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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
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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
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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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MNC

i

i

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
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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.

88



[

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.
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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



AEROSOL

/

i shh
i
| o
"NNRAN
NN
NEWNN
N -
I
“ \ 7 P
AN . \ \\// N

NRNNNNY

INNNN

N
s
7

rd

-—-—> —_— —— ——
AN
~
x
/r

STEEL

COPPER

BRASS

THORIATED TUNGSTEN

PARTICLES
T
i 4 -
j "20? i
!
1 o
I -

: ] =M
e Y\ i3 transpiration
o RN
it RN £ 8 Brk: e Y

2NN »# v\j @ Ar plasma
s RN N
BINNTINN

A ) »«k \\ \\ \§

» -

a

H,0

o
g

PLEXIGLASS

TEFLON

POROUS
MATRIX

PVe

Fig, 1 Schematic of the plasmz torch with ac:osol generator.

117



YOWER SUPPLY-CONTROL UNIT

[ 28t |
E ; PLENUM REACTION
SR A CHAMBER CHAMBER
' '
: I
[ el : T -
{_-%-F---J(_-J AEROSOL & &
PARTICLES L. _._ .- .._. 4
PLASMAY ~~ 8" ™"} E
] ¢ '
TORCH ! ' Ar transpiration &
: “ _-:.;I.-D-"— :
: pa==) ==L LTI N
™ 1 Ar plasma :
k-'-l|.‘.-‘
|4 PARTICLE
¢1t° ANALYZER
t; | L——-—1
I o e
PEGULATOR el |
T TC
K0 3
T3 : RECORDER

FLOWRATOR | H,0
;

Fir, 2 Schematic of the experimental set-up.

118



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 the transpiriag mass ticw-rate, It is speculated that
the gas transpiring through the ablating surface has a
quenching effect on the particles immediatelyv after they
are produced, preventing them trom further coagulation,
The higher the gas flow-rate, the smaller the number of
particles which can undergo coagulation over an extended
time period and randomly increase their size, resulting
in a wider size distribuation. On the basis of these results,
it is obvious thal, keecping the arc curveut at the fixed
valuie of 100 A,the logarithmic standard deviation decreases

with increasing transpiring argen flowrate, as shown in

in fig, 7 the generatced aerosol particles total num-
ber density 's plotted as a tunction of the transpiriung
argon flowrate for an arc «urvent ot 100 Amp,
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.

The total concentration values Ni,t, corresponding (9 4
given ' mass flowrate, are plotted in dimensionless forw
according to the following relation:

- N N
Ntot Ntot £ _tot
% ES
Ntot tot

where Né ¢ = 8,736,000 Lparticle/cmg*/ is the refererce
value ang represents the total concentration cocrregpondicg
to a transpiring argon flowrate of 3,5 N1/min,

The results given in fig, 7 are in agreemert with the
qualitative explanation of the aerosecl production mechaniows
given above,

During the experiments consumption of the watrix tzkes
place, and hence, for a given valuc of the arc current and
of the pressure in the plenum chamrber fecedineg the transpi.
ring gas through the matrix, the temperature orf the mauvri-
ablating surface decreascs, This is due to the lower temp-

H

rature attained by the ablating surface which can be atri i
buted to two main causes, One is related to the ablation
of the matrix which enlarges the inner diametre of the

matrix nozrzle, decreasing the hcat transrter rate frop e
plasma to the unit area of the nozzie walls, The ouobor

one is related to the increase of the tbrenspiriug o gon
flowrate through the matrix,

For a given value of the relative pressuie in the

chamber and a given matrix temperaivre distribulion Tl 57
gen flow rate transpiring through the matrix 1s dinversaelw
proportional to the matrix (hicknoesas,

The ablation of the matrix reduces its thickness and ‘hcoe
fore the mass flowrate increases, Ihis ot fect is enboacos
by the lower temperature attained by the molrix, cansed

the decrease in the heat transfer rate from the plasna per
unit area of the matrix nozzle, related e the increase in
the inner diameter of the ablating norvzle. as above mentio
ned,

Therefore during a loung operat.nn of the particle genera.or
the mean diameter tends tc decvease, I'iitis car he easily
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compiensated for by increasing the arc current and decrea-~
sing the relative pressure in the plenum chamber for the
Tecding of the transpiring 2:s through the matrix,

Furtiher  experiments will be performed with arc current up
to 300 Amp; various materials will be investigated such as
tungsten, ceramic and stainless steel, which are available
as porous matrices, Particles from other materials, which
are not available as porous matrices, will be nenerated by
mixing the material to be studied with grapbite, Since the
evaporation temperature of sraphite is in most cases higher
than that of other elements, it is expected that the admix
ture predominately evaporates, producing aerosols of the
desired material,
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Ga-LABELED ALUMINOSILICATE
Pu- LABELED GOLD SPHERES

George J. Newton, 0. G. Raabe, R. L. Yarwood and G. M. Kanapilly
Inhalation Toxicolcdy Research insititute
Lovelace Foundation
P. 0. Box 5890
Albuguerque, New Mexico 87115

