D T 573 8 T

U.S. DEPARTMENT OF COMMERCE
National Technical Information Service

PROCEEDINGS OF A SYMPOSIUM ON FINE PARTICLES
HELD IN MINNEAPOLIS, MINNESOTA ON MAY 28-30, 1975

MINNESOTA UNIVERSITY

-

PREPARED FOR
INDUSTRIAL ENVIRONMENTAL RESEARCH LABORATORY

OctoBer 1975

W




-

Between the time you ordered this report—
which is only one of the hundreds of thou-
sands in the NTIS information collection avail-
able to you—and the time you are reading
this message, several new reports relevant to
your interests probably have entered the col-
lection.

Subscribe to the Weekly Government
Abstracts series that will bring you sum-
maries of new reports as soon as they are
received by NTIS from the originators of the
research. The WGA’s are an NTIS weekly
newsletter service covering the most recent
research findings in 25 areas of industrial,
technological, and sociological interest—
invaluable information for executives and
professionals who must keep up to date.

The executive and professional informa-
tion service provided by NTIS in the Weekly
Government Abstracts newsletters will give
you thorough and comprehensive coverage
\of government-conducted or sponsored re-

KEEP UP TO DATE

search activities. And you’ll get this impor-
tant information within two weeks of the time
it's released by originating agencies.

WGA newsletters are computer produced
and electronically photocomposed to slash
the time gap between the release of a report
and its availability. You can learn about
technical innovations immediately—and use
them in the most meaningful and productive
ways possible for your organization. Please
request NTIS-PR-205/PCW for more infor-
mation.

The weekly newsletter series will keep you
current. But Jearn what you have missed in
the past by ordering a computer NTiSearch
of all the research reports in your area of
interest, dating as far back as 1964, if you
wish. Please request NTIS-PR-186/PCN for
more information.

WRITE: Managing Editor
5285 Port Royal Road
Springfield, VA 22161

)

J

/

SRIM (Selected Research in Microfiche)
provides you with regular, automatic distri-
bution of the complete texts of NTIS research
reports only in the subject areas you select.
SRIM covers almost all Government re-
search reports by subject area and/or the
originating Federal or local government
agency. You may subscribe by any category
or subcategory of our WGA (Weekly Govern-
ment Abstracts) or Government Reports
Announcements and Index categories, or to
the reports issued by a particular agency
such as the Department of Defense, Federal
Energy Administration, or Environmentai
Protection Agency. Other options that will
give you greater selectivity are available on
request.

The cost of SRIM service is only 45¢
Qmestic (60¢ foreign) for each complete

Keep Up To Date With SRIM

microfiched report. Your SRIM service begins
as soon as your order is received and proc-
essed and you will receive biweekly ship-
ments thereafter. If you wish, your service
will be backdated to furnish you microfiche
of reports issued earlier.

Because of contractual arrangements with
several Special Technology Groups, not all
NTIS reports are distributed in the SRIM
program. You will receive a notice in your
microfiche shipments identifying the excep-
tionally priced reports not available through
SRIM.

A deposit account with NTIS is required
before this service can be initiated. If you
have specific questions concerning this serv-
ice, please call (703) 451-1558, or write NTIS,
attention SRIM Product Manager.

\

%

This information product distributed by

5285 Port Royal Road
Springfield, Virginia 22161

U.S. DEPARTMENT OF COMMERCE

National Technical Information Service

-



TECHNICAL REPORT DATA

(Pleasc read Instructions on the reverse before complelmnl

[

1. REPOARTYT NO.

EPA-600/2-75-059

2.

" PB 249 514&

4. TITLE ANDSUBTITLE

Proceedings: Symposium on Fine Particles--
Minneapolis, Minnesota, May 1975

5. REPORT DATE

Qctober 1975

!6. PERFORMING ORGANIZATION CODE

7. AUTHOR(S)

Benjamin Y. H, Liu, Editor

8. PERFORMING ORGANIZATION REPORY NO.

9. PERFORMING ORGANIZATION NAME AND ADDRESS
Particle Technology Laboratory
University of Minnesota
Minneapolis, Minnesota 55455

10. PROGRAM ELEMENT NO.

1AB012; ROAP 21ADL-034

11. CONTRACT/GRANT NO.

EPA Grant No. R803556-01

12. SPONSORING AGENCY NAME AND ADDRESS

EPA, Office of Research and Development
Industrial Environmental Research Laboratory
Research Triangle Park, NC 27711

13. TYPE OF REPORT AND PERIOD COVERED

; 5/28-30/75

14, SPONSORING AGENCY CODE

15. SUPPLEMENTARY NOTES

16. ABSTRACT

time.

Reproduced by 7 -
NATIONAL TECHNICAL
INFORMATION SERVICE

These proceedings contain technical papers presented at the Symposium on Fine
Particles held in Minneapolis, Minnesota, May 28-30, 1975. Also contained are
several papers which were not presented at the Symposium because of a lack of
The purpose of the Symposium was to review the state of the art and recent
developments in instrumentation and experimental techniques for aerosol studies.
The focus was on fine particles below about 3.5 micrometers in diameter. Topics
covered include aerosol generation, measurement, sampling, and analysis.

US Department of Commerce
Springfield, YA. 22151

17.

KEY WORDS AND DOCUMENT ANALYSIS

a. DESCRIPTORS b.IDENTIFIERS/OPEN ENDED TERMS [c. COSAT( Field/Group -
Air Pollution Analyzing Air Pollution Control 13B
Aerosols [Stationary Sources 07D
Instruments Fine Particles 14B
Aerosol Generators
Measurement 20F
Sampling PRICES SUBJECT TO CHANGE
18. DISTRIBUTION STATEMENT 19, SECURITY CLASS (This Report) '[21 NQ. QF. PAQE§L~1H

. . Unclassifi / B
Unlimited s 20. sec&%nsw cu.sgs (This page) ‘.

! Unclassified

EPA Form 2220-1 (8-73)




RESEARCH REPORTING SERIES

Research reports of the Office of Research and Development,

U.S. Environmental Protection Agency, have been grouped into
five series. These five broad categories were established to
facilitate further development and application of environmental
technology. Elimination of traditional grouping was consciously
planned to foster technology transfer and a maximum interface in
related fields. The five series are:

Environmental Health Effects Research
Environmental Protection Technology
Ecological Research

Environmental Monitoring
Socioeconomic Environmental Studies

N

This report has been assigned to the ENVIRONMENTAL PROTECTION
TECHNOLOGY series. This series describes research performed
to develop and demonstrate instrumentation, equipment and
methodology to repair or prevent environmental degradation from
point and non-point sources of pollution. This work provides the
new or improved technology required for the control and treatment
of pollution sources to meet environmental quality standards.

EPA REVIEW NOTICE

This report has been reviewed by the U.S. Environmental Protection

Agency, and approved for publication. Approval does not signify that

the contents necessarily reflect the views and policies of the Agency, nor
does mention of trade names or commercial products constitute endorse-
ment or recommendation for use.

-8



EPA-606/2-75-059

PROCEEDINGS
SYMPOSIUM ON FINE PARTICLES
MINNEAPOLIS, MINNESOTA, MAY 19175

Benjamin Y, H. Liu, Editor

University of Minnesota
Particle Technology Laboratory
Minneapolis, Minnesota 55455

Grant No. R-803556-01
ROAP No. 21ADL-034
Program Element No. 1AB0I12

EPA Project Officer: D.C. Drehmel

Industrial Environmental Researc Laboratory
Office of Energy, Minerals, and Industry
Research Triangle Park, NC 27711

Prepared for

U.S. ENVIRONMENTAL PROTECTION AGENCY
Office of Research and Development
Washington, DC 20460

October 1975



PREFACE

This volume contains the technical papers presented at the Symposium .
on Fine Particles held in Minneapolis, Minnesota, May 28 -~ 30, 1975. 1In
addition, several papers which were not presented at the Symposium due to
the lack of time are also included in this Symposium volume.

The purpose of the Symposium was to review the state of art and re- .
cent developments in instrumentation and experimental techniques for
aerosols studies. The focus was on fine particles below about 3.5 um in
diameter. The topics covered include aerosol generation, measurement,
sampling and analysis.

The importance of fine particles to air pollution control is well
known: While many of the undesirable effects of particulate air pollutants,
such as those on human health and atmospheric visibility, are due to fine
particles, the control of fine particles is considerably more difficult
than the control of coarse particles. In industrial hygiene, mining safety,
fire detection, and other related areas, fine particles have also been
found to play an important role,

In a rapidly growing field of science where there is a diversity of
workers, there is a need for a periodic review of the subject and a con~
venient source of reference. It is hoped that this Symposium volume will
help in part to meet that need.

As the Editor, and General Chairman of the Symposium, I wish to thank
Dr. Dennis C. Drehmel of the Industrial Environmental Research Laboratory
of the Environmental Protection Agency for helping to bring the Symposium
into being. I am grateful also to Mr. Joe Kroll of the Department of Con-
tinuing Education and Extension of the University of Minnesota for helping
to organize the Symposium. In addition, the help of the Program Committee
~- J. H. Abbott (EPA), J. A. Dorsey (EPA), D, C. Drehmel (EPA) and K. T.
Whitby (UM) -- and that of the Session Chairmen -- A. B. Craig (EPA), D. C.
Drehmel (EPA), J. Nader (EPA), K. Willeke (UM) and D. B. Kittelson (UM) —-
are also gratefully acknowledged. I would like to thank the staff and the
students of the Particle Technology Laboratory of the University of Minn-
esota for their help during the Symposium. A special word of thanks goes
to David Y. H. Pui for his help in bringing the manuscripts to a form suit-
able for printing. Last, but not the least, the contributions of the authors
and the financial support of EPA are gratefully acknowledged.

B.Y.H. Liu
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EUROPEAN AEROSOL STUDIES

C. N. Davies
Department of Chemistry, University of Essex
Wivenhoe Park, Colchester, Essex
England

ABSTRACT

Over the last 5 years about 607 of publications on aerosol research
originated in Europe. Experimental work can be traced back to Tyndall's
use, in 1869, of an intense beam of light to show the presence of particles,
a method which is still of basic importance.

Recent work is reviewed and documented, the main subjects being
filtration, particle size measurement and the atmospheric aerosol; there
is also discussion of papers on diffusion, light scattering, sampling,
gas-particle conversion, condensation, coagulation, evaporation, electric
charging, inhalation, fluid mechanics, and so on.

Preceding page blank



EUROPEAN AEROSOL STUDIES
by
C. N. Davies
Department of Chemistry, University of Essex,

Wivenhoe Park, Colchester, Essex, England

The Journal of Aerosol Science displays on the inside back cover its
policy to "publish research work and occasional reviews of recent work of
basic scientific value., The intention is also to encourage the presenta-
tion of results in forms which can be generalized as far as possible,
rather than the restricted presentation of most applied research". 1In
this context it is now an important medium of publication. The first
five volumes (1970-74) have been analyzed with the following results.

Countries of origin Number of papers
published
U.S.A. 66
Britain 50
Germany 25
France 19
U.S.S.R. 14
Canada 8
Czechoslovakia 7
Sweden 7
Italy 5
Holland, Hungary, India 9
3 each
Austria, Israel, Japan 8
Norway; 2 each
Australia 1
TOTAL 219



0f the papers submitted for the 1974 volume, 65% were accepted,
mostly with changes suggested by referees. From the table it will be
seen that 63% of the published papers originated in Europe and 30% in
the U.5.A.

The cover design of the Journal recalls the first experimenter with
aerosols, John Tyndall, who in 18691 showed how a powerful beam of light
could be used to reveal the presence of minute particles in air. With
this useful tool he demonstrated gas to particle conversion; destruction
of organic particles by radiant heat; formation of a fine aerosol by
heating platinum; filtration by cotton wool; putrefaction in ordinary air,
which did not take place if the air was free of particles; the correct-
ness of the germ theory of disease and the principle of sterilization
used so successfully by Lister; the blue color of light, scattered by
fine particles, which gradually becomes white, this being due to coagula-
tion which he did not understand. It is rather extraordinary that he
wrote about "Heat -~ a mode of motion" but never associated Brownian
motion with thermal energy.

Experimental aerosol science therefore started in Europe with
the Tyndall beam. Applications date from Aitken's work on_conden-
sation nuclei in 1880 and his subsequent particle counters?. Aerosols
became an integral pgrt of fundamental science with the cloud-chamber of
C.T.R. Wilson (1895)~, Townsend's studies of electricity in gase54 and
on clouds (1897) which led to the first aerosol experiments in the U.S.A.
by Millikan5 and his determination of e.

Theoretical aerosol science could be said to start with the
speculation of Leonardo da Vinci that the blue coior of the sky was
due to "the most minute imperceptible particles" "6, The real take-off
was E1nste1n s relationship between diffusion and thermal motion in
19057 followed by Smoluchowski's coagulation theory (1916) which was
applied to aerosols by Whytlaw-Gray who made the first accurate measure-
ments of particle concentration by number (1922) ; Lomax and he construct-
ed the first thermal precipitator which, as developed by Green and
Watson (1935),0 is still the best instrument for sampling many kinds of
aerosol.

Improvised filters against dust and smoke long preceded applica-
tions of aerosol science which started with World War I. The Tyndall
beam was used extensively to measure smoke and filtration efficiency.
Interest in the optical properties of the atmosphere and in smoke screens
developed. Aerosols of organic arsenicals appeared, the differentation
of nose and chest symptoms being correctly associated with particle size.
Applications to industrial hygiene also started about this time. The
Kotze konimeter (1916) was introduced into the South African gold mines
to assess the risk of silicosis according to concentration by number of
particles instead of by weight, thus emphasising the small particles



which were shown to be important in silicotic lungs.

The experimental study of aerosols was stimulated in a big way
by military interests and occupational health. Particulate air
pollution, due to the action of sunshine on atmospheric 502’ was
studied by Aitken in 19112, although his idea of the wavelength concern-
ed was perhaps erroneous; the stimulus to aerosol science did not come
until after the Donora incident, in 1948, and the British Clean Air Act
in 1956 which followed the London fog of 1952.

It is a peculiarityof aerosol science that, like biochemistry
sixty years ago, it exists because it is needed. The fine early
advances were the product of the enthusiasm, energy and sometimes the
money of a few individuals; then the practical problems took over and
it has since been difficult to pursue consistent lines of experimental
research over the necessarily long periods. There is very little of the
university teaching and fundamental research to which, in other fields,
applied science looks repeatedly for basic knowledge and for trained
staff. This is reflected in the subject matter of this symposium -
generation, sampling, measurement and analysis - and in the skills of
some of the delegates which have to extend beyound aerosol science to an
ability to invent convincing one-to-three year projects and to fill inm
grant application forms, the questions on which having been answered,
there seems little need to carry out the research.

Looking back over the last three years of the Journal of Aerosol
Science, the most popular subjects in Europe were filtration theory
(8 papers), particle size (7) and the atmospheric aerosol (6). The
latter subject is overlapped by 5 papers dealing with the growth of
atmospheric particles with rising atmospheric humidity and its effect
on impactor sampling. Five papers deal with diffusion, 4 with light
scattering and 3 each with inhalation, non-spherical particles, sedi-
mentation, spectrometers and sprays, 2 each with coagulation, diffusio-
phoresis, sampling and sulphur dioxide. There are also papers on
condensation nuclei, deposition from moving air, electric charging,
evaporation, fluid mechanics, ions, impaction and visibility.

It is rather noticeable how the early interests persist -
filtration light scattering, atmospheric particles and the effects
of Brownian motion. Because of the nature of its support, experimental
aerosol science has tended to limited objectives and the early interests
are evidently not yet terminated. There are too few fundamental
experimental studies. Theory, like the cactus, can flourish in an
unfavourable environment so there is too much theory, doubly so because
the intrinsic difficulty of handling aerosols encourages theoretical
speculation. At the same time, the theoretical back-up of difficult



or necessarily incomplete experiments iz very important.

Work on filtration by Fuchs and his colleagues12 has been backed
wlth experiments over a period of 15 years. It was shown that the
Kuwabara flow field gave an accurate description of the velocity round
individual fibers and that the theoretical difficulties were not
important for particles of the most penetrating size. Work with model
filters showed that the fan model, consisting of a series of parallel
sheets of parallel fibers, but with each sheet turned radomly in 1its
own plane, represented ordinary manufactured filters of the same
volume fraction quite well. Filter resistance has been studied at
reduced pressure up to Kn < 0.5 and the effects of fiber arrangement
and inhomogeneity explored. His latest paper deals with resistance
and efficiencylgf filters made of polydispegze fibers of 0.2 ym mean
radius. Zebel™”, following Smutek and Pich’", contributed to the theory
of membrane filters. The writer’3 analyzed the results of failure of
particle adhesion. Gebhartl% and his colleagues have made an exhaustive
experimental study of glass bead filters for particles between 0.1 and
2 ym diameter. An entirely new means of realizing inertial igposition,
the rotary impaction filter, is due to Soole and colleagues.

Naturally a lot of thought has gone into particle size di ermina-
tion. There has been doubt about polystyrene latices. Fuchs™" advises
the use of only highly diluted suspension which avoids the formation of
multiplet particles in the aerosol and of "empties’ consisting of
particles of dried, non-volatile stabilizer which are the bane of photo-
electric counters; stabilizer shells on polystyrene particles may increase
the size. Direct size measurements at latex spheres were reported by
Bierhuizen and Ferronl’ who compared Stokes diameters with geometrical
ones using Perrin's method of averaging from the number in a straight
chain. Bexon and Ogden1 give useful tables for finding the original
spherical droplet size from the measured diameter of a droplet spread to
a spherical cap with given angle of contact on a treated glass surface.
This is an accurate and useful way of dealing with sprays provided that
evaporation can be checked. Other methods of measuring particle size
include a laser spectrometer2 which measures diameters between 0.1 and
0.7 uym and is claimed to measure the equivalent spherical volume diameter,
irrespective of the shape of the particle; a parallel plate mobility
analyzer, described by Maltoni et al.1? with 16000 volts between the
plates, spreads the particles out over 50 cm according to size and charge
and, at 4 1/min, covers diameters from 0.3 to 3 um. Owing to the
alternating rise and and fall with particle size of the intensity of
scattered light in a given direction, ambiguities arise in interpreting
measurements of aerosols made with photoelectric particle counters in
the range 0.5 - 5 um diameter; particles of different sizes may scatter
the same amount of light. Bakhanova and Ivanchenko?0 describe a method
of deriving the particle size distribution from the distribution of



scattered light intensities, which are recorded as a series of pulses
from the particles, using a calibration curve obtained for a series of
homogeneous aerosols. Sutugin and colleagues22 suggest that aerosols
with bimodal size distributions may be formed from condensing vapours.
The reason is that collision efficiency between a vapour molecule and
a cluster of molecules decreases rapidly as the number of molecules

in the cluster decreases. This means that condensation is delayed so
that supersaturation is very high and molecule-with-molecule collisons
result first in homogeneous dimerisation. Larger particles may form
heterogeneously at the same time, depending on the vapour concentration
and whether it is maintained. Each mechanism has its own peak on the
size distribution. A computer simulation showed these ideas to be
plausible and they were verified experimentally with highly dispersed
aerosols (r < .05 pym) of NaCl, Ag and Agl.

Storebo21 has made a series of calculations of condensation in
the fireball of a nuclear explosion using the classical equations for
nucleation, condensation and coagulation. The fireball reaches maxi-
mal size at a temperature of 2000 K and is supposed to contain Fe
vapour which condenses to liquid Fe0 and freezes at 1641 K. The
radioactivity of a particle is taken to be proportional to its mass.
The initial process is one of homogeneous nucleation but this switches
to vapor condensation upon the primary particles. 1In the case of
ground bursts there dre also particles of contaminent, mainly above
1 um in radius. The particles in air bursts are too small for
sedimentation under gravity to be appreciable; there is nco fall-out.

E. Mészérosz3 has taken filter samples in Budapest and shown
correlations of the sulphate/SO2 ratio with the near ultraviolet of
sunlight and with temperature. However, there was no significant
difference between summer and winter levels of sulphate (~ 10 ug/m3)
so that some mechanism other than gas-phase photochemical conversion
seems necessary; it is suggested that sulphate is formed in winter
on the surface of atmospheric aerosol particles since positive correla-
tion was found with the concentration of aerosol by mass and also by
number of particles exceeding 0.15 pm radius.

A. Mészéros24 carried out a membrane filter study of the air over
the ocean of the southern hemisphere which is likely to be less affected
by human contamination than the northern. The particles consisted main-
ly of ammonium sulphate, sea salt and mixtures of the two; some
sulphuric acid was found. A Gardner condensation nucleus counter was
also used. Aitken particles numbered 300—450/cm3, compared with
600/cm3 in the North Atlantic; above 0.03 um radius there were up to
55/cm3. The peak size was near to 0.1 um radius. A case for sampling
during summer in Greenland, where there is little exchange of air with
lower latitudes, is made out by Megaw and Flyger25 since long term trends
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would become evident. A Danish expedition obtained useful data in

1974 and another is going again this summer. The size distribution

of particles in city air is complex in form - broadly bimodal by mass
but showing numerous irregularities which are presumably due to
individual sources; between 0.1 and 1 ym radius the aerosol is stable.
The writer“® gave a simple technique for fitting distributions of atmos-
pheric particles by number or mass with compatible sets of lognormal
components.

Cascade impactors, invented by K. R. May, have been used for 25
vears for sampling the atmospheric aerosol. It is interesting
that Jaenicke and Blifford?9 now conclude that the cut-off of each
stage is sharper than has hitherto been believed from the results of
experimental calibrations and, in fact, is closer to theory. This
may be caused by errors in calibrations with aerosols of broad size
distribution or by the presence of multiplets in nominally monodisperse
aerosols. A new theory has been presented by Pelassy.

Another problem with impactor sampling is the effect of humidity.
Winkler30 shows that in atmospheric relative humidities above 75%
(NaCl erystals liquefy) adhesion of particles to the plates is good
but in drier air there is often a loss of particles. He also studied31
the growth of various particles with rising humidity, demonstrating the
very important point that particles of mixed constitution as found
in the atmopshere, increase in weight gradually unlike pure crystals
which grow suddenly at the liquefaction value. Another complication
is the effect on cascade impactor performance of the growth of atmos-
pheric particles. HHnel and Gravenhorst 32 study this theoretically
and show that the cut-off radius can nearly double over the whole
range of humidity. The number of particles per stage is not so much
affected and there is no problem below 707 RH.

