the sample stream,

Recommendations for Further Development

We r d no develop 0L cthis technique at this time,

The major design problem with this technique appears to be the
automation of the system,

Conclusions

This technique offers some promise of accurate particulate mass
concentration meagsurements if the specific gravity of the effluent
particles remains constant. Unfortunately, the particulate specific
gravity within combustion effluents fluctuates quite strongly, Since
no instruments of this type have been developed, considerable work
remains for development of a reliable instrument. The technique does
not measure particulate mass concentracion directly and has several
other problems listed above, G cial develop would require
seve'l:al years, primarily for the design of the automatic features.
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