Mechanisms of sulphur dioxide oxidation have received a good deal
of attsgtion, both theoretically and in the laboratory. Takahashi
at al.”“deal with the sequence: - photo-oxidation to sulphur trioxide,
combination with water to give sulphuric acid vapor , nucleation by
the combination of several molecules of sulphuric acid with several
water molecules to form critical embryos, growth of the embryo by
condensation of both vapors , coagulation. The critical size of embryo
is about 10z and contains 5 - 20 molecules of sulphuric acid. The
nucleation rate is strongly dependent on relative humidity.

Stauffer and colleagues34 start with the assumption that the
concentration of sulphuric acid which is required to nucleate water
vapor 1is very low and that, during growth by condensation of the
vapors , the droplets receive one molecule of acid for every ten of
water. Heat of condensationis neglected and the condensation



coefficient is taken to be one. gge results are compared with
experimental data obtained by Cox”~ who irradiated SO; - N2 mixtures

at 290-400 nm and at 185 nm, the former giving very slow oxidation.

The measured concentration of particles of acid changed much less

with relative humidity than the calculated figures; there was rough
agreement at about 20% R.H., enough to suggest the general plausibility
of the heteromolecular condensation theory.

Work on light scattering continues to be mainly theoretical
but there are two useful experimental papers by Proctor et al.36 deal-
ing with the extinction coefficients of ground dust particles, and one
by Seaney3 on the forwards scattering by limestone and coal dusts.
On the theoretical side Bradshaw38 gives a program and results for
total and angular scattering for various refractive indices and values
of a up to 60; Tonna39 has worked out the correction for finite accept-
ance angle (0.2-1°) up to o = 200 for spheres (m = 1.33). The correc~
tion amounts to 6% on the extinction efficiency at 0.2° and 42% at 1°,
when o= 100, thus underlining the problem of designing apparatus for
particles up to 50 um diameter.

Diffusion is employed for measuring the size of fine particles.
The writer0 reviewed the solution of the diffusion equations for
flow through tubes, giving criteria for avoiding errors due to short or
curved tubes and for the employment of long tubes for transporting
aerosols without appreciable loss by diffusion or sedimentation.
The mathematical solution becomes difficult to evaluate and compute
for large particles in short tubes at high velocities: Ingham4 gives
an empirical formula which works well under these conditions and
is also valid under the opposite conditions. A solution is also
deduced with allowance for slip at the tube wall. Diffusion theory
is applied to the experimental problem of evaluating the results of
flow through diffusion batteries, systems of parallel tubes; the
difficulty then arises of intergreting the penetration when the aerosol
is polydisperse. Maigné et al. 2 propose a new method of finding the
size distribution from diffusion battery data, by measuring penetration
at a series of rates of flow, and present an experimental check against
the electron microscope. Another experimental method of using the
diffusion equation is described by Matteson, Sandlin and Preiningaa;
they used commercially available collimated hole structures with holes
15.5 pm mean diameter and a length to diameter ratio of 32.7. Experi-
mental results at room temperature agreed with theory but at ~16 and
-72°C the rate of diffusion of the particles was much increased. It
is suggested that this might be due to gas molecules adsorbing on the
particles. Many cases of evaporation and condensation are diffusion
controlled; Gallily43 discusses the change of shape of a particle
which these processes may cause, so complicating the mathematical
analogy with electrostatic capacity. He shows that an ellipsoidal
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particle in still air will maintain its shape with constant axial
ratios.

Two Eapers are concerned with diffusiophoresis. Yalamov and
Gaidukov#J deal with particles in the slip-flow regime using the
Onsager principle; account is taken of diffusion in the surrounding
gas mixture, thermophoresis and evaporation of the particle.

Hochrainer and Zebel®® made an experimental test of the possible signif-
icance of diffusiophoresis on the deposition of aerosol particles in
the lungs during breathing. A single two channel model was made with

a membrane filter separating the channels which contained aerosols
dispersed in different gas phases. It is concluded that diffusio-
phoresis has little effect due to the counter-flow of oxygen and carbon
dioxide.

Coagulation is very rapid in the early stages of formation of
aerosols. Walter®’ has obtained solutions of the integro-differential
equation and shows how sensitive they are to the gas-kinetic correction
of Fuchs to the coagulation constant, which occurs in the kernel of the
equation. The importance of previously existing large particles in
mopping up the newly formed small ones is demonstrated and the dis-
tributions obtained suggest that homogeneous gas reactions are far
more important in forming atmospheric aerosols than ion-molecular
reactions. Commenting on this paper, Storebg8 points out that the
early, non-gaseous nuclei of radioactive decay or gas phase chemical
reaction in the atmosphere are larger than can be accounted for in
terms of their birth mechanism. He thinks that other gas molecules
are collected on them to create embryos and subsequently evaporated
after coagulationof the embryos. The low coagulation rate due to
the shell adsorbed to nuclei is formulated.

Observations of the mobility of small ions near the ground are
reported by Ungethllm®” and confirm the existence of discrete mobility
groups with break-points in between. Mobilities up to 11 em? v-lgec—1
were measured. The small ions decay to larger ones by several routes
and the sharpness of the break-points depends on air conditions. It
is considered that no conclusions can yet be drawn about the structure
of the ions in different groups.

New calibrations of two condensation nuceli counters by O'Connorso,
a portable one for use in mines and an automatic one, correlated well
with a Nolan-Pollak instrument usigg both natural and artificial nuclei
over the range 5000 to 300,000 cm ~.

A good deal of work has been carried out with St8ber spiral

centrifuges. Porstend8rfer>l obtained size distributions of various
polydisperse aerosols by allowing radom decay products to deposit on
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the particles, sampling the tagged aerosol with the centrifugal
spectrometer and scanning the deposit for a-activity. An important
factor is the deposition coefficient of the decay atoms upon the
aerosol particles which depends upon their size. Kops and his
colleague552 have calibrated one of these centrifuges over the range
of aerodynamic diameter from 0.06 to 1.5 um. The aerosols were of
polystyrene and important practical points for users of these centri-
fuges are discussed.

A very much s%gpler aerosol centrifugal spectrometer was made
by Matteson et al. and calibrated from 0.5 to 1.5 um diameter, the
agreement with theory, based on air flow and sedimentation, was
reasonable.

Sedimentation under gravity is an important mechanism of aerosol
deposition. Pich3% developed a comprehensive theory for deposition
on cylinders, with filters particularly in mind, and Heyder 5, thinking
of the airways in the human lungs, dealtwith settlement upon the walls
of tubes, inclined at any angles, from aerosol flowing through the tubes.

The rotating drum as a container for aerosols is as near as we
are ever likely to come to switching off gravity. Such systems have
been important for studging the viability of bacterial aerosols over
long periods. Frostling 6 describes splendid equipment which he
tested onparticles up to 3 um diameter. The advantage over an
ordinary chamber is quantified. He had previously used the rotating
drum for determining g?e vapor pressure of high boiling organics
dispersed as aerosols

Deposition of particles on surfaces in the open air has been
studied for many years because of radioactive aerosols. Clough58
described new measurements of the deposition rate in a large wind
tunnel. Particles over a range of diameters from 0.08 to 30 um were
used with wind speeds up to 6 m/sec. Grass acts as a filter for fine
particles up to 0.5 um and is also a good collector of coarse particles
which bounce off smooth surfaces.

Sampling in the open air and some industrial situations involves
orifice inertial effect with large particles. A detailed analysis has
been made by Belyaev and Levin’”, who consider the shape of the nozzle,
effects of departure from isokinetic conditions and the effect of
fluctuating wind velocity. Inertial effect is used in a 35 1/min
sampler by Stevens and Churchil160 to segregate fine particles and
coarse particles. All are collected on a single filter paper disc
but a direct stream, carrying mainly particles above 3 um diameters,
passes through the periphery of the filter and the rest of the air, with

only fine particles, is directed round sharp bends into the centre of the’
disc. »
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Problems concerned with aerodynamic drag of aerosol particles and
filtersoften extend to high values of the Kundsen number, Kn. There
is little experimental data apart from spheres, but Dahnekeb2 has in
three papers described procedures for correcting the drag of discs,
cylinders and spheroids for the hydrodynamic slip regime , free molecular
flow, and in between.

Of course, sprays are used a great deal as a source of aerosols
and recent work has involved several varieties. May64 has published
a full account of the Collison atomizer which has long been a favorite
source of fine particles. Topp65 obtained some excellent photographs
of the ultrasonic nebulizer which throw a lot of light on how it works.
Philipson6 has illustrated the formation of droplets by the spinning
disc atomizer and presented useful performance data. Dombrowski and
colleaguesw’6 present some excellent photographs of spray production
and discuss the correct procedure for analysis of photographs for drop
size distribution. They also studied fan spray nozzles and showed
how vibrating the nozzle could result in the production of uniform
droplets.

Low Reynolds number hydrodynamics is represented by a single paper
by Gallily and Mahrer®% who derive expressions for the trajectory of
a sphere approaching a wall and for the slowing down of a sphere pro-
jected towards a wall.

Experiments on human inhalation of aerosols continue to be
important for a variety of applications. The results of early work
were widely scattered and considerable overestimates of alveolar
deposition have been incorporated in safety criteria in health physics
and occupational health. One reason for overestimating alveolar
deposition has been a large theoretical underestimate of the efficiency
of impaction in the airways of the dead space. This error, dating
from 1950, has been explained by Johnston and Muir/0,

A large number of experiments on the human inhalation of aerosols
by Heyder et al.’l are in progress. Particle size was measured by
laser spectrometry from 0.2 to 0.8 ym diameter and by higher order
Tyndall spectra above 0.8 pm. The particles of di-2-ethyl hexyl sebacate
showed serious loss by evaporation below 0.2 um. The results show
little dependence of deposition on particle size between 0.3 and 1.0 um
diameter with tidal volumes near to 500 cm3 and 15 breaths/min.

Fry and Black72, using y -tagged particles from 2 - 10 um diameter
and collimated crystal counters, studied deposition in the human nose
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and clearance of deposited particles. They demonstrated the indefinite
holding of particles in the anterior passages which indicates that the
nose can be a critical organ.

An exhaustive analysis, supported by experimental checks, of the
evaporation of saline droplets (radius 1 - 8 um) has been made of
El Golli et al’%4. Allowance is made for the change in activity with
concentration, as the solvent evaporates.

Horvath75 has made a number of experimental observatioms of
visual range in the laboratory, using aqueous suspensions of homo-
geneous latex spheres and other particles between 0.1 and 5 ym diameter.
Using white light from above and taking the wavelength as 550 nm,
where eye sensitivity is maximal, he showed that the visibility was
inversely proportional to the extinction efficiency of the particles
and that the aqueous turbid medium simulated the atmopshere satis-
factorily. The writer’® has studied experimental data on visual
range in fogs and show that the measured ranges are sometimes only
about half the calculated values because the latter were derived from
measured concentrations of water droplets taken with samplers which
could not collect particles below 1 um diameter. It is shown that
the visual range can be calculated from the sum of the reciprocals
of the ranges due to each size fraction. Since inferences can be
made about particle size from observations of visual range, it is
considered that these should be made routinely when sampling for
atmospheric particles by weight.

CURRENT WORK

Work in progress in Europe, or not yet published can be briefly
mentioned. Interest in the performance of filters at high altitudes
resulted in laboratory experiments being carried out in the U.S. over
a range of pressures; interpretation of these results and their
correlation with theory is being examined. Filters of plastic fibers
seem to perform better than mechanical theory indicates, perhaps because
of electric charge on the fibers. Filtration and analysis of aerosols
containing fibers of asbestos is being studied.

Polishing up diffusion mathematics, particularly with reference
to radon decay products is in progress. Turbulent diffusion in jets
of aerosol is being studied theoretically. Development of the St8ber
centrifuge continues with a piezo electric method of weighing the
deposit at intervals along its length. This instrument is in use for
sorting out the aerodynamic diameters of various types of aggregated
particles; studies with DOP aerosols indicate difficulties due to
coagulation and evaporation as well as loss by deposition in the intake
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of the centrifuge. The use of two lognormal distributions is suggested,
one for singlet and one for doublet particles each, of course, being
spherical.

K. R. May will shortly be publishing a review of his work on
aerosol impaction jets which has extended over many years.

New generators are being tried out, one using a welding torch to
evaporate refractory substances and another, developed by Tarroni
and his colleagues at Bologna, using a 5 megaherz oscillator of up
to 12 kilowatts to actuate an argon plasma torch at over 10,000°C
through which the aerosol material is blown. Everything vaporizes
at this temperature and aerosols have been generated down to 5 nm
diameter with Og = 1.3.

Theoretical work on La Mer-Sinclair generators is in progress.
A device for recording short term output fluctuations of powder and
liquid aerosol dispensers is in use; it works by tagging the particles
with a fluorescent substance and impacting them on to a rotating drum.

The wide size range of atmospheric particles makes it necessary
to use simultaneously several different kinds of sampler; hence
there is interest in techniques for combining the measurements to pro-
duce a single size distribution. One of the most recent ideas is an
inversion method which minimizas the deviation between the measured
data and the ordinates of a specified type of size distribution.
The data come from an integrating nephelometer, a condensation nucleus
counter and a Royco counter; this work is being carried out by
J. Heintzenberg at Mainz.

Atmospheric pollution stimulates research on 507, NH3 and other
gas-particle reactions. Botanists are studying the role of vegetation
in producing aerosols as well as adverse effects on plant growth of
lead and salt aerosols. Interest in the atmospheric aerosol is
associated with work on light-scattering methods of size analysis,
including laser holography ( above 1 um). Interesting new methods of
presenting the results of air pollution surveys are being developed
by M. Benarie of Vert-le-Petit, France. 1In France, also, comprehensive
surveys of Aitken nuclei of human and natural origin are in progress.
A balloon-carried nucleus counter has been used by Kiselau, Lindan,
Harz up to a height of 27 km/7.

Aerosols are frequently connected with corrosion. Impingement
of salt containing droplets in boiler superheater tubes is enhanced
by a force of complicated origin (evaporation, local surface tension
variation on the droplet, motion of adjacent liquid and vapor phases,
force on droplet opposite to the temperature gradient) which is being
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studied by Gardner at the Central Electricity Research Laboratories,
Leatherhead. Corrosion, also, has motivated current studies of

the size distribution and concentration of salt particles over the
North Atlantic which are being conducted from weather ships and
reduced at the Heriot-Watt University, Edinburgh.

Current meteorological work overlaps with air pollution studies
in being concerned with the physical and chemical nature of atmos-
pheric particles, their sources and sinks. There is much work on
water droplet clouds, including the extent to which they are
influenced by radiation from the sky and from the ground. The nature
of freezing nuclei continues to offer a challenge.

More accurate measurements of the deposition of aerosols in the
human respiratory tract are being obtained at the Gesellschaft flr
Strahlen- und Umweltforschung, Frankfurt, and at the University of
Essex. Ranges of particle size and breathing pattern are being
covered, nasal deposition is being evaluated and the causes of subject-
to-subject variations are being thought about. At Saarbrlicken, Stauffer
is comparing different mammalian species by a dimensional scaling
argument.

There is much interest in aerosol therapy which is gradually
acquiring the sound scientific basis which was formerly lacking. Drugs
administered as aerosols by pressure pack generators depend for their
effectiveness on particle size. 1In some cases the Freon propellant
may not fully evaporate with two serious possibilities - the dose of
propellant droplets absorbed through the mucous membranes of the upper
respiratory tract may be dangerous, and the drug will fail to reach
the alveolated regions of the lungs and so be ineffective. Various
drugs are used for enhancing mucociliary clearance and for broncho-~
dilation, in the treatment of bronchitis and asthma. The effects can
be gauged by scanning the subjects chest with crystal counters after
depositing in his airways a 5 pm diameter y-active insoluble aerosol.

Some research on aerosols has industrial applications. This
includes the generation of metal particles by flash heating a metal
in a cooler atmosphere of argon. Buckle, at Sheffield University,
has groduced unusual shapes of particles, includin§ dendrites, in this
way7 . Graham and Homer (Shell Research, Chester) 9 have worked on
the coagulation of lead aerosols on a millisecond time scale. The
light scattered per particle is proportional to the square of the
particle volume; assuming the size distributions of the coagulating
aerosol to be self-preserving enables the whole scattered light from
all particles to be taken as proportional to the mean particle volume.
The aerosols were produced by shock heating of tetramethyl lead

16



vapor in argon at about 940 K.

Studies of radiation from flames (A. R. Jones, Dept. of Chemical
Engineering, Imperial College, Longon) Y give information about the
nature of soot particles which are present and their effect on the
emissive properties of the flame. Optical properties of metal oxides
in flames have also been studied®2. Particles in flames are
charged electrically so that they can be manipulated by electric fields
at any stage of growth; this holds out the possibility of improving
combustion efficiency and diminishing pollution.

A powerful instrument for measuring rapidly changing distributions
of particle size has been developed by Carabine and Moore.83 Light
scattered from a laser beam by the aerosol particles is collected at
angles from 8° to 172° in 3.75° steps by a system of multiple fixed
and a single rotating mirror wuich flashes each signal in turn to a
photomultiplier. Angular intensity distributions were calculated for
lognormal aerosols having values of 0, between 1.1 and 1.65 andthe
measured angular distribution of light intensity was inverted by a
computer program to the representative sum of the weighted log-
normal distributions. The system should operate in the size range
0.1 to 1.0 um radius and has been used to demonstrate coagulation.
There are obvious problems related to the effects on the scattered
light of aggregates of particles.

In 1972 Hinds and Reist84 described the measurement of particle
size by Laser Doppler Spectrometry based on the Brownian motion of
the particles for diameters between 0.3 and 3 pym. An alternative
method, based on particles moving across a grid of light fringes at a
constant velocity has been discussed by Fristrom et al.8% such
systems have been used for liquid suspensions with some success but
the setting up of the apparatus is very difficult. Hopefully,
developments in the aerosol field cannot be too far away. Such a
tool for studying particle motion in fluid mechanical problems would
have many applications, apart from measuring particle size. Laser

holography, also, has a long way to go, particularly in the concise
handling of the information which can be obtained.

Finally, continued interest is maintained in the evaporation of
aerosol particles. The writer86 described an easy and direct method
of calculating the lifetime of particles in which both the Kelvin
effect and the defect of vapor concentration near the surface were
of importance. 1t was based on an evaporation coefficient of unity;
in the discussion this was questioned and a brief review of the
literature was given. New measurements are in progress. The
evaporation of particles in mono and heterodisperse aerosols of
infinite extent is also being studied, including the effects of small
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scale variations of particle concentration due to turbulence.

Clearly, some current projects must have been missed from this
review of research on aerosols which is now going on in Europe. It
is hoped that those who are engaged in them will accept my apologiles,
and that readers of this article, both in Europe and elsewhere, will
find some new information about work which is related to their own
interests. Perhaps, too, some valuable personal contacts may be
encouraged.
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RESEARCH AND DEVELOPMENT IN JAPAN ON FINE PARTICLES

MEASUREMENT AND NEW CONTROL DEVICES

Koichi Iinoya
Kyoto University
Kyoto, Japan

ABSTRACT

Fundamental research on the measurement and sampling of fine dust par-
ticulates has been conducted both analytically and experimentally in
several laboratories of Japanese universities and institutes. The
research efforts include work on anisokinetic sampling errors, particle
settling in a sampling line, light scattering calculations, cascade
impactors, and special analytical methods for the determination of par-
ticle size distributions. Some of the work is introduced in detail
along with the titles of the research papers which have appeared in
Japanese journals. Several new instruments and apparatuses, which have
been developed in Japan for dust generation and for the measurement of
particle size, dust concentration and other particle characteristics,
are also introduced along with the name of their manufacturer. A few
new control devices for fine particulates are also referred to briefly.
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RESEARCH AND DEVELOPMENT IN JAPAN ON FINE PARTICLE
MEASUREMENT AND NEW CONTROL DEVICES
Koichi Iinoya

Kyoto University, Kyoto, Japan

INTRODUCTION

This paper introduces some of the recent fundamental and applied work
which has been done in Japan on the development of instruments and new
control techniques for fine dust. Fundamental research has been con-
ducted both analytically and experimentally in Japanese universities
and institutes. A few industrial developments have also taken place in
Japanese industry.

FUNDAMENTAL RESEARCH

Several laboratories in Japanese institutes are devoted to the study of
techniques for the measurement of fine dust particles. This includes,
e.g., anisokinetic sampling error, particle loss in a sampling line,
light-scattering phenomena, cascade impactors, and various analytical
methods for the determination of particle size distribution. A few
examples are given as follows:

Figure 1 shows a typical calculated result of the anisokinetic sampling
error for fine particles, and Figure 2 is the comparison between the
experimental values and theoretical curves for the sampling error. The
inertia theory for fine particle sampling has been confirmed through
comparison with experiments. However, the amount of particle adhesion
in a sampling probe and a sampling tube is quite significant and leads
to erroneous results if neglected.

Yuu and Iinoyal“5 have studied the separation mechanism of a cascade
impactor for several years. The experimental fractional efficiency
curves are in agreement with their analytical solution as shown in
Figure 3, when the velocity distribution caused by the boundary layer

at a nozzle outlet is taken into account in the gas flow model. Iinoya
and Makino are trying to develop an electric dust-dislodging technique
for fabric filter cleaning. They have found the optimal arrangement of
electrodes, and the optimum frequency and phase of the applied electric-
ity.
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Takahashig_22 of Kyoto University, has studied the aerosol size distri-

bution and the electrical charge on particles by use of numerical cal-
culations and various experimental methods. Kanagawa23-30 of Nagoya
University, has analytically studied the light scattering method for
particle size analysis and for the measurement of aerosol concentration.
He recommends a scattering angle of 60 degrees from the incident rays.
Yoshida31~33 of Osaka Prefectural University, has developed a new tech-
nique for aerosol size analysis based on the measurement of settling
velocities using an ultra-microscope and video system.

Kitani%_35 of the Japan Atomic Energy Research Institute, also has
developed a method for the direct measurement of aerosol concentration
in a fast reactor chamber using a light scattering photometer. He has
also studied the thermal precipitation of aerosol particles.

Ikebe36 of Nagoya University, has also used a unique method of diffu-
sion response for submicron particle size analysis. Suganuma37'38 of
Tokyo University, has studied the effect of humidity on airborne dust
generation.
T .39-43 , . .

amori of the National Research Institute for Pollution and Re-
sources has studied a new equilibrium type of dust sampling probe which
has an enlarged inner inlet, as shown in Figure 4. Isokinetic sampling
can be achieved by using this type of probe, when the inner static
pressure is controlled so as to be equal to the outer static pressure.

HashimotoAA of Keio University is using a neutron activation analysis
for the, study of aerosol size.

45-46 . . . .
Masuda of Tokyo University has developed the electric curtain for
dust particles and a new type of electric precipitator.

Fourteen kinds of industrial test dust have been authorized by Japa-
nese Industrial Standard JIS Z 8901. Their size distributions are
fixed as shown in Figure 5. These test dusts are sold through the
Association of Powder Process Industry and Engineering, Japan. (See
Table I). The quoted Japanese research papers reflect only some of
the recent research work in Japan.

INDUSTRIAL DEVELOPMENT

I would like to introduce several recent develpments in the field of
fine particle measurement and new control devices.

Hosokawa Micromeritics Laboratory has manufactured a powder character-
istics tester which is based on Carr's research work. The powder
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tester can give flowability and floodability indices for any fine dust.
Figure 6 shows an overall schematic of the device.

Shimazu Seisakusho Ltd. has developed many kinds of dust measuring
instruments such as: two types of cascade impactor for the size
analysis of stack and ambient dust particles, a dust concentration meter
for the measurement of suspended particle mass in a building and in the
environment, and a smoke meter measuring the opacity of exhaust gas

from a diesel engine. The company is also manufacturing a powder dis-
perser for test purposes, which is shown in Figure 7, and a micro
multicyclone as a dust control device in which the unti cyclone is one
inch in diameter as shown in Figure 8.

Kony Company Ltd. has developed an automatic, continuous, dust concen-

tration meter, Konytest, under a technical agreement with Dr. Prochazka
of West Germany. It is based on the contact electrification principle.
Figure 9 shows a general view of it.

Shibata Chemical Apparatus Manufacturing Company manufactures a light
scattering type of dust concentration meter, Digital Dust Counter, which
has a 45 degree scattering angle. A multishelves type of gravitational
classifier is attached to the meter in order to remove the fraction
above 10 micrometers by environmental regulation.

Aichi Watch Company has also developed an air volume sampler with a
centrifugal classifier for 10 micrometers separation.

Dan Industry Company, under Professor Kanagawa's instruction, has de-
veloped an aerosol size photo-~counter based on a 60 degree scattering
angle.

Ishikawajima~Harima Heavy Industry Company has developed a new two-stage
type electrostatic precipitator, which comprises a conventional one-
stage type ESP of fairly small size in its charging zone and a newly
developed channel electrode system called "electrostatic screen'" in its
particle collection zone.

Onoda Cément Manufacturing Company has developed a hybrid type electro-
static precipitator consisting of a dry and wet stage combined inside

a single casing as an integral unit and a slurry processing unit coupled
to the casing.

Sumitomo Heavy Machinery Company has manufactured an electrostatic pre-
cipitator mounted directly on the roof of a workshop, as shown in
Figure 10. This precipitator is light in weight because the dust col-
lecting electrodes are made from reinforced plastic or synthetic resin.
A suction blower is not used.
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Fig. 8 Micro multicyclone (Shimadzu)
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Kimoto Electronics Company has also developed a four—-stage annular slit
nozzle type of cascade impactor.

Table I

Dusts and Aerosols for Industrial Testing (1974)

(JIS Z 8901)

No Materials mmd (upm) geo. st. dev. Ug
1 Silica sand 195 2.14
Z " 30 4.00
3 " 8 3.63
4 Talc 7 2.43
5 Flyash 15 2.24
6 Portland cement 26 3.65
7 Kanto Loam 30 4.00
8 " 8 3.63
9 Talc 4.2 2.95
10 Flyash 5.1 2.40
11 Kanto Loam 2 2.15
12 Carbon black - -
13 Aerosol 0.3 1.0
14 " 0.8 1.8
15 Mixed dust (72% No. 8+25% No. 12+cotton
linter)
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STANDARDIZATION AND CALIBRATION
OF AEROSOL INSTRUMENTS

BENJAMIN Y.H. LIU
Particle Technology Laboratory
Mechanical Engineering Department
University of Minnesota
Minneapolis, Minnesota 55455

ABSTRACT

This paper reviews the aerosol standards development work at the
Particle Technology Laboratory, University of Minnesota. The operating
principle and the performance characteristics of the vibrating orifice
monodisperse aerosol generator and those of the electrical aerosol gen-
erator are described. It is shown that with the use of these generators,
monodisperse aerosols of a known particle size and concentration can be
generated from about 0.01 um to 50 um in particle diameter. In additiom,
calibration studies on condensation nuclei counters and the diffusion
battery have also been briefly reviewed.
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STANDARDIZATION AND CALIBRATION
OF AEROSOL INSTRUMENTS

BENJAMIN Y.H. LIU
Particle Technology Laboratory
Mechanical Engineering Department
University of Minnesota
Minneapolis, Minnesota 55455

INTRODUCTION

The calibration of aerosol measuring and sampling devices is faci-
litated by the use of monodisperse aerosols. When the size or concen-
tration of the aerosol, or both, are known to a sufficiently high degree
of accuracy, the aerosol can be referred to as an aerosol standard.

During the past few years, the Particle Technology Laboratory, Uni-
versity of Minnesota has devoted much effort to the development of appa-
ratus and procedure for generating monodisperse aerosols of a primary
standard quality. Monodisperse aerosols can now be generated from 0.01
pym to over 50 um in diameter at concentration levels up to 108 particles
/cc in certain size ranges. In addition, both solid and liquid particles
can be generated and the particle size can be calculated from the opera-
ting conditions of the aerosol generators to a high degree of accuracy
(better than 17). And the need to measure particle size by the tedious
and often inaccurate microscopic method has largely been eliminated.

In this paper we shall briefly review the aerosol standards develop-
ment work at the Particle Technology Laboratory and the application of
these standards to instrument evaluation and standardization.

GENERATION OF MONODISPERSE AEROSOL STANDARDS .

Vibrating Orifice Monodisperse Aerosol Generator

For generating monodisperse aerosols in the 0.5 to 50 um diameter
range, the vibrating orifice monodisperse aerosol generator1 has been
developed. The generator, shown schematically in Figure 1, is comprised
of a droplet generation and dispersion system and an aerosol dilution and
transport system. In addition, a radioactive source of Krypton 85 (10 mCi
activity) is placed in the generator to neutralize the particle electro-
static charge incurred during the droplet generation process.

Briefly, the operation of the generator is as follows. The material
to be aerosolized is first dissolved in a suitable solvent, such as water
or alcohol. The solution is then forced by a syringe pump through a small
(5 to 20 uym diameter) orifice, which is vibrated by a piezoelectric ceramic.
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The 1liquid jet is broken up by this vibration into uniform droplets, which
are then injected along the center of a turbulent air jet to disperse the
droplets. The dispersed droplets are then mixed with a much larger volume
of clean dry air to evaporate the solvent and to transport the pariicles
to where they are needed. Table 1 summarized the operating conditions of
the generator and Figures 2 through 5 show some typical particles generat-
ed by the device.

The fact that particles of a known size can be generated by the vi-
brating orifice principle is based on the fact that in the region of uni-
form droplet production, the rate of droplet production is equal to the
frequency of oscillation of the piezoelectric ceramic., Consequently, the
volumetric rate of flow of the liquid, Ql (cc/sec), through the orifice
is given by

Q =V, £ €N

where V, (cc) is the volume of the individual droplets and £ (Hz) is the
vibrating frequency. It follows from Equation (1) that the droplet dia-
meter is given by

D= (60 /ni)t? (2)

Further, if C is the volumetric concentration of the non-volatile solute
in the solution, then following the evaporation of the solvent from the
solution droplets, an aerosol of the diameter, Dp, is obtained where

- 1/3
Dp =(C) Dy (3)

By the use of Equations (2) and (3), the particle diameter, D , can be
calculated if the quantities Ql’ f and C are known. P

Assuming a 1% error in the measurement of Q,, negligible error in
the measurement of f and a 2% error in the measufement of C, the overall
error in the calculated particle size is about 17%. However, to achieve
such a small error, the following conditions must be met:

(1) There must be no leak in the liquid flow system.

(2) The solvent used must contain a negligible amount of non-vola-
tile impurity.

(3) The solvent must be completely evaporated from the solution
droplets and

(4) the density of particles must be the same as the intrinsic den-
sity of the material.

Condition (1) stated above can be easily met through careful operat-
ion of the droplet generator.
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Figure 5 Electron micrograph of hollow NaCi particles (125 um3 total solid
volume) produced by the vibrating orifice generator,
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To insure that condition (2) is obtained, it is necessary that C,
the solution concentration used, be large compared to the non-volatile
impurity content of the solvent. For instance, for a diameter reduction
of 20, i.e. D,/D_ = 20, the solution concentration is C = (1/20)3 = 125
x 107% or 125 ppg. If the non-volatile impurity concentration, I, of the
solvent is 10 ppm, this impurity will contribute an error of 10/125 = 8% -
to the value of C. This corresponds to a particle diameter error of about -~ .
2.6%. However, by measuring I and calculating the particle diameter as
follows

1/3
D = c+1 D 4
p = ¢ )T, (4)
the impurity contribution to the particle diameter error can be corrected ;ff“
for. One of the simplest methods of measuring I is to spray the solvent
directly through the droplet generator and measuring the residue particle
size with an optical particle counter.

To insure that condition (3) is obtained, the dilution air used must
be dry and sufficient time must be allowed for the solvent to completely
evaporate from the solution droplets.

In the case of condition (4), there is generally no difficulty when
the aerosol material is a liquid. The droplets are spherical (see Figure
3) and the particle density is the same as the bulk liquid density. In the
case of solids, experience shows that amorphous solids, such as methylene
blue, will ususally dry from a solution state to form spherical solid
particles (see Figure 2) and the particle density will be the same as that
of the parent material. However, the behavior of crystaline solids, such
as NaCl, is considerably more complex and the solution droplets may cry-
stalize to form particles such as those shown in Figures 4 and 5. Con- )
sequently, Equation (4) must be used with caution under such circumstances.‘ff'-”

The ability of the vibrating orifice aerosol generator to produce .
aerosols of a known particle concentration is based on the fact that the
rate of droplet production is equal to the vibrating frequency of the B
piezoelectric ceramic. When the droplets are mixed with a total-air flow .=~
of Qa (ce/sec), this will give rise to an aerosol having the theoretical
concentration of

N, =f/Q (5)
Unfortunately, there are losses in the system and the actual aerosol con- .
centration at the generator output is somewhat less than the theoretical
concentration calculated above. Figure 62 shows the measured output of
the generator, expressed as a percentage of the theoretical output, as

a function of the particle size. With the use of Equation (5) and Figure
6 the generator can be used as a secondary standard for aerosol concen-
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tration in the particle diameter range below 20 um.

Generation of Monodisperse Aerosols by the Flectrical Mobility Classifier

For generating monodisperse aerosols below 0.5 um, the system shown
in Figure 7 has been developed3. The system is comprised of a Collison
atomizer, a diffusion dryer, a Kr-85 bipolar charger and a mobility class-
ifier. The operation of the system is based on the fact that for particle
diameters smaller than about 0.1 um an aerosol in charge equilibrium with
bipolar iomns will acquire a bipolar charge distribution with most of the
particles either electrically neutral or carrying only *1 elementary unit
of charge. Because of the small particle size, only a small fraction of
the particles will be multiply charged. Consequently, by passing this
aerosol through a mobility classifier, a monodisperse fraction can be
extracted according to electrical mobility. Since the particles are singly
charged, the electrical mobility is related to particle size as follows,

i

Z
P
where e = 4.8 x 10—10 esu is the elementary unit of charge, C is the slip
correction, u (poise) is the viscosity of the gas and D_(cm) is the part-
icle diameter. P

eC/ 3n U Dp 300, cm2/volt—sec (6)

In the system shown in Figure 7, a polydisperse aerosol is first
produced by spraying a liquid solution with the Collison atomizer and
drying the particles with the diffusion dryer. The aerosol is then passed
through the Kr-85 bipolar charger in which the particles are brought to
an equilibrium state with the bipolar ions produced by the radioactive
source. This charge-equilibrated, polydisperse aerosol is then classified
electrostatically.

In the mobility classifier shown in Figure 7, the aerosol is intro-
duced along with the clean air in twc concentric, laminar streams in the
annular gap region between the concentric metal cylinders. Because of
the voltage applied on the inner cylinder, charged particles are deflected
through the clean air stream. Those that have the appropriate electrical
mobility would arrive at the slit near the lower end of the electrode and
be swept out by the small airstream flowing through the slit. The mobility
of these particles can be calculated by the following equation,

Zp = [ q, + (1/2)((1s - qa) ] 1n (rz/rl) / 2 aVL N
where q_ (cc/sec) is the clean air flow in the mobility classifier, q
(cc/sec? is the aerosol flow at the inlet, qg (cc/sec) is the aerosol®flow
through the slit, ry and r. (cm) are the inner and outer radii of the an-
nular gap region between t%e cylindrical electrodes, L is the length of
the precipitating region and V (volt) is the applied voltage on the inner
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Figure 7 Schematic diagram of apparatus for generating submicron aerosol
standards by the electrical classifier,

Figure 8 Electron micrograph of monodisperse NaCl particles produced by
' the electrical aerosol generator.
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electrode, the outer electrode being grounded. By the use of Equations
(6) and (7), the size of the particles can be calculated when the flow

rates, the applied voltage and the dimensions of the device are known.

In the experiment reported by Liu and Pui3, the uncertainty in the cal=~
culated particle size is estimated to be *2%, based on the measurement

accuracies for the various quantities that enter into the calculation.

Figure 8 is an electronmicroscope picture of the particles generated by
this method.

An additional advantage of the electrical classification method of
monodisperse aerosol generation is the fact that the aerosol concentra-
tion can be easily measured to a high degree of accuracy. This can be
accomplished by collecting the aerosol onto an absolute filter in a Faraday
cage and measuring the collected particle charge with an electrometer.
Since the particles are singly charged, the electrometer current, I (amp)
is related to the aerosol concentration N (particles/cc) as follows,

I1=q eN (8)

where e = 1.61 x 10—19 coulomb is the elementary unit of charge and q
(cc/sec) is the sampling flow rate into the electrometer current sensor.
More details concerning the method including the procedure for correcting
for the effect of the small percentage of doubly charged particles in the
output aerosol stream is given in reference 3.

INSTRUMENT CALIBRATION AND STANDARDIZATION

The monodisperse aerosol generators described above have been used
to calibrate a variety of aerosol measuring and sampling devices. The
work on optical particle counters has been described by Liu, Berglund and
Agarwal? and is reviewed elsewhere in this symposium volume (see the paper
on optical particle counters by Willeke and Liu). The work on the elec-
trical aerosol analyzer has been reported by Liu and Pui“ and reviewed by
Whitby in the paper on electrical measurements, also in this volume. The
following review is limited to the calibration study on condensation nuclei
counter and the diffusion battery, two devices that have found widespread
use in aerosol studies.

The condensation nuclei counter is an aerosol concentration measuring
device based on the growth of particles to a visib}e size by condensing
vapor on the particles. Particles as small as 20 A can theoretically be
detected by this method. Such particles are usually referred to as con-
densation nuclei.

Figure 9 shows the result of calibration studies reported by Liu,

Pui, Hogan and Rich® on the Pollak counter, a manually operated conden-
sation nuclei counter. The Pollak counter has been carefully calibrated

49



b 1 I—IT_I'TI 1 rT‘!IH 1 l_lllllll R
2 B | | .
@ o 005um NaCi /4
a r e 0088um NaCl A .
E 100k & 0032um Nacl Yy |
& FE a 0025um NICHROME . 3
"© | o 0.032um NICHROME —

S i
A i ® 0.11umNoCl ’ IDEAL ]
- o 0.5umNacl RELATIONSHIP N
- ST Np= Ne —
3 F E
¢ F : |
z F / ACTUAL
S CALIBRATION .

972

E e 5 Np = O97IxN, _
6 F o ]
e F ./ =
Q -
(&) -
g [ .
§ ol o bt codod
lg [o]] | 0 100

AEROSOL CONCENTRATION (ELECTRICAL), N, 10° PARTICLES/cc

Figure 9 Calibration of the Pollak counter with the electrical aerosol

generator.,
8
5 T T T T T T T T
lj 140
Q
= CNC NO.1 (ENVIRONMENT/ONE, SERIAL NO 149) w >
o {20~ [
g 7]
% 13
2 ool - Opopem |
z o .0l
2 Y a .06
= 8o~ ~
S a 022
£ [
§ ool a 032 ]
g . .050
o () 075
: a0}~ ¢ o8
o
s IS0
Z 20 .
g :
g 0 [ N R ! [ I | L g -
& O 5 100 150 200 250 300 350 400 450 500 550 600 '
Z

ACTUAL NUCLEI CONCENTRATION, 10%( PARTICLES/cc)

Figure 10 Calibration of the Environment/One, Rich 100 condensation nuclei
counter with the electrical aerosol generator.

50



BATTERY NUMBER

\o 075
\ i
0055
i
00375

EQUIVALENT LENGTH -KILOMETERS

%, PENETRATION

Figure 11 Penetration of monodisperse NaCl aerosol through a portable
diffusion battery measured with a GE CN counter at 6 lpm,
A 0.110 uym diam., ¢ 0.075 ym, O 0.055 pm, X 0.0375 um,
O 0.024 uym, solid lines ( — ) calculated from the theory.
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by Pollak and Metnieks® and has been used as a secondary standard for
condensation nuclei measurement. The calibration study of Liu, Pui, Hogan
and Rich®, made with monodisperse aerosol generated by the electrical
mobility classifier described in the preceeding section, shows that the
original calibration of the Pollak counter is in good agreement with the
present calibration, and that the maximum difference of these two calib-
ration is only about 18%. Further, the study shows that within the part-
icle size range studied, viz. from 0.025 to 0.5 um diameter, the counter
response is essentially independent of the particle size. However, a
similar calibration study of a commercially available automatic conden-
sation nuclei counter3 shows that there is a substantial discrepancy be-
tween the factory calibration and the present calibration (see Figure 10).

The calibration study on the diffusion battery was made with the
portable diffusion battery described by Sinclair’. The diffusion battery
is comprised of a series of porous metal plates with approximately 50%
porosity and holes having diameters of approximately 230 ym. In the cal-
ibration study, which was recently reported by Sinclair, Countess, Liu
and Pui®, monodisperse aerosols of various diameters were generated by
mobility classification as previously described and the penetration of
the aerosols through the diffusion battery was measured with a conden-
sation nuclei counter. The measured penetration was compared with the
theoretically predicted penetration. Some sample results are shown in
Figure 11. The agreement is seen to be very good. Such good agreement
between theory and experiment constitutes a direct verification of the
theory of diffusion battery.

CONCLUSION

In this paper we have briefly reviewed the aerosol standards develop-
ment and instrument calibration studies made at the Particle Technology
Laboratory, University of Minnesota. We have shown that the use of the
vibrating orifice monodisperse aerosol generator and the electrical aerosol
generator has led to the development of monodisperse aerosol standards
in the 0.01 to 50 ym diameter range. Through the use of these aerosol
standards we have performed accurate calibration studies on such devices
as the condensation nuclei counter, the electrical aerosol analyzer, the
optical particle counter and the diffusion battery. Such instrument stand-
ardization work should lead to improved measurement accuracies for aerosols,
both in the laboratory and in the open atmosphere.
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THE GENERATION OF AEROSOLS OF FINE PARTICLES*

Otto G. Raabe
Inhalation Toxicology Research Institute
P. 0. Box 5890
Albuquerque, New Mexico 87115

ABSTRACT

Aerosols of fine particles required for experimental applications vary
widely in necessary characteristics and require means of aerosol produc-
tion that are consistent with the scientific goals of an investigation.
In this report, the common techniques for generation of aerosols in the
respirable size range are reviewed with emphasis upon experimental, non-
therapeutic applications. Methods described include dispersion of dry
powders and the atomization of solutions and suspensions with various
compressed air and ultrasonic nebulizers. Special emphasis is placed

on the generation of aerosols of insoluble forms under controlled and
reproducible conditions. Heat treatment is described as an ancillary
step to speed the drying of droplets or to change the chemical nature

of aerosols after they are produced. Particular attention is devoted

to the various methods for producing monodisperse aerosols including
nebulization of suspensions of monodisperse particles, spinning disk
droplet generation, electrostatic dispersal, controlied condensation

and periodic dispersion of Tiquid jets. Reduction of the electrostatic
charge of aerosols as an important part of aerosol generation is dis-
cussed.

NOMENCLATURE

A = Tiquid aerosol concentration at time of droplet formation ex-
pressed as volume of liquid aerosolized per unit volume of air
at ambient conditions; a measure of nebulizer efficiency (ul/s,
ml/s, ul/min or ml/min, depending on equation units).

c = solute concentration in solution being nebulized (g/ml or
g/cmd).
¢ = initial solute concentration in solution to be nebulized

(g/ml or g/cm3).
D = geometric diameter of a spherical particle (cm or um).

Dd = geomet:ric diameter of a spherical droplet (cm or um).

* Prepared under U. S. Energy Research and Development Administration
Contract E(29-2)-1013.
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geometric diameter of a cylindrical liquid stream (cm or um)
emitted from a circular orifice.

geometric diameter of droplets generated at the optimum fre-
quency for periodic dispersion of liquid jets.

either the base of Naperian logarithms equal to about 2.718
(unitless) or the basic electrostatic unit of charge equal in
absolute value to the charge of an electron.

fraction by volume of monodisperse particles in a stock suspen-
sion {unitless).

frequency of periodic vibrations or disturbance for dispersal
of cylindrical liquid streams (Hz).

optimum value of f (Hz).

maximum value of f defined as the lowest frequency required to
produce the smallest possible droplets by periodic dispersal
of a cylindrical liquid stream (Hz).

length of a separated segment of a cylindrical stream of liquid
(cm or um).

minimum value of L.

natural logarithm.

optimum value of L given by fopt'
mass median diameter of an aerosol size distribution (cm or um).
maximum number concentration of particle per milliter of water
for nebulization of an aqueous suspension of monodisperse par-
ticle to produce an aerosol with no less than 95% single par-
ticles.

*
MNC expressed in units of radioactivity concentration in neb-
ulizer suspension (Ci/ml) for radioactive particles.

integer number.
ambient barometric pressure (dynes/cmz, cm Hg, psi).

minimum pressure in nebulizer jet (dynes/cmz, cm Hg, psi).
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AP

volumetric flow rate (cm3/s, ml/s or 1/min).

the ratio of droplets with single particles produced by a
nebulizer from a suspension of monodisperse particles to all
droplets produced that contain particles, i.e., the fraction
of singlets in an aerosol produced by nebulization of a mono-
disperse suspension.

droplet radius {(cm or um).

initial droplet radius (cm or um).

specific activity of radiocactive material (Ci/g).

time (s or min).

volume median diameter of a droplet distribution (cm or um).
initial volume of solution to be nebulized (ml or cm3).
volume of water evaporated from a nebulizer per unit volume of
aerosol-containing air generated at ambient conditions (ul/s,

ml/s, u1/min or ml/min, depending on equation units).

Tiquid dilution ratio required for preparing monodisperse
suspensions (unitless).

ratio of circumference to diameter for a circle =~ 3.14159
(unitless).

physical density of solid material (g/cm3).

geometric standard deviation of log-normal distribution (unit-
Tess); minimum value is unity.

surface tension (dynes/cm).
speed of angular rotation (radians/s).

gage pressure above Pa (dynes/cmz, cm Hg, psig).
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THE GENERATION OF AEROSOLS OF FINE PARTICLES

Otto G. Raabe
Inhalation Toxicology Research Institute
Lovelace Foundation
P. 0. Box 5890
Albuquerque, New Mexico 87115

INTRODUCTION

Aerosols of fine particles can be defined as relatively stable suspen-
sions in a gaseous medium of liquid droplets or solid particles with
settling speeds under the influence of gravity less than the settling
speed of a unit density sphere of 3.5 um geometric diameter. Such aer-
osols are encountered in all phases of life. In fact, it appears to be
a fundamental property of the earth's atmosphere to contain aerosols.
Even in thoroughly filtered air, aerosols will spontaneously form from
trace gases under the influence of radiant energy.l-6 There is great
scientific interest in aerosols of fine particles not only because of
their use in medicine, industry and research and their collection by
the respiratory tree during inhalation, but also because of their inti-
mate involvement in the workings of nature. It is because of natural
aerosols that the sky appears blue and the sunset red.

Fundamental to the use, study or understanding of aerosols of fine par-
ticles is the ability to produce suitable forms for experimental or
applied purposes. The extensive use of aerosols in medical therapy has
led to the design of many types of aerosol generators which fall into
three basic groups: (1) compressed air nebulizers, (2) ultrasonic neb-
ulizers and (3) dust blowers. In addition to medical nebulizers and
dust blowers, other specialized nebulizers, dust blowers, spray nozzles,
spray cans and aerosol generation devices are widely used in experimen- -
tal research. Among these specialized instruments are some designed to-
produce uniform droplets or particles. Aerosols of fine particles can
also be produced by photochemical, radiolytic and condensation processes.

The characteristics of the ultimate form of aerosols produced by various
means depend not only upon the generation method but also upon the phys-
ical and chemical nature of the source material and the temperature and
humidity conditions or treatment received. On this basis, aerosols can
be produced that are heterodisperse, polydisperse, or monodisperse. The
term heterodisperse is used to describe aerosols of particles which vary
widely not only in size but also in physical and chemical characteristics.
Polydisperse usually implies homogeneity of basic physical and chemical
characteristics but with widely different particle sizes and differences
in those aerodynamic properties which depend in part upon particle size.
Monodisperse is a term which implies both homogeneity of basic chemical
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and physical characteristics including composition and physical density
and relative uniformity of particle size and aerodynamic properties.
Monodisperse is a relative term, since a distribution of particles which
is satisfactorily monodisperse in one application may be considered
polydisperse in another. However, the definition suggested by Fuchs and
Sutugin/ provides a guideline for defining "practical monodispersity".
Their definition of monodisperse particle size distribution is one having
a coefficient of variation less than 0.2. Nevertheless, a distribution
of particles which extends from 1 to 5 ym and has a coefficient of
variation much bigger than 0.2 may be clearly polydisperse to most, but

a distribution that extends from 0.01 to 0.05 um may be considered es-
sentially monodisperse by some investigators even though the coefficient
of variation may be much greater than 0.2. In addition, the phenomenon
being studied may affect the definition. Particles may be numerically
monodisperse with respect to geometric size, but because of variations

in physical density, they may be polydisperse with respect to aerodynamic
properties such as settling speed.

This review summarizes a variety of methods commonly used to produce
aerosols of fine particles from the perspective of the investigator who
is interested in aerosol behavior or the biological effects of aerosols
inhaled by experimental animals or man.

POLYDISPERSE AERQOSOLS
NEBULIZERS

A nebulizer is an atomizer used to produce aerosols of fine particles by
atomization of liquids to produce droplets, the majority of which are
less than 10 um in diameter, as opposed to those from a spray atomizer
which may range up to 100 um or Targer. Both compressed air and ultra-
sonic nebulizers produce aerosols from liquids. Often, the particles of
residue remaining after the droplets evaporate form the desired aerosol
of fine particles. Either solutions or suspensions may be aerosolized
with nebulizers.

Important factors in describing the operation of nebulizers include (a)
the output rate and concentration of usable aerosol, (b) the volumetric
rate of air, (c) the evaporation losses of liquid which are independent
of usable aerosol, (d) the droplet size distribution, (e) the volume of
1iquid required for proper operation and (f) the maximum unattended op-
erating time.8 Cognizance of these factors in relation to a particular
application determines the choice of a nebulizer.

The output rate of usable aerosol is usually described as volume of
liquid at initial formation associated with droplets that leave the
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generator and may be expressed as ml/min or ul/min. The concentration
of droplets from most nebulizers is usually between 106 and 107/cm3

of air; however, since the volumetric rate of air may be several liters
per minute, the droplet output rate may be well in excess of 109/min.

Evaporation losses increase the concentration of the solute in solution
or particles suspended in the aerosolized liquid. This can be described
as given by Mercer, et al.9

W
Vo A+W

CO VO-(A"'W)Q"

with the cq and ¢ solute concentrations at time t = 0 and t(min), respec-
tively, and W and A are the evaporated and aerosolized liquid output con-
centrations in air (m1/1), respectively, Vg is the initial volume of
solutions and  is the volumetric output of the nebulizer (1/min). This
evaporation occurs primarily from the surface of the 1iquid and from the
droplets which evaporate slightly and then hit the wall of the nebulizer
to be returned to the reservoir. This change in concentration causes an
increase in the sizes of the particles that are formed when the droplets
dry. Since this is undesirable, it is advantageous to keep the ratio
W/(A + W) as small as possible. This is accomplished by high aerosoliza-
tion efficiency (as given by A) and by keeping the nebulizer solution
cool. Using a nebulizer with a small reservoir reduces W by the natural
cooling from evaporation and air expansion in compressed air operated
devices. An effective way to reduce evaporation is to operate the nebu-
1izer with the reservoir submerged in an ice-water bath.l10 Qther methods
of maintaining a more uniform concentration of liquid to be nebulized
that have been used include continuous feed of 1liquidll and humidifica-
tion pretreatment of the compressed air.12

Nebulizers produce droplets of many sizes and resultant_aerosol parti-
cles after evaporation are concomitantly polydisperse. The droplet
distributions described for nebulizers are the initial distributions at
the ingtant of formation; droplet evaporation begins immediately even at
saturation humidity since the vapor pressure on a curved surface is
elevated.14 The rate of evaporation depends upon many factors including
surface tension, energy availability, degree of saturation of Eh? air,
the solute concentration,l5 the hygroscopicity of the solute,10-18 the
presence of immiscible 1iquids or evaporation inhibitorsl9-20 and the
size of the droplets (smaller droplets have higher vapor pressures and
dry fasterld).
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The distribution of droplets groduced by nebulizers has been described
satisfactorily in many ways.13,21-23 Most useful is the assumption that
the logarithms of droplet size are normally distributed. This log-normal
distribution of sizes allows for simple mathematical transformations24-25
and usually satisfactorily describes droplet volume distributions.23

The characteristic parameters of a log-normal distribution are the me-
dian (or geometric mean) and the geometric standard deviation (oq).

The median of a distribution of droplet diameters is called the grop]et
count median diameter (CMD); the median of the mass or volume distribu-
tion of the droplets is called either the mass median diameter (MMD) or
the volume median diameter (VMD). These are related hy:

In(MMD) = In{CMD) + 3(In og)z (2)

in which In refers to the natural logarithm.?25

Aerosols produced from aqueous solutions (and some other methods) are
electrostatically charged by the imbalance of jons in the droplets as
they form.26-27 After evaporation, aerosol particles can be relatively
highly charged; this may cause a small evaporating droplet to break up
if the Rayleigh 1imit28 is reached due to the repelling forces of the
electrostatic charges overcoming the liquid surface tension.29-30 The
Rayleigh limit, the minimum stable diameter, D4, of a droplet with n
electronic units of charge, e, can be expressed as:

3
2 2
ne (3)

Dg = 2mt

with 7 the surface tension. In some cases the net charge on a particle
may be tens or even hundreds of electronic charge units, which may af-
fect both aerosol stability and behavior. Therefore, a reduction in the
net charge of aerosol particles produced by nebulization either by mix-
ing with bipolar ions3l or by passing through a highly ionized volume
near a radioactive source32-33 is desirable and may be imperative in
some experiments.

Compressed air nebulizers 8enerate droplets by shattering a liquid

stream in fast moving air.9,34-37 The liquid is usually drawn into the
air flow by the natural reduction in pressure that occurs at right angles
to the fast moving air stream (Venturi effect given by Bernoulli's
Theorem).
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When such a nebulizer is operated at gage pressures greater than the
ambient barometric pressure (which is usually the case), the air jet op-
erates under sonic conditions, that is, the maximum velocity of the air
jet is the speed of sound at the temperature of the air stream at a given
location. (Supersonic atomizers require special configurations.38) The
f]oggrate, Q, at a given barometric pressure, P4, and gage pressure, AP,
is:

Py Pq+ AP

Q=qQ ,
| e (4)

with Q' the known flow rate at some ambient barometric pressure P;' when
operated at gage pressure AP'.

Adiabatic expansion occurs at the appropriate sonic velocities until the

sum of the pressure head and velocity head equal the ambient pressure,
Py» at which point the pressure is a minimum P, given by : 39

Pm = 0.83P, (

[&2]
~—

If it is assumed that liquid is aerosolized at a rate proportional to
P3-Pm and that the total flow rate is given by equation 4, the nebulizer
output concentration, A, is given by:

P.121P, + AP’
A=A OI d (6)
Pq Pq + AP

with A', AP' and P3' a set of known operating conditions.

This equation can be used to correact reported or measured nebulizer
characteristics for the effect of change in barometric pressure since
these characteristics are customarily reported in terms of the gage
pressures (AP) at which they are operated under local conditions. Much
of the available nebulizer data were collected bg Mercer and his
colleagues at a barometric pressure of 62 cm Hg. »23,26,40-42  pp attempt
has been made in this report to correct nebulizer operation data to

21 °C and barometric pressure 76 cm Hg.
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Auxiliary Air Flow

The air flow exiting from a nebulizer creates a negative pressure
at the back side of the nebulizer jet. An opening placed nearby will
allow auxiliary air to be drawn into the device and mixed with the out-
flow. Such auxiliary flow can not only increase the effective volumetric
output of a nebulizer, but also markedly increase aerosol droplet output
frequently without markedly affecting aerosol output concentration.
Many atomizers are designed to incorporate auxiliary air flow into nor-
mal operation.

DeVilbiss No. 40

The DeVilbiss No. 40 (DeVilbiss Co., Somerset, Pa.) is one of the sim-
plest compressed air nebulizers. This glass nebulizer {Fig. 1) has a
vertical jet and a separate capillary through which the liquid to be
aerosolized is drawn into the air stream. Its reservoir holds only
about 10 m1. About 10 liters of air and 0.22 ml of 1iquid droplets are
released per minute at an operating pressure of 20 psig with VMD of 3.2
um and og 1.8.9

Dautrebande D-30

The Dautrebande D-30 nebulizer (Fig. 2) also uses a vertical jet with
separate feed capillary.43-44 The aerosol droplets, however, are re-
quired to follow tortuous paths through baffle holes so that most of the
larger drops are unable to negotiate this scrubbing action and are col-
lected and returned to the liquid reservoir. Consequently, droplets
which leave the Dautrebande generator as useful aerosol are much smaller
than those produced by other nebulizers and the aerosol output concen-
tration is low. The D-30 releases about 25 liters of air and 60 ul of
liquid droplets per minute at an operating pressure of 20 psig with VMD
of 1.4 um and og 1.7.9 It is usually constructed of plastic.

Lauterbach Nebulizer

The Lauterbach nebulizerdd uses a jet consisting of a metal tube sealed
at one end with a small hole drilled near the sealed end. This jet is
operated by attaching a compressed air line to the open end of the tube
with the orifice positioned very near the surface of the liquid so that
the air stream is emitted parallel to the surface. The liquid touching
the tip of the metal tube is drawn directly into the air stream because
of the reduction in pressure at right angles to the stream. The Lauter-
bach improved nebulization by using a recirculating reservoir system,
consisting of the generator reservcir and a larger volume supply reser-
voir. Liquid from a 200 ml supply reservoir continually flows into the
generation reservoir, which is maintained at a constant level with a
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fixed overflow tube that allows excess liquid to be pumped back to the
main reservoir. Since the recirculation system works independently of
the jet operation, the liquid is continually mixed and concentration
changes are minimized. The reported output is about 2.4 liters of air
and 17 u1 of liquid droplets per minute at an operating pressure of 20
psig, with VMD of 2.4 um and og 2.0.45

A schematic of the glass Lauterbach nebulizer is shown in Figure 3.
Mercer et al9 report a plastic modification40 of the Lauterbach genera-
tor that is somewhat different in design.

COMPRESSED

AIR AT 20 PS.L.
AEROSOL ‘ VFNT
! AIR AT 4

RESERVOIR
200 ML
CONSTANT LEVEL e
OVERFLOW —— .
——-CAPILLARY

/
“LIQUID FLOW

LIQUID FLOW

Figure 3. Schematic drawing of the Lauterbach
glass nebulizer (from Lauterbach et a145).

Coilison Nebulizer

One of the early medical nebulizer modifications, which is still in use,
is the nebulizer introduced in 1932 by W. E. Collison.%06 1t has been )
wide’y used in Great Britian for both medical and experimental purposes.4’
The Collison jet consists of one or more orifices of various diameters,
e.g. 0.035 cm, set at right angles to a vertical liquid feed channel
within a cylindrical metallic rod. A simple baffle arrangement consist-
ing of a hollow cylinder surrounding the jet is used to collect the
larger droplets by impaction. Output concentrations are low with 55
ul/min of aerosol in 7.1 1/min at 20 psig; water evaporation exceeds the
aerosol output and is equal to 90 ul/min at 20 psig with VMD about 2.0
um and og 2.0.47
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Laskin Nebulizer

The Laskin nozzle (designed by Dr. Sidney Laskin, Department of Environ-
mental Medicine, New York University Medical Center, New York, New York)
consists of an orifice in a sealed metal tube. The basic arrangement is
similar to the Collison nebulizer. The orifice is positioned at the top
of a metal capillary through which the liquid is drawn into the air
stream. The bottom of the feed tube can be submerged into the liquid at
various levels without markedly affecting the aerosol output. Although
the efficiency of the Laskin nozzle is not remarkable, it is useful for
producing large quantities of aerosol when large volumes of air are ei-
ther desirable or not prohibitive. Operating characteristics are similar
to those of the Collison nebulizer.

Wright Nebulizer AIR INLET

B. M. Wright introduced the principle
of the jet baffle in 1958 with the de-
sign of the Wright Nebulizer.48 By
placing a collection surface close to
the point of disintegration of a nebu-
lizer jet, the output concentration of
usable aerosol is markedly increased.
The basic arrangement is shown in Fig-
ure 4. The outlet of the liquid feed
tube is placed near the point of mini-
mum static pressure of the air jet
emitted from a small orifice (0.074 cm
ID) so that Tiquid is drawn into the
jet flow within a small compartment and
sprayed through a larger hole (0.16 cm)
and impinged upon an open-sided {lat
collector at short distance (0.116 cm).
Only the smaller drcplets can negotiate
the turn at the baffle. The liquid
from the large droplets that collects
on the baffle is forced to the edges by
the airstream where it is extensively
aerosolized enhancing the output of
small droplets. If the jet baffle is
too close to the point of disintegration
of the liquid stream, it will interrupt

AEROSOL OUTLET

{ £ & v 4 4 L > 4 v 4 4 > 4

the formation of small droplets and if rigure 4. Schematic draw-
it is too far away, the secondary aero- ing of the Wright Nebulizer
solization of small droplets will be showing the air jet, liquid
less because of the lower speed of the feed tube, secondary flow
air passing the baffle. By optimizing hole and jet baffle.
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the position of the i a . the roncentration of smell dropiets (< 10 um
in diameter) in the output “s greatly eahanced. Use of the Wright jet
baffie principie is a common Feature of modern nebulizers. The Wright
nebulizer jet assembly is wsvally constructed of plastic. Typically,
the reservoir hol ds about 00 w About 12 liters of air and 350 ul of
water dronlets are veleasea per minute at operating pressure of 24 psig.
The VMD has been regcrted to be 2.6 um with a dg about 2.0.49-50

o
i
.

Lovelace hebulizer

The "Lovelace” {Lovelace Foundatvion for Medical Education and Research,
Albuguerque, ntew Mexico) Mebutizer {(Figures 5 and 6) is a miniature gen-
erator which usac the Wrignt jet baffle
principie but witn & srall rouided batfle
rather than a flax one. A small adjusta-
ble nylon or tefion screw with rounded end
mounted nzar ana n direct oppesition

to the air jet serves a@s this primary
baffie in the Lovelace dasign. For iis
size aad simpiicity. it has an cutstanding
efficiency in the geaneration of usable aer-
osols at a smail woiumetric rate. It op-
erates with a smaii liguid volume of about
4 ml and an aiv flow of about 1.4 1/win at
20 psig jet oressure. This device cai
provide up to 79 L1/min of Tiguid droplets
with VMO about 5.8 um und og about 1.8,
Newton et al.51 cescribe th2 basic design
of the Loveiace uebuiizer. Tre construc-
tion is of lucite for the liquid cup,
epoxy for tne top, stainiess steel for the
outlet tube ana scainless steeal for the
tube Suvp’v ng compressed air 1o the Tu-
cite jet assamply. ;re jet assenbly con-
tains & swall oritize (0.25 mm ID), a
cylindrical capiilary through which liquid
is fed to the je:t and a support for tne
baffie screw. Mercer el al9 demonsirated
the importarce of positicning the Jet
baffie by |fd5ur1ﬂg the outpul for various
settings of distvances between the Gﬂu of

HEX MEAD

the screw ard Lhe orifice (Figure 7); they Figure 5. Exploded sche-

aiso report a very favorapie output 10~ matic of the Lovelace

evaporaticr ratio. Nebulizer which uses a
small screw as the jet
baffie.
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Retec X-70/N Nebulizer

The Retec X-70/N Nebulizer (Retec Development Lsboratory, Portland, Ore-
gon) is another small, efficient nebulizer using the Wright jet-baffle
principle (Figure 6). The jet orifice is 0.5 mm 1D; the secondary ori-
fice is 0.75 mm. Clever design of the components allows all parts to
be molded of plastic for easy assembly and disassembly while the op-
erating dimensions are maintained within narrow limits. The jet baffle
is a plastic sphere 6.0 mm in diameter A double orifice system as
with the Wright Nebulizer (Figure 4) allows use of a liquid flow tube.
By recessing the secondary orifice, the speed of airflow passing the
jet baffle increases so that the secondary aerosclization is enhanced.
The reservoir volume is novmally 10 mi, but Targer reservoirs can be
used. Burnsd2 determined the aerosol output to be 230 ml of liquid per
minute with a flow rate of 5 1/min when operated at 20 psig.

Babington Nebulizer

A new class of compressed aiv nebuiizers is possible based upon the
Babington principle.33-55 (iquid is allawed to flow over an orifice,
usually a slit at & ~ight angle to the flowing liquid, at a rate which

"z

Retec Nebulizer | cvelace Nebulizer

Figure 6. Photograch ¢f *!
i

W Retoc 27074 Nebalizer {left) and the Love-
lace Nebulizer fyight:. 7h

t

~ Laight of the Retec hebulizer is 11.5 cm.
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Figuvw 5. Effect of baffle screw position on output
of useful aerosol from the Lovelace Nebulizer showing
the Wright jet-baffle effect which provides enhanced
output by proper jet-to-baffle spacing. The output at
optimum position is ahout six times the output of the
unbaffled jet. The data squares are based on mass
output measurements and the data circles are based on
light-scattering measurements. (From Mercer et al9).

maintains an untorn film over the orifice even as compressed air is
forced through the liquid fiim. Small droplets are generated at the
surface of the liguid and carried away in the air stream without the
intermediate Rayleigh stream disintegration which is characteristic of
conventional nebulizers. The usual design is to have several small slit
orifices on the surface of a hollow sphere. The inside of the sphere

is pressurized and liquid to be aercsolized is pumped from the reservoir
to the outside top of the sphere so that it fiows over the surface of
the sphere at a volumetric rate sufficient to maintain a closed film

over each orifice.

The Hydrosphere Nebulizer (Owens-I1linois, Toledo, Ohio) is a commercial
nebulizer using the Babington principle. The jets are slits about 0.2
mm by 1.2 mm cut in two hollow ¢lass spheres 1.5 cm in diameter. Two
slits in one sphere and one in the cther provide three orifices. The
unit is designed for auxiliary air flow on demand to enhance output.

It also incorporates jet baffles based on the Wright principle; these
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are metal spheres 4 mm in diameter. Large auxiliary reservoirs are re-
quired with the Hydrosphere Nebulizer. At 20 psig with auxiliary air,
the volumetric output rate is about 110 1/min with about 3.3 ml of
liquid aerosolized per minute. Of the 3.3 ml of liquid aerosolized per
minute about 2.7 ml represents a usable droplet aerosol with VMD equal
to about 4 um and og about 2.3.56

Ultrasonic Nebulizers

Ultrasonic nebulizers operate differently from compressed air nebu-
lizers.57-62 Although a flow of air is used to carry off the aerosol
droplets, the air is not involved in the initial formation of these
droplets which are formed by ultrasonic vibrations. A sectional view
of an experimental ultrasonic generator (designed by Mr. G. J. Newton,
Lovelace Foundation, Albuquerque, New Mexico) is shown in Figure 8. A
110-volt, 60-cycle line current is converted to a high-frequency signal
(in this model approximately 800 kHz) and transmitted to the transducer
A through the shielded cable B. The transducer, a cylindrical piezo-
electric device, transforms the high-frequency electrical current to
mechanical oscillations. Because of the shape and nature of the crystal,
these mechanical vibrations are highly directional and create an intense
acoustic field in the coupling fluid C. The energy is carried through

Aerosol Outiet (H)
Alr Inlet (F
- Aerosol Particies (G)

77774 777, Figure 8. Sectional schematic
— , Generator view of an operating Ultrasonic
~ = o A [l T Reservoir(E) Nerosol Generator showing trans-
— "//’;\ S ) ducer assembly (A) receiving
~ === — | power through shielded cable (B)
— l==" T\ generating an acoustic field in
— —— T K the coupling fluid (C) creating
-~ ~ — — _N an ultrasonic geyser (D) in the
T T = Coupling generator reservoir (E) and air
. ~— TTf fue@ entering at (F) carrying away
e ™ _}-Tromsducer aerosol (G) through the aerosol
- E Auemby @) utlet (H) (from Raabe8).
. — B
Y S Shieided
- T Cabie (B)
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the Tiquid by the motion of the molecules along the direction of propa-
gation. Intense adiabatic compressions and rarefactions occur with cor-
responding density and temperature changes. The actual amplitude of the
motion is only about 0.2 um in an 8C0 kHz field, but the acceleration
attained is in excess of 500,000 g. This turbulence creates a pressure
gradient along the cylindrical axis of the transducer and results in a
water geyser D. The high-frequency turbulence in the geyser produces

the aerosol droplets.

The sizes of the droplets formed depend on the freguency of the acous-
tical field and the physical-chemical character of the liquid. The sizes
of the droplets carried by the air stream out of the generator depend up-
on the rate at which the droplets are carried away from the geyser since
coagulation is rapid at the nigh concentrations of droplets initially
formed. For example, with an air flow of 1 1/min, the droplet distribu-
tion had a VMD of 10 um while at a flow of 10 1/min it was only 3 um.63

Ultrasonic nebulizers impart intense energy to the liguids being nebu-
lized which causes heating with an increase in evaporation. Also, mate-
rials in solution or suspension can be denatured, degraded or deformed.
Ultrasonic nebulizers are also sensitive to the chemical properties of
the aqueous solutions or suspension to be nebulized and may malfunction
because of this sensitivity. Operating characteristics of several ultra-
sonic nebulizers have been reported.4l,64-65

Summary

The operating characteristics with water of several compressed air and
ultrasonic nebulizers are summarized in Table 1. The output concentra-
tion, A{u1/1), is a measure of aerosolization efficiency. Only selected '
operating pressures have been described for each compressed air nebulizer,
although most may be operated at various pressures with associated var-
jations in operating characteristics. Other conditions being equal,
compressed air nebulizers which utilize the Wright jet baffie principie
are about 5 times as efficient as those that do not.

AEROSOL GENERATION WITH NEBULIZERS

Fine aerosols of both soluble and insoluble* materials may be produced
by nebulization of solutions or suspensions. For example, spherical
insoluble particles of plastics may be made from solutions with suitable
organic solvents,b6 or soluble forms may be made from aqueous solutions
of electrolytes.®7 C(hanges may be made in the chemical state of the
particles formed after solvent evaporation by heating, and in the size
distribution hv selective collection of a portion of the particles.

*  The terms 'scluble" and “insolubie" are relative terms especially

when used to describe the character of inhaled aerosols.



Table 1

Typical Operating Characteristics of Selected Nebulizers With Reference, Gage
Pressure (AP), Output Concentration (A), Evaporation Output (W), Volumetric
Flow Rate (Q) and Droplet Distribution (VMD and oq)
Corrected, as Required, to Operation at 76 cm Hg and 21 °C; Values in
Parentheses are my Estimates.

AP A W Q VMD 5
Nebulizer (psig) (p1/1)  (w1/1) (3/min) (um) g
Dautrebande D-30 10 1.6 9.6 17.9 1.7 1.7
(9) 20 2.3 8.6 25.4 1.4 1.7
30 2.4 8.2 32.7 1.3 1.7
Lauterbach 10 3.9 (1.7) 3.8 2.0
(9) 20 5.7 (12) (2.4) 2.4 2.0
30 5.9 (3.2) 2.4 2.0
Collison 20 7.7 12.7 7.1 (2.0) (2.0)
(3 jet model) 25 6.7 12.6 8.2 2.0 2.0
(47) 30 5.9 12.6 9.4
40 5.0 12.6 11.4
DeVilbiss #40 10 16 (10) 10.8 4.2 1.8
(9) 15 15.5 8.6 13.5 3.5 1.8
20 14 7.0 15.8 3.2 1.8
30 12 7.2 20.5 2.8 1.8
Lovelace 15 27 (10) 1.3
(Baffle screw set 20 40 10 1.5 5.8 1.8
for optimum operation 30 31 11 1.6 4.7 1.9
at 20 psig) 40 21 9 2.0 3.1 2.2
(63, 10) 50 27 11 2.3 2.6 2.3
Retec X-70/N : 20 56 20 5.0 5.1 2.0
(52, 10) 20 53 12 5.4 5.7 1.8
30 54 11 7.4 3.6 2.0
40 53 7 8.6 3.7 2.1
50 49 9 10.1 3.2 2.2
DeVilbiss Ultrasonic -- 150 33 41 6.9 1.6

(setting #4)
(Somerset, Pa.) (41)
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Both crystalline and amorphous forms of aerosol particles may be produced
from aqueous solutions. Often the type of particles produced will depend
upon the conditions of drying as well as the chemical nature of the ma-
terials. If drying is too rapid low density particles, which are essen-
tially shells, mag be formed by the encrustation of the surfaces of the
drying droplets.®/ More often, drying is seriously hindered by the
hygroscopicity of the solute,16,17 the presence of immiscible liquids or
evaporation inhibitors,19 the insufficiency of energy available to the
droplet, the saturation of the air, and other factors. Adequate drying
usually requires mixing the primary droplet aerosol with filtered, dry
air. Warming of an aerosol to speed drying, by passing it though a
heated tube, may be necessary in some experiments. Reductiop_of efectro-
static charge to Boltzmann equilibrium is usually essential.

When droplets evaporate, the residue particles become the aerosol.
Since nebulizers produce droplets of wrany sizes, the aerosols formed
after evaporation are pclydisperse with geometric standard deviation
about equal to the value for the droplet distribution produced by the
nebulizer. The size of i given partiile depends upon the solution con-
centration, ¢, and the croplet diamet:r, D4. These are related for
spherical particles by:

D3p = Dd3c (7)

with D the geometric diameter of the resultant spherical particle of
density, p. Since asrosol particles vary in density and shape, it is
useful to relate various size particles in terms of their dynamic char-
acteristics. For evample, the aerodynamic equivalent diameter for a
particie may be des:ribed as the diameter of a unit density sphere with
the same falling speed as the particle.l8 The aerodynamic equivalent
diameters of solid spheres of various densities produced from a 5-um
droplet for varisus solution concen:rations are shown in Figure 9.

Nebulization of an aqueous colloid:l suspension forms insoluble parti-
cles of the ajgregates of the collridal micelles. This method has the
advantage of requiring no organic solvents. If the micelles are small
and in high ~.uncentration,the res’itant particles will be nearly spher-
jcal in shape and their size distribution may be predicted by assuming
that the suspension behaves as a solution. For example, a colloidal
suspension of ferric hydroxide miy pe aerosolized to produce relatively
insoluble and spherical particie: of ferric oxide for inhalation experi-
ments.68~69 Water physically tripped or chemically bonded in such
particles may be removed by heai .ng. If the colloidai micelles are com-
parable in size to the droplets sroduced by the nebulizer,/0 or if the
concentration is small, physicil facters and the statistics of the ran-
dom piclup of miceiles by droplets will determine the size distribution
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of the resultant aerosol. Unfortunately, aerosols produced from colloids
sometimes have inherent porosity71 because of the interstices between
micellular components. Aerosol of bacteria and viruses can also be pro-
duced by nebulization of suitable suspensions.72

Changing the chemical nature of aerosols by heat treatment after they
are produced is a useful way of creating particles with dg;irgb1e chem-
ical and physical characteristics.’3-74 Kanapilly, et al s79 describe
the generation of spherical particles of insoluble oxides from aqueous
solutions with heat treatment of the aerosols with temperatures up to
1400 °C. This procedure involves (a) nebulizing an appropriate aqueous
preparation containing the desired metal cation, (b) drying the drop-
lets, (c) passing the aerosol through a high temperature heating column
to produce the spherical oxide particles and (d) cooling the aerosol
with the addition of diluting air. Figure 10 shows a Zr0s aerosol pro-
duced by nebulizing zirconium oxalate with heat treatment at 1150 °C.
Thermal degradation of aerosols to produce desired chemical forms has
also been used by Horstman, et al77 and by Arvik and Zimdah1.78 Another
example of aerosol alteration is the production of spherical aluminosil-
icate particles with entrapped radionuclides by heat fusion of clay
aerosols.’® This method involves (a) ion exchange of the desired radio-
nuclide cation into clay in aqueous suspension and washing away of the
unexchanged fraction, (b) nebulization of the clay suspension yielding a
clay aerosol as shown in Figure 11 and (c) heat fusion of clay aerosol
removing_water and forming an aerosol of smooth solid spheres of density
2.3 g/cm3 as shown in Figure 12. Freeze-drying of droplets has also
been r;gorted as a useful technique for preparing certain types of aer-
osols.
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Figure 10. Electronmicrograph
of an aerosol sample of
zZirconium dioxide (shadowed
with chromium vapor) produced
by nebulization of an aqueous
Zirconium oxalate mixture and
degraded at 1100 _°C. (from
Kanapilly et a1/5).
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Figure 11. Electronmicrograph
of an aerosol sample of mont-
morillonite clay (shadowed
with chromium vapor) generated
by nebulization of an aqueous
clay suspension.

Figure 12. Electronmicrograph
of a sample of an aerosol of
aluminosilicate spheres
(shadowed with chromium vapor)
generated by heat fusion at
1150 °C of the clay aerosol
shown in Figure 11. (from
Raabe et a17/6).



SPRAY CANS

Commercial "aerosol" containers
operate on a very different prin-
ciple than nebulizers.80- They
use various mixtures of the lig-
uid to be atomized with a suit-
able volatile Tiquid (usually a
fluorinated hydrocarbon such as
dichloro-difluoro-methane
(freon)). Numerous formulations
have been tested to evaluate the
applicability to different pur-
poses.82 The pressure in the
sealed container caused by the
volatile liquid forces the fluid
mixture through a feed tube to
the nozzle orifice when the
nozzle is depressed (Figure 13).
The rapid evaporation of the
volatile liquid causes numerous
bubbles to form in the liquid
mixture as it approaches the
orifice and shatters the released
liquid stream into droplets which
usually have a broad range of
sizes, often up to 100 um in
diameter. However, the aerosols
produced by these pressure con-
tainers can be widely varied by
orifice nozzle design and chemical
formulation.83

— T

/ ACTUATOR \
| Lp

A
// P i;ik-.
™~

ACTUATOR

DIP TUuBE

Figure 13. Schematic illustration
of the basic components of a spray
can which uses tiquid fluorinated
hydrocarbons or other hydrocarbons
as propellant.

A major portion of the aerosols produced by spray cans may, in many
cases, be smaller than 3.5 um in aerodynamic equivalent size, and,

therefore, qualify as fine particles.
deliver respirable aerosols of drugs.
able aerosols of fine particles as undesirable side-products.

Spray cans have been in use to
They also may produce respir-
Vos and

Thompson determined an average of 57% by weight of the nonvolatile aer-
osols produced by commercial deodorant spray cans were in the fine par-

ticle range.85

In another study, they observed mass fractions in the

fine particle range of 6.6% for a hair spray, 11.3% for a frying pan
spray, 9.3% for disinfectants, 7.5% for an insect killer, 31.4% for an
air freshener and 3.2% for another deodorant.36

Some investigators may object to the use of the term aerosol in describ-

ing spray products.87

Many books and articles that contain the word



aerosol in their titles are devoid of aerosol information in the scien-
tific sense. The word is certainly misused when applied to cans that
dispense such commodities as shaving cream, tooth paste or whipped
potatoes.

DRY PARTICLE AEROSOLIZATION

Dust generators such as the DeVilbiss dust blower #175 (Figure 14) (De-
Vilbiss Co., Somerset, Pa.) are designed to turbulently suspend dry

dusts and carry the resultant aerosol into an air stream. The DeVilbiss
unit uses turbulent air flow in the glass dust container to stir the
dust. Many methods may be used to generate dry dust: however, all in-
volve two factors: getting the dust in motion by shaking, grinding,
stirring, placing in fluidized bed, etc., and moving the proper amount
jinto the desired air volume. Some methods may not yield reproducible or
unvariable concentrations or size distributions. One unusual approach

to dust generation involves the loading of dry powder into a capsule and
propelling it with an air gun through a sharp cutting device into an aer-
osol chamber.88 This method has even been used for animal exposures.89-90

Figure 14. The DeVilbiss No. 175 dry-dust blower used to aerosolize
powders.
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One of the most popular dust generating devices has been the B. M. Wright
Dust Feed91 which allows dust to be ground off of a packed plug. A tim-
ing and gearing mechanism provides a constant rate for this dust feeding
device. Another somewhat similar device, providing a narrower size

range of particles, has been described by Dimmick.92 Variations on dry
dust feed systems have been described by Ebens and Vos93 and by Fuchs

and Murashkevich. 94

An elaboration of a kitchen blender for producing aerosols of dry powders
and fibers has been described by Drew and Laskin.92 In this system a
preground dust is mixed in a container having a four-bladed, high-speed
fan at the bottom. The air-dust mixture is aspirated into a separate
baffling chamber mounted at the top of the fluidizing container. From
the baffling chamber, the dry aerosol is conducted to its intended des-
tination. Drew and Laskin showed the fluidizing dust chamber to be of
practical value in inhalation studies with fiberglass dust with concen-
trations as high as 200 mg/m3 and coefficient of variation of concentra
tion only 6.7% for 12 samples taken at half-hour intervals.

Fluidized beds of solid particles such as bronze spheres kept in mgtion
by upward air flow have been used for aerosolization of dry dust.96-97
Dusts are injected into the fluidized bed which serves to break up the
dust particles and readily releases them as an aerosol.

PHOTOCHEMICAL AND RADIOLYTIC AEROSOLS

Chemical reaction can occur at the molecular level in air under the in-
fluence of light or other radiation to produce a variety of aerosols of
ultrafine and fine particles. The production of condensation nuclei by
the irradiation of filtered nuclei-free air by X-rays, alpha particles
and beta particles has been described by Megaw and Wiffen,l Madelaine3
and Mercer and Tillery.99 Aerosols produced by alpha, beta and gamma
(X-ray) radiation are usually called radiolytic aerosols.

The topic of photochemical production of aerosols of fine particles is
beyond the scope of this report. Needless to say, it has and will con-
tinue to receive considerable attention with respect to its role in air
pollution.

MISCELLANEOUS

Useful aerosols of dry particlies of metal and metal oxides have also
been produced with electrically heatedl00-104 or exploded wires.105-107
These techniques have some disadvantages because of the broad size
distributions of the resulting particles and because of the tendency of
particles to coalesce. There are applications, however, for this type
of aerosol since they tend to be in the ultrafine range gless than 0.1
:m). It is possible with a technique such as Couchman'sl00 wire heating
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method to produce spherical particles of many different metals or their
oxides. Aerosols of ultrafine particles have also been produced by arc
vaporization.108-110

Spurny and Lodge have described a method for producing radiolabeled aer-
osols of ultrafine E?rtic1es by vaporization of radiolabeled metals and
metallic compounds. 1 Lasers have also been employed to provide heat
for vaporization and combustion of metals under conditions which lead to
condensation aerosols of ultrafine particles or chain aggregates.l12-113
Sinclair and Henchliffe used an induction furnace to vaporize silver to
yield ultrafine spherical particles of metallic silver.114 Many other
vaporization and combustion methods can be designed on the basis of
these techniques.115-118

MONODISPERSE AEROSOLS
GENERAL

The generation of monodisperse aerosols with particles of similar size
and physical-chemical characteristics is desirable in many experimental
applications since the effects of particle size can be evaluated. Many
of the methods for producing monodisperse aerosgls have been reviewed by
Fuchs and Sutugin,’ Raabe,8 Liull9 and Mercer.l20 These methods include
the growth of uniform aerosol particles or dropiets by controlled con-
densation, the formation of uniform droplets (which may dry to solid
particles) by controlled dispersion of liquids electrostatically, by dis-
persion of liquid jets with periodic vibration, or with a spinning disk
or top. Another popular method for producing monodisperse aerosols is
the nebulization of a suspension of monodisperse particles, but involves
some inherent difficulties. It is not a simple matter to produce suit-
able monodisperse aerosols for particular applications. The variety of
physical-chemical types of such aerosols is still somewhat Timited and
the specialized equipment usually requires careful operation.

The definition for monodispersity suggested by Fuchs and Sutugin’/ pro-
vides a guide for evaluation of monodispersity of particle size distri-
butions. If the coefficient of variation (ratio of standard deviations
to the mean) of the distribution of sizes is less than 0.2 (20%), the
aerosol may be satisfactorily described as having "practical monodis-
persity". For a log-normal distribution, this is about equivalent to a
og < 1.2. In general this criterion is not very stringent, and many
investigators may prefer to achieve greater size uniformity. However,
even with very effective devices for producing uniform particles or
droplets, it is sometimes necessary to tolerate a small fraction of odd-
sized particles or doublets {(two primary particles which have coalesced).
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NEBULIZATION OF MONODISPERSE SUSPENSIONS N
General

The nebulization of suspensions of uniform particles which have been
chemically grown or separated from polydisperse particles has been a
simple and useful means of generating monodisperse aerosols. Suspen-
sions of polystyrene latex spheres of fairly uniform size grown by emul-
sion polymerization as developed by Bradford and Vanderhoffl21-122 pave
been commonly used for this purpose,l23-126 (Qther types of monodisperse
hydrosols have also been made.l27-128 polystyrene latex spheresl29-132
and others133 can be labeled with radionuclides.

It is not possible at reasonable dilutions to guarantee that only indi-
vidual particles will be aerosolized and droplets containing more than
one of the suspended particles will become undesirable aggregates upon
evaporation. Raabel26 has calculated the dilution, y, for polystyrene
latex suspensions required to generate an aerosol with singlet ratio R
defined as the ratio of droplets with but one monodisperse particle to
all droplets that contain one or more monodisperse particle:

2 >
FvMDP e [ |- 05" ] @)
Y= (-R)D>

for R > 0.9 and o4 < 2.1 with F the fraction by volume of the particles
in the original s%ock suspension, D the diameter of the monodisperse
spheres and with VMD and o, the volume median diameter and geometric
standard deviation of the 8rop1et distribution from the nebulizer.

Equation 8 can be used to calculate the maximum number concentration,

MNC* of monodisperse particles of any type in a liquid suspension to be
nebulized so that the singlet ratio is not less than R:

6( l _ R) e~4.5(|n 0'9)2

MNC* =
- (VMD)3 [l _05 e(ln 09)2] (9)

When VMD is the nebulizer droplet median diameter in centimeter units,
MNC* is number of monodisperse particles per milliliter of the suspension.
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Raabe also showed that more than 90% and probably more than 99% of the
droplets produced at these low suspension concentrations contain no
spheres when the singlet ratio, R, is taken at 0.95. These empty drop-
Tets dry to form ultrafine particles of residue of the impurities in the
liquid; these secondary aerosols can be undesirable since they are con-
siderably more numerous than the monodisperse particles themselves.126

Polystyrene and Polyvinyl Toluene Latex

Monodisperse suspensions of polystyrene and polyvinyl toluene latex
spheres (Dow Diagnostics, Indianapolis, Indiana) have been available in
sizes from 0.088 um to 3.5 Em and have been widely used for preparing
monodisperse aerosols.123-126  Their monodispersity of size is excellent
with og < 1.05. However, many problems have been encountered in their
use.13g-136 The density of polystyrene latex has been measured to aver-
age 1.05 g/cm3 and the density of polyvinyl toluene latex at 1.027
g/cm3.137 These particles are grown by emulsion polymerization and are
stabilized in aqueous suspensions with an anionic surfactant having an
active sulfonate radical. These particles carry a negative charge in
aqueous suspensions, which contributes to their stability. The composi-
tions of some typical latex suspensions are given in Table 2. Solids
normally represent 10% of the aqueous suspension as supplied by the
manufacturer. Using equation 8, the dilutions of 10% by volume stock
suspensions of monodisperse spheres required to generate 95% single par-
ticles are shown in Figure 15 for various log-normal droplet distrib-
utions and sphere diameters.

Table 2

Relative Concentrations of Solids in Latex Suspensionsl38
Reference Particle Composition of Solids,%
Number Diameter Polymer Emulsifier Inorganics
LS-040-A 0.088 92.59 5.56 1.85
LS-052-A 0.126 97.09 2.43 0.48
LS-057-A 0. 264 98.23 1.13 0.64
LS-63-A 0.557 98.78 0.26 0.95
LS-449-E 0.796 99.04 0.25 0.70
LS-464-E 1.305 99.15 0.29 0.56

If the 0.264 um particles, (batch LS-057-A in Table 2) were generated
with a Lovelace nebulizer (VMD = 5.8 um, og = 1.8) with no dilution,
the 0.177% emulsifier and inorganics in the suspension would increase
the diameter of a single particle which happens to be aerosolized in a
5.8 ym droplet from 0.264 uym to 0.714 um. Proper dilution to 30,000 to
1 to generate an aerosol with 95% singles (Equation 8 and Figure 15)
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Figure 15. The dilution ratio, y, required to generate a
singlet ratio (R) equal to 0.95 vs. the sphere diameter

from stock of 10% spheres by volume for various values of
the volume median diameter (VMD) and geometric standard
deviation (ogq) of the droplet distribution. The lines were
derived by tge empirical equations and the points calculated
numerically by a theoretical equation (from Raabel26).

makes a 0.264 um particle aerosolized in a 5.8 um droplet yield a latex
particle essentially unchanged in diameter. For the larger particles,
it is convenient to separate the particles from the liquid by centrifu-
gation and resuspend them in purified and filtered water before use.

Monodisperse aerosols of polystyrene and polyvinyl toluene particles are
highly charged when generated by nebulization.139-140 A reduction of
charge to Boltzmann equilibrium with a suitable aerosol neutralizer is
absolutely essential in studies using these aerosols.33 The presence of
a background aerosol produced from the numerous empty droplets must be
given appropriate consideration as well.134-136

Monodisperse Particles Separated by Centrifugation

Another method for obtaining a suspension of monodisperse particles for
nebulization is to generate a suitable polydisperse aerosol of insoluble
particles and aerodynamically separate the particles into monodisperse
size groups using a spiral-duct aerosol centrifuge. Kotrappa and Mossl4l
introduced this technique and Kotrappa et al1l42 ysed it to prepare
monodisperse particles of 239Pu0,. Raabe et al1l43 produced 238puQ, with
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this method and described an elaborate system for separating monodisperse
particles of Pu02 which simultaneously used four Lovelace Aerosol Par-
ticle Separators.l44 Particles are collected on stainless-steel foils
which are cut into small segments for suspension in water. Dilute solu-
tions of various surface active agents and dilute NH40H have been used

to stabilize aqueous suspensions. Samples of the polydisperse primary
aerosol and three monodisperse size groups of PuQ2 are shown in Figure
16. A monodisperse aerosol of Pu02 generated by nebulization of an
aqueous suspension of monodisperse particles is shown in Figure 17.

Note the presence of some doublets and the ultrafine background aerosols;
cascade impactor samples demonstrate that these background particles do
not contain plutonium and that the alpha activity distribution is in

fact monodisperse with regard to aerodynamic size.

Figure 16. Composite of electronmicrographs of four aerosol
samples of Pu0, particles: (A) primary polydisperse aerosol
of Pu02 collected with an electrostatic precipitator and (B),
(C) and (D) monodisperse particles collected at three posi-
tions on the foil of a spiral-duct centrifuge (Lovelace Aer-
osol Particle Separator )(from Raabe et all43),
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Figure 17. Electronmicrograph of
a sample of an aerosol of Pu(2
(shadowed with chromium vapor)
generated by nebulization of an
aqueous suspension of separated
monodisperse particles as shown
in Figure 16. Note the presence
of some doublets and the back-
ground aerosol of ultrafine par-
ticles which are not PuQ2 but are
formed from trace impurities in
"empty" water droplets (from
Raabe et a1145),

CONTROLLED CONDENSATION

The isothermal growth of droplets under supersaturated conditions by va-
por diffusion and condensation causes the droplet surface area to in-
crease Tinearly with time as given by Wilson and LaMer.l

2 = r02 + bt (10)

with r the droplet radius at the time t, rg the initial radius and b may
be maintained nearly constant under controlled conditions. Hence, if
droplets are grown by controlled condensation onto two small nuclei of
widely different size, say radii 0.02 um and 0.1 um, with bt = 0.164

um2 the droplets formed will be almost of identical size with radii of
0.40 um and 0.41 um, respectively. Sinclair and LaMerl47 used this
principle to design an apparatus for generating monodisperse droplet aer-
osols of such materials as oleic acid, stearic acid, lubricating oils,
menthol, dibutyl phthalate, dioctyl phthalate and tri-o-cresyl phos-
phate. Many researchers have used and improved on the basic Sinclair-
LaMer generatorl48-159 and the basic technigue has also been used to
produce solid aerosols by sublimation.l160-161 Heyder et al,162 Muir and
Daviesl63 and Davies et a1l64 have used this method to produce monodis-
perse aerosols of di-2-ethylhexyl sebacate for inhalation studies with
humans. Giacomelli-Maltoni et al have made monodisperse carnauba wax
particles for human deposition studies.165
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GENERATION OF UNIFORM DROPLETS
General

Monodisperse aerosols of both soluble and insoluble forms can be pro-
duced from solutions or suspensions if small uniform droplets can be
dispersed. These droplets can then be dried and, if desired, altered in
character by heat treatment to yield the required aerosols. Many devices
have been desi?ned to produce small uniform droplets. Two of these, the
vibrating reedI66 and vibrating thread,167 have created only moderate
interest because of the low concentrations available. Liu and associates
have developed a method for separating a chosen monodisperse aerosol
fraction of a 9o1ydisperse aerosol using an electrostatic mobility
analyzer.168-170

Spinning Disk

The most popular device for dispersing uniform droplets has been the
spinning disk aerosol generator first described by Walton and Prewett.l71
They observed that primary droplets thrown off at the perimeter of a
spinning disk were of uniform size. Liquid is fed to the center of the
disk and flows to the edge by centrifugal forces where it accumulates
until the centrifugal force, which increases with increasing liquid at
the edge, overcomes the surface tension and disperses the liquid. This
dispersion also produces some secondary fragments (satellite droplets)
which are easily separated dynamically from the larger primary droplets.
This is usually done by a separate flow of air near the disk, into which
the satellites move but beyond which the larger primary droplets are
thrown. A spinning disk generator, shown schematically in Figure 18,
can attain disk speeds up to 100,000 rpm. The drop diameter, Dd, pro-
duced by a spinning disk is given theoretically by:

X
Dq = K — (11)
d [pwzd]

with 1t the surface tension, p the fluid density, d the disk diameter, w
the speed of angular rotation of the disk and K a constant given theo-
retically by v 12 which varies in practice from 2 to 7. Many investiga-
tors have developed and successfully used spinning disk monodisperse
aeroso} generators for a variety of experimental _applications including
aerosol studies and inhalation experiments.172-179 The spinning top
generator introduced by K. R. May,180-181 works on essentially the same
principle as the Walton and Prewitt spinning disk. It, too, has been
successfully used by many investigators.l82-194
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Although the spinning disk and top have probably been the most generally
successful methods for producing monodisperse aerosols, the production
of particles smaller than 0.5 um geometric diameter is not practical
because droplets produced with these devices are generally in the 20 to
30 um diameter range and even purified water has trace impurities which
may yield resultant particles as big as 0.5 ym. Monodisperse aerosols
produced with spinning disk and spinning top devices are usually near or
larger than 3.5 um in aerodynamic equivalent diameter. As with other
methods, the resulting aerosols are highly charged and must be passed
through a suitable neutralizer soon after being produced.

Electrostatic Dispersion of Liquids

Electrostatic dispersionl9% provides another method for generating uni-
form drog]e&g for certain solutions. Vonnegut and Neubauer196 and
others197-195 have studied this approach using a filament of electri-
cally charged liquid released from a small capilllary. The filament
breaks up into fragments, forms a conical spray and further breaks up
into small droplets of almost uniform charge and size. These droplets
must be discharged soon after generation and are difficult to control
because of electrostatic behavior.
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Periodic Dispersion of Liquid Jets

If a thin liquid stream is emitted
from an orifice under pressure,
this stream is by nature unstable
and will soon disintegrate into
droplets by the action of any ex-
ternal forces as described by
Rayleigh.34 The collapse of such
a stream into very uniform drop-
Tets is easily attainable with
the application to the stream of
a periodic vibration of suitable
amplitude and frequency. In

1931 Castleman35 demonstrated
this principle experimentally
using stroboscopic and spark pic-
tures (Figure 19). Castleman
described the principle that the
collapse of a cylindrical stream
of Tiquid can "be made so beauti-
fully regular that it may be
readily viewed by stroboscopic : - N B
means if the chamber from which Figure 19. Early observation

o2 I« BN P e

s

the jet issues be influenced by of the principle of periodic

a periodic vibration of proper dispersion of a liquid jet in-
ampTitude and frequency".35 to uniform droplets as photo-
Although sometimes called a vib- graphed by Castleman3% in 1930
rating orifice generator, this using a spark illumination
description is too specific since technique (from Castleman35).

the disintegration occurs in the

same manner irrespective of where the oscillatory vibrations are imparted
to the 1liquid, and may even be accomplished at a distant reservoir. 99
Although the rate of disruption of a liquid stream depends upon both

the viscosity and surface tension of the liquid, the characteristics of
the droplets formed depend only upon the diameter of the stream and the
frequency of the vibrations. This is true because the minimum Tength

of such a stream that can be separated into a separate droplet is equal
to the circumference of the stream; a shorter length cannot be separated
since the surface tension along the circumference of the stream will
tend to elongate a shorter segment and prevent separation. Hence the
smallest segment of a stream which can be separated has a length, Lpin,
given by:200-201

Lmin = 7Dg 1)

89



with Dg the diameter of the stream. For most liquids, it is satisfacto-
ry to assume that the stream diameter is equivalent to the orifice diam-
eter. If the liquid is emitted with a flow rate, Q, and the frequency
of periodic disturbance is f, then a spherical droplet formed of each
separated cylindrical segment will have a diameter Dq given by:

3
Q (13)
LRV

The frequency required to produce the minimum droplet size is given by
a maximum frequency, fmax, for disruption of the stream:

4Q

m——— (14)
2 3
m Dg

fmax =

Any frequency of disturbance less than fpax will disrupt the stream into
uniform droplets. However, Castleman35 showed that the optimum disturb-
ance cuts off a length of stream given by:

Lopf = ‘NDQ\/_Z_ (15)
and therefore the optimum frequency of disruption is:

fopt = —_4Q
ﬂzDgal/é (16)

and the minimum diameter droplet is given by:

3
/ 3w
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and the optimum diameter is giVen by:

(18)

Hence the minimum or optimum diameters of droplets that can be generated
in practice depend only on the stream diameter (orifice diameter).
Measurement of volumetric flow rate from the orifice, Q, can be made for
any combination of orifice diameter and reservoir pressure, so that
droplet sizes can be calculated.

Since Castleman's work was reported in 1931, this principle has been
rediscovered and studied by many investigators.200-212 fyiwyler
reported the use of a device of this type 8? a cell separator. Fulwyler
and Raabe, 200 Raabe8 and Raabe and Newton?0l described the application
of the Fulwyler droplet generator for producing monodisperse aerosols.
In the Fulwyler device an audio oscillator and amplifier provide a high
frequency power signal which is converted to mechanical vibrations by an
ultrasonic transducer linked by a

coupling rod to a small liquid reser- STROBE

voir. The reservoir is pressurized LIGHT ,  TELESCOPE
(= 30 psig) to emit the liquid through —— 4>

a small orifice (=~ 10 ym) as a fine i

stream. This stream is uniformly dis- e LIQUID
rupted by the ultrasonic vibrations 3
into droplets that vary less than 1% | STROBE

in volume. To produce an aerosol of C PIEZO-
these uniform droplets, they must be ELECTRIC
disturbed from their forward direction + 512 or CRYSTAL

of motion so that their forward speed

is reduced without coalescence. This POWER
can be accomplished by concentric OSCILLATOR ™1 AMPLIFIER
mixing or cross flow of air streams.

. . ELECTRONIC
A block diagram of the operation of the COUNTER

Fulwyler droplet generator is shown in
Figure 20 and the experimental arrange-
ment used by Raabe and FulwylerZ00 and Figure 20. Block diagram of
Raabe and NewtonZ0l for dispersing the  equipment used for operation
aerosol is shown in Figure 21. Monodis- of the Fulwyler Droplet Gen-

perse particles of Zr02 produced from erator for producing monodis-
monodisperse droplets containing Zr perse droplets by periodic
oxalate and heat treated at 1150 °C are dispersion of aliquid jet
shown in Figure 22.76 (from Fulwyler and Raabe200).
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Figure 21. Schematic drawing Figure 22. Uniform spherical
of the Fulwyler Droplet Gen- aerosol particles of Zr02
erator used to produce mono- produced with the Fulwyler
disperse droplets to yield Droplet Generator from solu-
monodisperse aerosols of both tions of zirconium oxalate
soluble and insoluble materials. degraded to the oxide with
Air is directed at the stream a heating column by the
of droplets to perturb them out method of Kanapilly et al67
of alignment and create the (from Fulwyler and Raabe200).
droplet cloud (from Fulwyler and
Raabe200),
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Generation of monodisperse aerosols with similar devices using electro-
constructive elements around the orifice rather than an ultrasonic trans-
ducer has been described by Strom204 and by Berglund and Liu.211

One operational problem that exists with the periodic dispersion method
of producing aerosols of fine particles is that the small orifices
required an subject to clogging if small particles are present in the
liquid; membrane filtration of the Tiquid is essential but doesn't com-
Since the minimum practical orifice diameter is in the range 8 um to 15
um, the smallest droplets that can be produced by periodic dispersion
of liquid jets are in the range 14 um to 27 um, which is about the same
range of droplet sizes as produced with spinning disks and spinning tops.
Hence, as with the spinning disk, it is difficult to produce solid par-
ticles smaller than 0.5 um geometric diameter with periodic dispersion
devices, and most useful aerosols will be at the high end and above the
upper limit of the definition of fine particles.

ACKNOWLEDGEMENT

The author is indebted to Dr. Brian Mokler and Mr. George Newton for
beneficial advice, to Mr. Emerson Goff and Mr. Michael Rios for prepara-
tion of illustrations, to Mr. Fred Rupprecht for editorial and composi-
tion assistance, to Mr. David Velasquez for proofreading and to Mrs.
Judith Miller for typing the manuscript. This report was prepared under
U. S. Energy Research and Development Administration Contract E(29-2)-
1013.

REFERENCES

1. Megaw, W. J. and R. D. Wiffen. The Generation of Condensation
Nuclei by Ionising Radiation. Geofis Pura Appl 50:118-128, 1961.

2. Renzetti, N. A. and G. J. Doyle. Photochemical Aerosol Formation
in Sulfur Dioxide-Hydrocarbon Systems. Intern J Air Water Pollu-
tion. 2:327-345, 1960.

3. Madelaine, G. J. Formation et e”volution des aerosols dans 1‘'air
filtre” et dans 1'air naturel Action de la radioactivite”, Doctoral
Thesis, Commissariat a 1'Energie Atomique (France) CEA-R-3614, 1968.

4, Bricard, J., F. Billard and G. Madelaine. Formation and Evolution
of Nuclei of Condensation that Appear in Air Initially Free of Aer-
osols. J Geophys Res. 73:4487-4496, 1968.

5. Knott, M. J. and M. Malanchuk. Analysis of Foreign Aerosol Produced

in NO2-Rich Atmospheres of Animal Exposure Chambers. Am Ind Hyg
Assoc J. 30:147-152, 1969.

93



10.

11.

12.

13.

14,

15.

16.

17.

18.

. Pfefferkorn, G. Photochemische Bildung Schwerfliichtiger Tropfchen .

aus organischen Dampfen in Luft. Staub Reinhaltung Luft. 27:138-
140, 1967.

. Fuchs, N. A. and A. G. Sutugin. Generation and Use of Monodisperse

Aerosols. In: Aerosol Science, Davies, C. N. (ed.). New York, M
Academic Press, Inc., 1966, pp. 1-30.

. Raabe, Otto G. Generation and Characterization of Aerosols. Inha-

lation Carcinogenesis, pp. 123-172, U.S.A.E.C. Division of Technical
Information, Oak Ridge, Tennessee, April 1970.

. Mercer, T. T., M. I. Tillery and H. Y. Chow. Operating Character-

istics of Some Compressed Air Nebulizers. Am Ind Hyg Assoc J.
29:66-78, 1968.

Raabe, 0. G. Operating Characteristics of Two Compressed Air Nebu-
lizers Used in Inhalation Experiments. Fission Product Inhalation
Program Annual Report, 1971-1972, LF-45, Lovelace Foundation,
Albuquerque, New Mexico, pp. 1-6, November 1972.

Liu, Benjamin Y. H. and K. W. Lee. An Aerosol Generator of High
Stability. Amer Ind Hyg Assoc J. In press, 1976.

Berke, Harry L. and T. E. Hull. An Improved Aerosol Generator.
Amer Ind Hyg Assoc J. 36:43-48, 1975.

Mugele, R. A. and H. D. Evans. Droplet Size Distribution in Sprays.
Ind Eng Chem. 43:1317-1324, 1951.

LaMer, V. K. and R. Gruen. A Direct Test of Kelvin's Equation
Connecting Vapour Pressure and Radius of Curvature. Trans Faraday
Soc. 48:410-415, 1952.

Straubel, Harold. Condensation, Evaporation, Crystallization and
Charge Changes of Solution Droplets. Staub Reinhaltung der Luft in
English. 33:179-182, Aprii 1973.

Orr, C., F. K. Hurt and W. J. Corbett. Aerosol Size and Relative
Humidity. J Colloid Sci. 13:472-482, 1958.

Pilat, M. J. and R. J. Charlson. Theoretical and Optical Studies .
of Humidity Effects on the Size Distribution of Hygroscopic Aerosol.
J Rech Atmospheriques. 2:165-170, 1966.

Morrow, P. E. (Chairman, Task Group on Lung Dynamics). Deposition

and Retention Models for Internal Dosimetry of the Human Respira- -
tory Tract. Health Phys. 12:173-208, 1966.

94



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Snead, C. C. and J. T. Zung. The Effects of Insoluble Films Upon
the Evaporation Kinetic of Liquid Droplets. J Colloid Interface
Sci. 27:25-31, 1968.

Anshus, Byron E. The Effect of Surfactants on the Breakup of Cyl-
inders and Jets. J Colloid and Interface Sci. 43:113-121, April
1973.

Nelson, P. A. and W. F. Stevens. Size Distribution of Droplets
from Centrifugal Spray Nozzles. A I Ch E Journal. 7:80-86, 1961.

Lewis, H. C. D. G. Edwards, M. J. Goglia, R. I. Rice and L. W.
Smith. Atomization of Liquids in High Velocity Gas Streams. Ind
Eng Chem. 40:67-74, 1948.

Mercer, T. T., R. F. Goddard and R. L. Flores. Output Character-
istics of Several Commercial Nebulizers. Ann Allergy. 23:314-326,
1965.

Hatch, T. and S. P. Choate. Statistical Description of the Size
Properties of Non-Uniform Particulate Substances. J Franklin Inst.
207:369-387, 1929.

Raabe, Otto G. Particle Size Analysis Utilizing Grouped Data and
the Log-Normal Distribution. Aerosol Sci 2:289-303, 1971.

Mercer, T. T. Aerosol Production and Characterization - Some Con-
siderations for Improving Correlation of Field and Laboratory
Derived Data. Health Phys. 10:873-887, 1964.

Matteson, Michael J. The Separation of Charge at the Gas-Liquid
Interface by Dispersion of Various Electrolyte Solutions. J Colloid
and Interface Sci. 37:879-890, December 1970.

Rayleigh, Lord. On the Equilibrium of Liquid Conducting Masses
Charged with Electricity. Phil Mag. 14:184-186, 1882.

Whitby, K. T. and B. Y. H. Liu. The Electrical Behavior of Aero-
sols. In: Aerosol Science, Davies, C. N. {ed.). New York, Aca-
demic Press, Inc., 1966, pp. 59-86.

Doyle, Arnold, D. Read Moffett and Bernard Vonnegut. Behavior of
Evaporating Electrically Charged Droplets. J Colloid Sci. 19:136-
143, 1964.

Whitby, K. T. Generator for Producing High Concentrations of Small
ITons. Rev Sci Instr. 32:361-355, 1961.

95



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Soong, A-L. The Charge on Latex Particles Aerosolized from Suspen-
sions and Their Neutralization in a Tritium De-Ionizer. M. S.
Thesis, University of Rochester, Rochester, New York, 1968.

Liu, Benjamin Y. H. and David Y. H. Pui. Electrical Neutralization
of Aerosols. Aerosol Sci. 5:465-472, 1974.

Rayleigh, Lord. On the Instability of Jets. London Math Soc Proc.
10:4-13, 1878-1879.

Castleman, R. A. The Mechanism of the Atomization of Liquids. Bur
Std J Res. 6:369-376, 1931.

Schweitzer, P. H. Mechanism of Disintegration of Liquid Jets. J
Appl Phys. 8:513-521, 1937.

Merrington, A. C. and E. G. Richardson. The Break-Up of Liquid
Jets. Proc Phys Soc (London). 59:1-13, 1947.

Bitron, Mosche D. Atomization of Liquids by Supersonic Air Jets.
Ind and Eng Chem. 47:23-28, 1955.

Raabe, Otto G. Analysis of the Operation and Behavior of Compressed
Air Nebulizers. Unpublished, 1975.

Mercer, T. T., M. I. Tillery and M. A. Flores. Operating Charac-
teristics of the Lauterbach and Dautrebande Aerosol Generators.
AEC Research and Development Report LF-6, Lovelace Foundation for
Medical Education and Research, Albuquerque, New Mexico, 1963.

Mercer, T. T., R. F. Goddard and R. L. Flores. Output Characteris-
tics of Three Ultrasonic Nebulizers. Ann Allergy. 26:18-27, 1968.

Mercer. T. T., R. F. Goddard and R. L. Flores. Effect of Auxiliary
Air Flow on the Output Characteristics of Compressed-Air Nebulizers.
Ann Allergy. 27:211-217, 1969.

Dautrebande, L. Microaerosols. New York, Academic Press, Inc.,
1962. pp. 7-22.

Dautrebande, L., H. Beckmann and W. Walkenhorst. New Studies on
Aerosols. III. Production of Solid, Small-Sized Aerosols. Arch
Int Pharmacodyn. 66:170-186, 1958.

Lauterbach, K. E., A. D. Hayes and M. A. Coelho. An Improved
Aerosol Generator. A M A Arch Ind Health. 13;156-160, 1956.

96



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Collison, W. E. Inhalation Therapy Techniques, Heinemann, London,
1935.

May, K. R. The Collison Nebulizer: Description, Performance and
Application. J Aerosol Sci. 4:235-243, 1973.

Wright, B. M. A New Nebulizer. Lancet. 2:24-25, July 5, 1958.

Geoffrion, Louis A. Evaluation of Sodium Chloride Aerosols Gener-
ated for Filter and Respirator Studies. American Industrial Hygiene
Conference, Miami Beach, Florida, May 12-17, 1974,

Williams, Truman. Personal Communication from Frontier Enterprises,
Albuquerque, New Mexico.

Newton, G. J., J. E. Bennick and S. Posner. A Miniature High Out-
put Aerosol Generator. In: Selected Summary of Studies on the
Fission Product Inhalation Program from July 1965 Through June
1966. AEC Research and Development Report LF-33, Lovelace Founda-
tion for Medical Education and Research, Albuquerque, New Mexico.
1966. pp. 29-35.

Burns, H. L. Nebulizer Evaluation by the Dew Point Method. Re-
spiratory Therapy. Sept./Oct. 1972.

Babington, R. S., W. R. Slivka and A. A. Yetman. Method of Atom-
izing Liquids in a Mono-Dispersed Spray. U. S. Patent 3421692.
January 14, 1969.

Babington, R. S., W. R. STivka and A. A. Yetman. Apparatus for
Spraying Liquids in Monodispersed Form. U. S. Patent 3421699.
June 14, 1969.

Babington, R. S. Fuel Burner. U. S. Patent 3425058. January 28,
1969.

Raabe, Otto G. Report on Prototype Model of Owens-I1linois Hydro-
sphere Nebulizer. Unpublished Report to Owens-I71inois, March 1973.

Sollner, K. The Mechanism of the Formation of Fogs by Ultrasonic
Waves. Trans Faraday Soc. 32:1532, 1936.

Antonevich, J. N. Ultrasonic Atomization of Liquids. 1In: Proceed-

ings of the National Electronics Conference. Chicago, Illinois,
October 7-9, 1957, pp. 798-807.

97



59.

60.

1.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Muromstev, S. N. and V. P. Nenashev. The Study of Aerosols III.
An Ultrasonic Aerosol Atomizer. J Microbiol Epidemiol Immunobiol
(USSR) (English Transl.). 31:1840-1846, 1960.

I1'in, B. I. and 0. K. Eknadiosyants. Nature of the Atomization of
Liquids in an Ultrasonic Fountain. Soviet Phys Acoust (English
Transl.). 12:269-275, 1967.

Boucher, R. M. G. and J. Kreuter. The Fundamentals of the Ultra-
sonic Atomization of Medicated Solutions. Ann Allergy. 26:591-600,
1968.

Denton, M. B. and D. B. Swartz. An Improved Ultrasonic Nebulizer
System for the Generation of High Density Aerosol Dispersion. Rev
Sci Instrum. 45:81-83, January 1974.

Newton, G. J. Lovelace Foundation for Medical Education and Re-
search Unpublished QObservation. 1968.

Goddard, Roy F., T. T. Mercer, Peter X. F. 0'Neill, Richard L.
Flores and Ray Sanchez. OQutput Characteristics and Clinical Effi-
cacy of Ultrasonic Nebulizers. J Asthma Research. 5:355-368, June
1968.

Reif, Arnold E. and Margot Holcomb. Operating Characteristics of
Commercial Nebulizers and Their Adaptation to Produce Closely Sized
Aerosols. Ann Allergy. 16:626-638, 1958.

Raabe, Otto G. The Adsorption of Radon Daughters to Some Polydis-
perse Submicron Polystyrene Aerosols. Health Phys. 14:397-416,
1968.

Kanapiliy, G. M., 0. G. Raabe and G. J. Newton. A New Method for
the Generation of Aerosols of Insoluble Particles. Aerosol Sci.
1:313-323, 1970.

Gibb, F. R. and P. E. Morrow. Alveolar Clearance in Dogs After
Inhalation of an Iron-59 Oxide Aerosol. J. Appl Physiol. 17:429-
432, 1962.

Ramsden, D. and D. A. Waite. Inhalation of Insoluble Iron-Oxide
Particles in the Submicron Range, Assessment of Radiocactive Contam-
ination in Man. International Atomic Energy Agency, Vienna, 1972,
pp. 65-81.

McKnight, M. E. and R. W. E. Norgan. A Study of the Exchange Char-
acteristics of Montmorillonite Clay for Fission Product Cations for

98



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Use in the Generation of Insoluble Aerosols. AEC Research and De-
velopment Report LF-37, Lovelace Foundation for Medical Education
and Research, Albuquerque, New Mexico, 1967.

Craig, D. K. An Investigation of the Interactions that Occur Be-
tween Radionuclides and Aerosols in the Respirable Size Range.

Health Phys. 12:1047-1067, 1966.

Stern, S. C., J. S. Baumstark, A. I. Schekman and R. K. Olson. A
Simple Technique for Generation of Homogeneous Millimicron Aerosols.
J Appl Phys. 30:952-953, 1959.

Willard, D. H., W. J. Bair, L. A. Temple and V. H. Smith. Tech-
niques for Exposure of Mice to Aerosols of Radioactive Particles,
HW-52368, Hanford Atomic Product Operation, Richland, Washington,

November 1958.

Walkenhorst, Willhelm. ﬁber die Herstellung eines Testaerosols aus
Glaskugeln. Staub 24:97-98, 1964.

Kanapilly, G. M., Otto G. Raabe and G. J. Newton. Physical and
Chemical Characteristics of Aerosols Produced from Solutions of

Polyvalent Metallic Oxides.

Proceedings of the Health Physics

Society Midyear Topical Symposium, Idaho Falls, Idaho, 1971. pp.

578-589.

Raabe, Otto G., George M. Kanapilly and George J. Newton. New
Methods for the Generation of Aerosols of Insoluble Particles for

Use in Inhalation Studies.

Unwin Brothers, 1971.

pp. 3-17.

Inhaled Particles III. Surrey, Englanc,

Horstman, Sanford, William Barkley, Edwin Larson and Eula Bingham.

Aerosols of Lead, Nickel and Cadmium.

26:75-77, 1973.

Arvik, Jon H. and Zimdahl, R. L.

802, 1973.

Werly, Emil F. and Elven K. Bauman.

Archives Environ Health.

An Apparatus for the Exposure of
Plants to Selected Particulate Aerosols. Rev Sci Instrum. 44:800-

Production of Submicron Powder

by Spray-Freezing. Archives Environ Health. 9:567-571, 1964.

Sanders, Paul A. Principles of Aerosol Technology, New York, Van

Nostrand Reinhold Co., 170.

418 p.

Shepherd, H. R. Aerosols: Science Technology. New York, Intersci-

ence Publishers, 1961.

| ReweatE

548 p.

99



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Sciarra, John J. and Leonard Stoller. The Science and Technology
of Aerosol Packaging. New York, John Wiley and Sons, 1974. 710 p.

Polli, Gerald P., Wayne M. Grim, Frederick A. Bacher and Martin H.
Yanker. Influence of Formulation on Aerosol Particle Size. J
Pharm Sci. 58:484-486, 1969.

Nelson, Sidney W. and Anthimos J. Christoforidis. An Automatic In-
halation-Actuated Aerosol Anesthesia Unit: A New Method of Applying
Topical Anesthesia to the Oropharynx and Tracheobronchial Tree.
Radiology. 82:226-293, 1964.

Vos, Kenneth D. and David B. Thompson. Particle Size Measurement
of Three Commercial Pressurized Products. Aerosol Age. 20:31-32,
34, 52, 54, 56, 58, 1975.

Vos, Kenneth D. and David 8. Thompson. Particle Size Measurement
of Eight Commercial Pressurized Products. Powder Technology. 10:
103-109, 1974.

Davies, C. N. Book Review of Principles of Aerosol Technology.
Aerosol Science. 2:125, 1971.

Gordieveff, V. A. Studies on Dispersion of Solids as Dust Aerosols.
A M A Arch Ind Health. 15:510-515, 1957.

Bair, W. J. and B. J. McClanahan. Plutonium Inhalation Studies.
Arch Environ Health. 2:48-55, 1961.

Bair, W. J., D. H. Willard, J. P. Herring and L. A. George II. Re-
tention, Translocation and Excretion of Inhaled 239Pu02. Health
Phys. 8:639-649, 1962.

Wright, B. M. A New Dust-Feed Mechanism. J Sci Instrum. 27:12-15,
1950.

Dimmick, R. L. Jet Disperser for Compacted Powders in the One-to-
Ten Micron Range. A M A Arch Ind Health. 20:8-14, 1959.

Ebens, Rinze and Maria Vos. A Device for the Continuous Metering
of Smalil Dust Quantities. Staub-Reinhalt Luft in English. 28:24-
25, 1968.

Fuchs, N. A. and F. I. Murashkevich. Laboratory Powder Dispenser
(Dust Generator). Staub-Reinhalt Luft in English. 30:1-3, 1970.

Orew, Robert T. and Sidney Laskin. A New Dust-Generated System for
Inhalation Studies. Amer Ind Hyg Assoc J. 32:327-330, 1971.

100



98.

106.

107.

108.

. Witleke, K., C. S. K. Lo and . 7. Whitby. Dispersion Character-

istics of a Fluidized Bed. Asr~osnl Sci 5:449-455, 1974.

Guichard, J. C. and J. L. Magne  Application du 1it Fluidise en
Mil eu Gazeux a la Generatian Jes Aerosols. Note Interieure No. 51
IRCHA, VERT-Te-Petit, Fraace, 1i957.

Pfefferkorn, Gerhard. Photochenische Bildung Scnwerfliichtiger
Tronfchen aus Organischern Ddmpfer in Luft. Staub-Reinhal®t. Luf:
27-138-140, 1967.

. Mercer, T. T. and M, 1. Tillery. Coagulation Rates of Particles

Produced in Air by Thoron. J Colloid Interface Sci. 37:785-792,
1971.

. Couchman, J. C. Metallic Microsphere Generation, <G&G., Inc.

Santa Barbara, California, 1956,

. Goldemith, P., A. €. Wells and L. €. Cox. Aerosol Emission from

Chromium Alloys when Heated in Adr aand in Carbon Dioyide/1% Carcven
Monoxide. AERE-R5426, Atomic tnergy Research Estabiishment,
rarwell, U.K., 1968. 20 p.

2. Goldsmith, F.o, F. G, May and R. [. Wiffen. Chromium Trioxide Acre-

sot from Heated 80:20 Nickel “hromium Wire. Nature. 210:475-8477,
April 30, 1966.

. Maiwaid, Elensr., Ein Wolframoxid - Testaerosol. Staub. 25:535-

537, 1965,

. Spurny, Kvetoslav and James P. lLodge, Jr. Production of Highly

Dispersed Model Aerosols. Staub-Reinhalt Luft in English. 33:17i-
173, 1973.

. Karicris and B. R, Fish. An Exploding Wire Aeroscl Generator.

Colicid Sci. 17:155-161, 19€2.

Phalen, Robert F. Evaluation of an Exploded-Wire Aerosol Generator
for Use in Inhalation Studies. Aerosol Sci. 3:395-406, 1977.

Chace, W. G. and H. K. Moore (eds). Exploding Wires. New York,
Flenum Press, (2 velumes), 1962.

Holmgren, J. D., J. 0. Gibson and C. Sheer. Some Characieristics

of &vc¢ Vaporized submicron Particulates. J Electrochem Soc. 111.
362365, 1964,

161



109. Pfender, E. and C. V. Boffa. Gereration of illitrafine Aerssols wWitn
a Transpiration Labeled Anode ip 2 Hioh Intensit: Arc., Rev Sci
Instrum. 4:655-657, 1970.

110. Pfefferkorn, Gerhard and Hans Dezler.  Investi Tgating Smukes Gemercow
in Electric-Arc Welding., Staub-Reiphalt tuft in ragtish. 07:1-5,
1967.

111. Spurny, Kvetoslav R. and James P. Ladge, dr. Radioactively Labe ec
Aerosols. Atmos Environ. 2:427-44C, 1956,

112. Nelson, L. S. Explosion of Burning Zircorium Droplets Caused by
Nitrogen. Science. 148:1594-1595, 1965.

113. Nelson, Lloyd S., Herman <. Levine, Daniel I #otner and Shelby
Kurzius. The Combustion of Zirconium Droplec: v OzygsniRare Cus
Mixtures, High Temp. Sci. 2:243-375, 1970.

114. Sinclair, David and Lawreace Hinch?’ fic  Froductior and Measuremer ”
of Submicren Aeroscis. In-  Asuessment of Lirboene Particies,
Mercer, 1. T., P. E. Morrow and K. Stlber (edu. ;. Springfield, [},
Charles C. Thomas. 1977, pp. 182.19:%

115. Chatfield, E. J. Scome Studies of the Aevoxtiu
Combustion or Vaporizaetion of flutonium-Alikali M:
and II). J Nuclear Mazerials. J2:228- ”6,, '9€E9.

roducea by the
31&1 Mixtures (.

1i6. Polishchuk, D. 1., V. L. Velikancyua and 1. & Nechitailo. Combus -
tion of Multicomponent Aiur?riw UWde{ oo Systems.  Inn Pdvaeoey

in Aerosol Phyoics No. A, Fecoser, v, 8. wad ;. New York, 'tin
Wiley and Sons, 1973. bvo. 82270

117. Selijvanov, S. E. Cxidation <f Mac.e tuw tn Nitvoas ride. In:
Advances in Azrosol Physics ?ﬁ. G Veanevev, VL, A {ed jL 0 Mo
York., John Wiley and Sors. i%/5. pr. 68-73

118, Fedoseev. V. A. Combustion of fAevoyeiss. T, Advancss in Aerpsgd
Physics No., 4, Fedsseey, Y. A .1 ) “ew Yorg, John Wilev sng
Sons, 1G73. pp. 5H&-Lh.

119, Liu, B. Y. H. Methods of teneratiosn of Mu40ﬂz‘L*Vse Reroseis,
€00-1248-10, Department of Mechanica: tnginver ng, Uriversity of
Minnesota, Msnneapalisi Minnesasty, 1387,

120. Mercer, 7. T. Jlercsoi Techrnoicg. iu bz7zacd Dvalustion.  New York,
Academic Press, Inc., 1973, 394,



LA

11,

Bradford, E. B., J. W. Vanderhoff and T. Alfrey, Jr. The Use of
Monndisperse Latexes in an Electron Microscope Investigation of the
Mechanism of Emulsion Polywmerization. J Colloid Sci. 11:135-149,
1956.

. Sradford, E. B. and J. W. Vanderhoff. Electron Microscopy of Mong-

disperse Latexes. J Appl Phys. 26:864-871, 1955.

. Reist, P. C. and W. A. Burgess. Atomization of Agueous Suspensions

of Polystyrene latex Particles. J Collnid Interface Sci. 24:271-
273, 1967.

. Langer, G. and J. M. Piervad. Anomalous Behavior of Aerosois Pro-

duced by Atomization oF Monodisperse Polystyrene Latex. J Collaid
Sei. 18:95-97, 1963,

. Lichtenbelt, J. W. Th., C. Pathmamanoharah and P. H. Wiersema.

gapid Coagulation c¢f Polystyrene fatex in a Stopped-Flow Spectropho-
tometer. J Coiloid "nterface Sci.  49:281-285, 1974,

. Raabe, Otto G. The Dilution ot Monodisperse Suspensions for Aero-

solization. Am Ind Hyg Assoc o. 29:439-443. 1968,

127, Ottewill, R. H. and R. F. Woodbridge. >Studies un the Electrokin_tic

129.

130.

Betavior of Monodisperse 3ilver Halide Sols. J Colloid Sci. 19:
606-620, 1964,

. Stober, Werner and Arthur Fink. Controiled Growth of Monodisperse

Sitica Spheres in the Micron Size Range. J Colleid Interface Sci.
26:62-69, 1968.

Singer, Jacques, M., Carel J. Van 0ss and John W. Vanderhoff.
Radiciodination of Latex Particies. J Reticuloendothelial Soc. €:
281-¢86, 1969,

Wiikins, D. J. Fluorescent lLabelling of Polystyrene Latex for
Tracing in Biological Systems. Nature. 202:798-799, 1964

. Black, A. and M, Walsh. 7he Preparation of Bromine-82 and Iocine-

121 tabeled Polystyrene Microspheres with Diameters From O 1 to 3C
Micrens.,  Ann Occup Hyg. 13;87-100, 1970.

122, Bougen, Donald D, Preparation of Radicactivelabeled Polystyrene

Latex Monodisperse Submicron Aerosols. Am Ind Kyg Assoc J. 3i:
419-352, 1970.



133. Flachsbart, H. and W. Stober. Preparation of Radicacrively Labeled
Monodisperse Silica Spheres of Coiloidal Size. J Colloid Interface
Sci. 30:568-573, 1969.

134. Fuchs, N. A. Latex Aerosols - Caution! Aerosol Sci. 4:405-410,
1973.

135, Langer, G. and A. Lieberman. Anomalous Behavior of Aerosols Pro-
duced by Atomization of Monodisperse Polystyrene Latex. J Coilgid
Sci. 15:357-360, 1360.

136. Rimberg, D., R. Knuth and L. Hinchliffe. Detection of Fmulsificn
Particles in Latex Aerosols. J Colloid Intervace Sci. 40:315-31¢,

1972.

137. Pugh, Thomas L. and Wilfried He?}er Dencity ¢ a‘;sty:@rﬁ and
Polyvinyltoluene Latex Particles. J Collocid Sci. 1£:173-180,
1957.

138, Lippie, L. J. Letter to Aerosol Group at University of Rochester,
New York. The Dow Chemical Company, Midlar4d, Michigan, January 17,
1966.

139. Whitby, Kenneth T. and Benjamin Y. H. Liu. Polystyrene Aerosais -
Electrical Charge and Residue Size Distribution. Atmos Environ.
2:103-116, 1968.

140. Thomas, Jess W. ard Davicd Rimberg. Ein einfache Methode vur Me<sinu
der Mittleren elektrischen tadung eins Moncdiipursen Aercsol.
Staub-Reinhalt Luft. 27:354-357. 1967,

141. Yotrappa, P. and Owen R. M 5. fveduction of RBelatively Monodi- -
perse Aerosols for Inhalation Expeoriments by Aercsel Centrifugstion.
Health Phys. 21:531-535, :971:

142, Kotfrappe, P.. C. J. Ailkinson any H. A Boyd., Technology for tne
Production of Monodisperse Aeroscis of Gxides ot Transuranic f£le-
ments for Infalation Txperimenu ealth vhve 2:837-843, 1977

143. Raabe, Otts G., Howard 4, Boyd, George p. Kanapill ) es .

143, Raabe, 0Otto G., Huward 2. Boyd IH¥ 1. K 1y Chartes J
Wilkinscn and George J. Newton, »eve‘ﬂpwenu and Use of a System
for Routine Production of Honcdicperse Pariicles of 238Pu0o and
Evaiuation of Gamma Emitting lapeis. Health Phys. In Press, 18735,

144, Kotrappa, P. and M. £, Light. Deciyn ang Performance of the Love-

i

t
lace Aeroscl Particle Separator. Rev Soi Iestrum. 43:1106-1112,
1972
PV <



155.

. Raabe, 0. G., H. A, Boyd, J. #i. Mewhinney, J. J. Miglio and . J.

Witkinson. Production of Moncdisperse Aerosols of 239Pu02 Labele:!
wits 91Cr. Fission Produst Inhalation Program Annual Report, 197:-

1972, LF-45, Lovetlace Foundation for Medical Educaticon and Resear:h*
Albunquarque, New Mexico, pp. 21-28, 1972,

. Wilson, Irwin B. and Victor X. LaMer. The Retentisn of Aerosol

Farticles in the Human Respiratory Tract as a Function of Particle
Radius. J Ind Hyg Toxicc. 30:265-280, 1948.

. Sinclair, David and Victor K. LaMer. Light Scattering as a Measure
of

f Particle Size in Aerosols. Chem Rev. 44:245-267, 1949.

. LaMer, Victor K., Edward €. Y. Inn and Irwin B. Wilson. The Methods

of Forming, Detecting and Measuring the Size ana Concentration of
Liguid Aerosols in the Size Renge of 0.01 to 0.28 Microns Diameter.
J Colloid Sci. 5:471-487, 1350,

. Rapaport, E. and S. E. Weinstock. A Generator for Homogenepus iaY-

os01s. Experientia. 11.363-364, 1955.

. Lassen, Lars. A Simple Generator for the Production of Monodis-

perse Aerosols in the Size Range of 0.15 to (.70 Micronz {Farticie
Radius). 7 Angew Phys. 4:157-159, 1960.

. Movilliat, P. Production et observation d'aercscls Monodisperses

Application a 1'etude de quelques proprietes physiques d'2tats
disperses. Ann Occupational Hyg. 4:275-234, 196Z.

. Matijevic, E., S. Kitani and M. Kerker. Aevroscl Studies by Light

Scattering. II. Preparation of Octanoic Acid Aerosels of Narvoew
and Reproducible Size Distributions. J Colleid Sci. 19:223-237.
1964 .

. Swift, D. L. A Study of the Size and Monodispersity of Aergsols

Produced in a Sinclair-LaMer Generator. Ann Occupational Hyg.
10:337-348, 1967.

. Liu, Benjamin, Kenneth T. Whitbv aand Henry H. S. Yu. A Condensa-

tion Aerosol Generator for Producing Monodispersed Aerosols in *he
Size Range, 0.036 u to 1.3 u. J Rech Atmospheriques. 3%7-406,
1966.

Edwards, J. and B. J. Brinkworth. A Device for the Controi fo
Particle Size in the LaMer Aerosol Generator. J Sci Instrum, Ser
¢, 1:636-837, 1663,



156.

157.

158.

159.

160.

161.

163.

164.

1€5.

1¢€6.

167.

Sutugin, A. G. A Simple Monodisperse Aerosol Generator. 1In: Ad-
vances in Aerosol Physics No. 4, Fedoseev, V. A. (ed.). New York,
John Wiley and Sons, 1973. pp. 36-41.

Nicolaon, G., D. D. Cooke, M. Kerker and F. Metijevic. A New Lic-
uid Aerosol Generator. J Colloid Interface Sci. 34:534-544, 14970.

Nicolaon, G., D. D. Cooke, E. J. Davis, M. Kerker and E. Matijevic.
A New Liquid Aerosol Generator, II. The Effect of Reheating and
Studies on the Condensation Zone. J Colloid Interface Sci. 35:
490-501, 1971.

Davis, E. James and G. Nicolaon. A New Liquid Aercsol Generator,
III. Operating Characteristics and Theoretical fnalysis. J
Colloid Interface Sci. 37:768-778, 1971.

Matijevic, E., W. F. Espenscheid and M. Kerker. Aerossls Consisi-
ing of Spherical Particles of Sodium Chloride. J Colloid Sci.
18:91-93, 1963.

Kitani, Susumu and Sohei Quchi. Preparation of Monodisperse Aero-
sols of Sodium Chloride. J Colloid Interface Sci. 23:200-202,
1967.

. Heyder, J., J. Gebhart, G. Heigwer, C. Roth and W. Stahlhofen.

Experimental Studies of the Total Deposition of Aerosol Particles
in the Human Respiratory Tract. Aerosol Sci. 4:191-208, 1973.

Muir, D. C. F. and (. N. Davies. The Deposition of 0.5 u Diameler
Aerosols in the Lungs of Man. Ann Occup Hyg. 10:161-174, 19¢7.

Davies, C. N., J. Heyder and M. C. Subba Ramu. #Breathing of Half-
Micron Aerosols, I. Experimental. J Applied Physioi. 32:54i-611,
1972.

Giacomelli-Maltoni, Carlo Melandri, Vittorio Frodi and Giuseppe
Tarroni. Deposition Efficiency of Monodisperse Particles in Human
Respiratory Tract. Amer Ind Hyqg Assoc J.  32:603-€10, 1972,

Wolf, W. R. Study of the Vibrating Reed in the Production of S$mail
Droplets and Solid Particles of Uniform Size. Rev Sci Instrum.
32:1124-1129, 1961.

Binek, Bedrich and Blanka Dohnaiova. Ein Generator zur Herstellung
monodisperser Aerosole aus der flissigen Phase. Staub Reinhaltunag
Luft. 27:492-494, 1367.



D, Bengamir Y, Ho and ;e»ij ;. Pui. A Submicron Aerocscl Stand.
avn and the Primary Abao?* Caitoration of the Condensation ducici
Jounter . 3 OCoilodd ’vher*dCﬂ Goi. 47:185-171, 1974,

168G, Liu, B. Y, H., V. A, Marple, K. 7. Whitby and N ... Barsie. Size
Distribution Measurement of Airborne Coal Dust by Optical Parvicle
counters.  Amer Ind Hyg Assoo o, 35:443-451, 19/4.

17G. Uiy, Benjamin Y. H,, David V. 4. Pui, Austin W. Hogan and Ted A.
Rich, Calibr-tion of the Pollzk C@unter with Monodisperse Aerosols.
J Applied Meteor. 14:46-51, 1975.

171, Walien, W. H. and W. (. Prewett. The Production of 3prays and Mists
of Uniform Drop Z:ize by Mean: of Spinning Disc fvpe Sprayers. Proc
Phys Soc (Londcn,  62:347-350, 1649,

172. Schwendiman, L. C., A. K. Peswra 2nd L. F. Coleman. A Spinning Disc
fRerpsol Generator. Halth Pnys. 10:947-353, 1964

173. Aibert, R. E., H. G. Petrow, A. S. “aiam and J. R. Spiegeiman.
Fabrication of Monodisperse Lucite end Iron Oxige Particles with a
Spinning Disk Generator. Heal*h Phys. 10:932-940, 1964.

740 Sehmel, 6. A. The Density of Uranine Particies Producecd by a Spin-
ring 0isc Aeroso’ ienerator., Am Ind Hyg Assoc J. 28:431-492, 1967

175, Lippmann, Morton and Roy t. Alberi. A Compact tlectric-Motor Driven
Spinning Disc Aerosol Generator. Am Indus Hyg Assoc J. 28:501-50¢,
1667.

:76. Partridge, Jennings E. and Harry J. Ettinger. <Calibration of a
Spinning-Disc Aerosol Gererator and Two-Stage Air Samplers. AEC
Recearch and Development Repnrt LA-4066, ios Alamos Scientific tab-
oratory, Los Alamos, New Mexico, 1969.

177. Albert, Roy t., Morton Lippmann. Jack Spiegelman, Anthony Liuzzi
and Norton le!son. The Depositina and Clearance ¢f Radioactive
Particles in the Fuman lung. Arch Environ Health. 14:10-1%5, 1967.

pioil et caracteristiques D'uii Generatz2ur D'Aesrosols

178, Tarroni, G.  Eimp
Disque Tournant. Aarosol Sci. 2:257-250, 1971.

i
Monudisperse a

179, Lowence, Ray V., Mary F. Klimex and Claudiz J. Borowski. Deposi-
tion and Clearance of 2 1 Particlzs in the Tracheobronchial Tree
of Mormal Sutiacts - Smokers and Non Swmokers. J Clinical Invest.
5.1411-1%20, 1971, .



180.

181.

182.

183.

184.

185.

186.

187.

188.

190.

May, K. R. An Improved Spinning Top Homogeneous Spray Apparatus.
J Appl Phys. 20:932-938, 1949.

May, K. R. Spinning-Top Homogeneous Aerosol Generator with Shock-
Proof Mounting. J Sci Instrum. 43:841-842, 1966.

Ellison, John McK. Adaptation of the Spinning Top Generator to
Provide Aerosols in the Respirable Range. Ann Occup. Hyg. 10:365-
367, 1967.

Kajland, A., M. Edford, L. Friberg and B. Holma. Radioactive Mono-
disperse Test Aerosols and Lung Clearance Studies. Health Phys.
10:941-945, 1964.

Booker, D. V., A. C. Chamberlain, J. Rundo, D. €. F. Muir and M. L.
Thompson. Elimination of 5y Particies from ihe Human Lung. HNazure,
215:30-33, 1967.

Muir, D. C. F. and C. N. Davies. The Depositicn of 0.5y Diameter
Aerosols in the Lungs of Man. A4nn Occupatioral Hyg. 10:161-174,
1967.

Holma, Bo. Lung Clearance of Mono- and Di-Disperse Aerosols De-
termined by Profile Scanning and Whole-Body Counting. A Study on
Normal and SO, Exposed Rabbits. From the Department of Hygiene,
Karolinska Institute and the Department of Environmental Hygiene,
National Institute of Public Health, Stockholm, Sweden, 1967.

Holma, Bo. The Initial iLung clearance of Di-Disperse (2u and 7.)
Polystyrene Particles in Rabbits. Arch fnvivan Health., 17:871-
%73, 1968.

Black, A. and M. Walsh. Production of Uniform Radicactive Parti-
cles for Perosol Inhalation Experiments., Part 7. Paiticles in the
Size Range 1-10 microns. United Kingdom Atomic Enecgy Authority
Research Group Report, AERE-K £716, Heaith Physics and Medica:
Division, Atonic Energy Research Establishment, Harwell, Berkshire,
1968.

. Philipson, Klas, Per Camner and Jonhn Svedberg. {agging 7p Monodis-

perse Polystyrene Particles with 11C. ) Appl Rad ant Isotopes.
21:639-642, 1970.

Camner, P. and K. Philipson. Produ¢ction of 7u Monodisverse Fluoro-

carcon Resin Particles Tagged with 8. Applied Rad and Isotores.
22:349-353, 1971

108



191.

193.

194.

198.

199.

. Yonnegut, B.

Camner, P., K. Philipson and L. Linnman. A Simple Method for
Nuclidic Tagging of Monodisperse Fiuorocarbon Resin Particles. J
fAnplied Rad and Isotopes. 77:751-734, 1971.

. Lamner, P. Per-Aki hellstrdm and Margot Lundborg. Coating 5 Par-

ticles with Carbon and Metals fcr Lung Clearance Studies. Arch
Environ Heaith. 27:331-333, 1975,

Philipson, Klas. On the Production of Monodisperse Particles With
a Spinripng Disc. Aerosol Sci. 4:51-57, 1973.

Aldrich, John E. and J. R. Jobnston. Use of the Spinning Disk Tech-
nigue to Product Monodisperse Microspheres of Humarn Serum Albumin
for Labeling with Radionuciides. J Applied Rad and Isotopes.
25:15-18, 1974.

. Drozin, Vadim G. The Electyrical Dispersion of Liguids as Aerosols.

J Colloid Scr. 10:158-164, 1955,

and R. Neubsur-~. +¢roduc:ion of Moncdisperse Liquid
Particles by Electrical Atemization. J {0lloid Sci. 7:616-621,

1952.

. Yurkstas, Edward P. and Charles J. Meisenzahl. Solid Homogeneous

Aercsol Productior by Elsatrical Atomization. AEC Research and
Development Report UR-65Z, Uriversity of Rochester Atomic Energy
Project, Rochester, New Yoik, 1984.

Huebner, A. L. Disintegration of Charged Liquid Jets: Results
With Isopropyl Alcohol. Science. 168:118-119, April 3, 1970.

Fulwyler, M, J., J. D. Perrings and L. S. Cram. Production of
Uniform Microspheres. Rey Sci Instrum. 44:204-206, 1973.

. Fulwyler, M. J. and 0. G. Raabe. The Ultrasonic Generation of

Monodisperse Aerosols. Presented at the American Industrial Hy-
giene Conference, Detvroit, Michigan, May 11-15, 1970.

. Raabe, 0. G. and G. J. Newton. Develcpment of Techniques for Gen-

arating Monodisperse Aerascls with the Fulwyler Droplet Generator.
ission Product Inhalation Frocram Annual Report, 1969-1970, LF-
42, Lovelace Foundation for Mediral Education and Research,
Athuquerque, New Mexico, pp. 12-17, 1970.

. Fulwyler, M., J. Eflectronic Separation of Biological Cells by

Velume,  Seience.  150:910-91., 1965,

104



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Fulwyler, M. J., R. B. Glascock and R. B. Hiebert. Device Which
Separates Minute Particles According to Electronically Sensed
Volume. Rev Sci Instrum. 40:42-48, 1969.

Strom, L. The Generation of Monodisperse Aerosols by a Means of 3
Disintegrated Jet of Liquid. Rev Sci Instrum. 40:778-782, 1969.

Crane, L., S. Birch and P. D. McCormack. The Effect of Mechanical
Vibration on the Break-Up of a Cylindrical Water Jet in Air.
Brit J Applied Phys. 15:743-750, 1964.

Schneider, J. M., N. R. Lindblad and C. D. Hendricks. An Apparatus
to Study the Collision and Coalescence of Liquid Aerosols. J
Colloid Sci. 20:610-616, 1965.

Lindblad, N. R. and J. M. Schneider. Production of Uniform-Sized
Liquid Droplets. J Sci Instrum. 4Z:635-638, 1965.

McCormack, P. D., L. Crane and S. Brich. An Experimental and
Theoretical Analysis of Cylindrical Liquid Jets Subjected to
Vibration. Brit J Appl Phys. 16:395-408, 1965.

Dabora, E. K. Production of Monodisperse Sprays. Rev Sci Instrum.
38:502-506, 1967.

Lindblad, N. R. and J. M. Schneider. Method of Producing and
Measuring Charged Single Droplets. Rev Sci Instrum. 38:325-327,
1967.

Berglund, Richard N. and Benjamin Y. H. Liu. Generation of Mono-
disperse Aerosol Standards. Environ. Sci ana Technol. 7:147-153,
1973.

Liu, Benjamin Y. H. Laboratory Generation of Particulates With
Emphasis on Submicron Aerosols. APCAJ. 24:1170-1172, 1974.

114



GENERATION OF MONODISPERSE SULMICRON AEROSOLS BY ABLATION
FROM TRANSPIRATION-COCLED POROUFS MATRICES®®
by
Cesarve V.,Borffa,” Augusto Mazva,”” Delfino Maria Rosso

Istituto di Fisica Tecnica ~ Pclitecnice di Torino - Italy

ABSTRACT

In this paper the geuneration i1 described of monodisperse
submicron particles of controlied size by ablation from
transpiration-cooled porous matrices,

A new experimental apparatus is illustratedwhich has beey
realized in the Istitut: di Fisica Tecrica - Paolitecnico
di Torino ~ Italy, and whicii 1s based on previous works
in cooperation with the University of Minnesota, USA and
the Sonderforschungsbereich %0, Univer=itit Karl=ruhe,
West Germanv,

In Lhe new version orf the apparatus an ewternal heat sourvce
{a piasma jet) heats a porous matrix up to ahlation
temperatures and particles are generated by ablation of
the porous material itselt, The temperature of the ablated
surface of Lhe porous matirix is controlled by a flow «c¢f
gas transpiring throagh the matrix, which also quenches
and dilutes the particles formed in the ablution process,
Particles can be generated trom any porous materiai of
sufficiently fine structurc and uniforan porosaity, in
particular {rom graphite, tungsten, ceramics, ©tc,

{(°2) This work has been sponsored by the Italian National
Research Council, Centro Nazionale delle Ricerche,

"} Cesare V.,Boffa, Proiessor,
Augusto Mazza, Graduate student,

Delfino Maria Rosso, Laboratory technician,
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The experimental apparatus is described as well as the
particle measuring techniques, based on the utilization of
a calibrated T.S,I. Model 3030 Whitby Electrical Aerosol
Analyzer,

Experimental results are given referring to the generation
of submicron graphite particles. The measured number,
surface, and volume distributions of these particles are
given, together with the logarithmic standard deviation @g,
The results show that, for the generated particles
1.13¢c06g <« 1.32.
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INTRUDHCTION

Thi:. report describes a ow pproach for the generation of
mondispeirse aeroscls widoly ore presentiy of interest  for
~Alil YVinds of medical and air pollution vecseacch, including
eveluating acrosol sampli-.g and measuring cquipment, aiv
cleaner evaluation. irhalati o - udies, and for interrela-
ted studies, Althongh numerous research-type aerosol
ireacrators vtilising electric ares have been develcped or
onroposcd {or generating moncodisperse acrosels ranging from
06,02 to 20 g, therce is 4t present no veliabie method
availahle for zenevating vltrarine, monodisperse aercsols
vor i wide spectrum of materisis, and in particular of
refructory materials. bas~d on the utili-ation of electric
APCE .

terowol generation by means of electric arcs between solid
clectrodes relies on the high temperature of the attachment
spots at the electrodes whiclh <auses an evaporation of =ome
clectrode material, This metal vapor, if cooled rapidly,
condenses into an acrosol, The propertiies of the aerosol
particles, including thei: size, depend on & number of
paramcters, particularly on the temperature distribution at

(2 his work has been sponsored by the ltalian National
Research Covnedl, C.N.R.
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and in the vicinity of the arc attachment spot. It has not
been possible to generate particles with a nearly uniform
size or monodisperse particles under these conditions boecauy
se of the temperature variations and the varying conditions
at the location at which individual particles are generatcd,
The time needed to collect a sufficient number of particles
is large compared to the characteristic time during which
changes on the surface occur, ji.e., the relevant parameters
cannot be held constant during this period, The main reason
for these varying conditions lies in the nature of the
attachment spot of the arc whicih moves more or less guickiy
over the electrodes, even if curreat and voltage do 1ot
fluctuate appreciably.

But these variations, in addition to the explosive characLor
of the vaporization process, change the conditions for ithe
aerosol production so rapidly that for any uceiful lengt! or
time the produced aerosol has a wide distribution of its
particle size,

Various experimental configurations have been suggested {ar
the production of aerosols with these techniques (Chace et
alsl, Reicheltz, Holmgren et als3, Kuhn4) employing botl
high and low intensity arcs. Solid electrodes have been
used by all investigators, The electrodes have frequeniis
been cooled by a conventional water cooling system, esnc.-
cially in conjunction with high intensity arcs., With low
intensity arcs coagulated and chainlike particles are produ
ced, The size distribution of tnese particles covers a wide
range, from approximately 100 to 1600 & (Raichcltz) & e
poorly controlled, Beiter resultis have been obtained By
using high intensity arcs (Holmgren et alazj. The feecd mavt:
rial is incorporated in the becdv of the anode which conswunes
a large fraction of the arc power, In mest cases the solad
electrodes are water-cooled and dilution gas can be blown
through the arc, By varying ihe cooling rate of the elecirc
des and the dilution flow rate through the plasma in the
region of maximum condensation, the particle size may to a
certain degree be controlled., Monodisperse spherotdal shaped
particles with a diameter ranging from approximately 100 to
1000 & have been obtained,



The results oi the above-discusscd investigat ions indicate
that electric arcs are a poor source for generating aerosols
It seems to be impossible to abtain small monodisperse
particles of uniform sizce because coagulaticn occurs as
sown as the particles are produced, In addition, the partic
le generation process is characterized by strong non-unifor
mities which are difficult to control in conwventional arc
arrangements with solid electrodes,

During the past two years, a new methcecd for the generation
of ultrafine, monodisperse aerosol has been successfully
e.iplured (Boffa et als?!. This method makes usc of a
transpiration-cooled anode in a high intensity arc, In
this situation, the aeroscl (3 generated continuously
rather than ir an vxplosive manner at the strady attachmenid,
spot which is the hottest nairt of the anode surface, The
transpiring gas passing throuvgh the ancde provides
quenching of the vapor and aun immediate diiluviion of the
wgenerated particles inu the vicinity of the anode surface
avoiding in this way coaguiation and formation of aggiome-
rations,

The metlod as such has been very success{ul, but the partic
le generator itself is a rather complicated devicee which
requires skilled personnel {or ils proper operation, The
knowledge acquired during pre.icus work has beein, however,
instrumental for the success of {he new approach described
ir this report,

in the new approvach here described the arce plasma sovurce
is entirely separated from the body frem which the aesrosol
is geverated; but the basic {culures for the aerosol
production process inherent to the previously-developed devi
ce are retained, Instead of a transpiration ceoled anode
which is an integral part of the previously-developed plasma
torch, a porous, transpiration-cooled body will be utiliscd
heated by the plasma jet emanating from a conventional arc
plasma torch, Since transpiration cooling tullfills two
tashs simultanecusly; namely, quenching of the generated
vapor and dilution of the particles formed in the queaching
process, utilization of this mechanism is considered as the
tasic principle which alss governs this approach,



The separation of the heat source from the particle provi-
ding surface has at least two important advantages over the
previous method:

I) The resulting particle generator is simple and straight
forward to operate, and easily movable, as required by
the experiments which will be performed in this research
program,

II) The useful parameter range for operation of this device
and the associated flexibility is substantially enhan-
ced,

EXPERIMENTAL APPARATUS

The experimental apparatus consists essentially of a-commer
cial power supply and control unit, which enable the
operation of a plasma torch, which in turn represents the
heat source, necessary for the operation of the aerosol
generator,

The plasma torch and the aerosol generator are schematically
represented in fig, 1,

The plasma torch consists essentially of a water cooled,
thoriated tungsten cathode, with a conical tip, and a nozz-
le shaped water cooled copper anode, coaxial with the
cathode, Argon is injected tangentially at the base of the
catode, thus providing a swirl flow around the cathode tip,
which stabilizes the arc, This gas, passing through the arc,
emerges from the anode nozzle in the form of a highly ener-
gized plasma jet,

The cooling of anode and cathode is provided by a water
cooling system, as indicated in fig, 2,

For an overall energy balance the cooling water flow is
measured by means of flowrators, and the temperature increa
se of the anode and cathode cooling water is measured by
means of four thermocouples located in the water circuit
immediately upstream and downstream from the electrodes,

In this way the energy losses to the electrodes, that is the
heat transferred from the arc to the anode and cathode, can
be determined, The power in the emerging plasma jet can be
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calculated as the dirference between the electrical power
input and the power losses to the electrodes, carried away
by the cooling water,

As before mentioned,the plasma jel emerging from the anode
ncszle enters the rerosol generator located on top of the
plasma torch and coaxial with it, '

Th/: aerosol generator it=selid eonsists essentially of a
transpiration cooled poraus carbon nozzle, concentrical
with the plasma jet, inbed:dced in a steel and plexiglass
struocture which suvpports the porous nozzle and acts  as
plenum chamber feeding the cooling gas to the nozzle itself,
The cooling gas transpires Lhrough the nozzle and cmerges
into the plasma ici, dilubtiars the acrosol particles, which
are continuously pradoced by ablation ivrom the porous
carbon norvle inside surface vacing the plasma,

A cylindrical plexiglass window surrouads the plenum chame
ber and scals it, by meanus o7 70" rings, Through this
window py:umetric readings ui the outor surface temperature
of the porous nozzlie are pessible, The plenom chawmber is
equipped with an inlet for the ccooling gas and with a pres-
sure tap., The steel port.con «F the striovure supporting the
norons nozzle is water couvled,

The aerosol emcrging from the generator, in suspension in
the argon gas, is collected inte a 2 m3 coilection chamber,
where it can be additionalliy diluted,

A biock diagram of the experimental setup 1is shown in

1ige 26

The aerosol sise distribution measuring systen consists
nainly of a calibrated T.S,T. Model 3030 Waitby Electrical
Aerosol Analizer described e¢'sewhere (Liu et als").,

EXPERIMENTAL RESULTS AND COMCLUSIONS

The results referring Lo carbon particles are summarized in
fig. 3 to T,

in fig, 3 ths normalized number disuvributions of the produ-
ced aerusols are depicted, curresponding to different
values of the argon flowrsnie transpiring through the ablat-
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ing porous matrix, Figures 4 and 5 show the corresponding
normalized surface and volume distributions,
A1l the data are taken with an arc current of 100 Amp,
The results show that, for a given arc current value,the
mean diameter of the generated aerosol decreases with
increasing of the argon flowrate transpiring through the
ablating matrix,
This finding can be qualiitatively understood considering
the influence of the transpiring gas flow-ratc on the tempe
rature of the ablating surface of the porous nozzle, By
increasing the transpirving mass flow-rate, the tenmperature
of the ablating surface and the associated rate of ablation
decreases, yielding smaltler particle densities, lower
coagulation rates and, thereivie, smuller particle diamecters,
At the same time, an increasc in transpiring mass flow-rate
enhances the dilution of ttc¢ ablated particles in front of
the surface, which decreascs Lhe coaguilation rate and,
consequently, the particle size also,
In fig. 6 the logaritmic stardard deviation is depicted as
a function of the transpiring argon flowrate for an arc
current of 100 Amp,
It can be seen that for the penerated particles 1,13 0g <
1.32,
The logarithmic standard deviation, characterizing the
ablated aerosol size digstribwtion, is a decreasing function
of