ABSTRACT

A system has been designed, COﬁStYULePuq tested and used for producing
monodisperse (og < 1.2) submicroneter particles of both 198au-T1abeled
yold and 57Ga-labeled aluminosilicate Spnpres for inhalation deposition
ctudies in man, animals and in other tvpes of esperiments where short-
1ived radioactive, monodisperse aerosuls are useful. Aerosol generation
and particle separation euuipment housed in a system of five stainiess
steel glove boxes produce a pr;mdrv Vn,'a< norse asrosol which is
passed via a quartz tube througi & high temperature furnace (1200 °C)
which converts the c’av into nsg]ub?e alurinocilicate spheres entrap-
ing the 67Ga in the particles iletaiiic gold particies are produced by
nebulizing an aqueous suspension of "fulminating gold”, a mixture of
gold-ammonium-acetats compounds, which is reduced to metaliic gold in
the high temperature heating columr. Two Lovelace Aerosul Particle
Separators are used to separ2te the pelydisperse serosol into monodis-
narse fractions onto 9tain1ess stee! Toils. Goid particles are removed
from the collection foil and subje.ted tn neutren irradiation to form
the 1984y label M0n0d1s?erse particies are then suspended in water and
nebulized to provide monodisperse z2e~05015 in the respirable size range
petween 0.6 ym and 3.5 um aerndynenic diameter. The particle densities
are 2.3 g/em3 for aluminosilicate and about 19 g/cm3 for gold.

* Research supported by the faf:ﬁn, nstrtute of Environmental Health
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GENERATION OF MONODISPERSE AEROSOLS OF ©/Ga-LABELED ALUMINOSILICATE
AND 198Au-LABELED GOLD SPHERES

George J. Newton, 0. G. KRaabe, R. L. Yarwood and G. M. Kanapilly
Inhalation Toxicology Research institute
Lovelace Foundation
P. G. Box 5890
Albuguerque, New Mexicc 87115

INTRCDUCTION

Data from inhalation deposition and particie clearance studies in lahko-
ratory animals are used to help evaluate the inhalation toxicity of a
variety of potentially toxic aeroscis to whiih mar could be exposcd.
Since the extrapoiation of experimectc! animal data to man is not pre-
cise, a useful comparison is made in skudies of the same aerosol in
laboratory animals and man. Ideai!y, eén aerosol for human deposition
studies should be monodisperse, inuniubiie, easily detected, of low tox-
icity and reproducible in the size ranges of major interest. 7o this
end, we have developed systews for generating monodisperse, insnluble
aerosols of aluminosilicate spheres labeled with €7Gs and gold spheres
labeled with 198au. The aluminosilicate particies have biclogical re-
tention haif-times in the lung on the order of one year ¢r more attest-
ing to their insolubility in body fluids. Bailium-67 decays with a
78.1 hr. half-life by electron capture tc stable 67Zn and has no par-
ticulate emissions (excepting Auger ele~trons). 3a1lium-67 decay is
accompanied by emission of three majo- garma nhoton groups at 97, 18¢
and 300 keV with 69, 24 and 22¢ yields resgectively  These gamma
photons have an dverage encrgy of 100,50 kev and c00id deposi® a manimum
dose tc¢ 2 1000 ¢ human lunz of 3o wrad/, Ui Galilium-57 is made by a
687n(p, 2n) 87ca reaction ir en scoelordiar.

The 198An-qcld aerasol offars ceveral de:irable features not found in
other standard aerosols. The radiclabel. 193Ay, decays by beta emis.:on
accompanied by 412 K=V gamna chortoen” Thte half-:ifz o f €4.75 hours
ideal tor deposition and eariy clearancs studies in animals ang allows
for repeated exposure of the seme aniuwi ¢ to a varisty of particie

sizes. The density of gold {n = 19.3 27 3} is crother desirabla ves-
ture of this aercsal. Mary cf the envicoreental aerusolc of interest
such as the oxides of the actinides and ccher heavy metals are derise,

and since the imporilant deposition merrarism of Brownian diffusion is
independent of density, a need for o nigk den ity aesrccoi exists. Az

an example, censider two 2articies bo'h nmaying U 5L om aercaynamic diam-
eters with one particle having a densi®v .+ 1.0 g/cmd and the other a
density of 11.0 g/em3.  These two particic  weiid have geometric diame-
ters of 0.40 um and 0.081 .m, vasnectively however, the smeller particle
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would have a aiffusion coefficient ten times greater than the Targer
particie. Gold aernsols are aiso insoiuble. & requisite for conducting
inha’atlion deposition and particic iearanc” studies

The production of monodisperse particlies involves coliecting the pol{
disperse aerosaol with the Loveiace Aerosnl Particie Separator (LAPS)
which separates the jarticles with respect 1o zersdynemic size and de-
posits Lhe parrlclps on & 46 «a lena by 0.015 av thick stainless steel
foil. The foil is then cul 1.%c rarrow segments, each containing a
narvow size distribution of particias (\a < 1.1). Particles are then
Wesuspended from the foil <egmens and asrosolized.

e
P THODS

PREPARATION CF GALLIUM-67 LABELLE FLUMINOSiLICATE SPHERES

Using procedures deveioped 2% the [analation Toxicniogy Research Insti-
tute, montmorilivnite c¥ey waa prapared 45 described by McKnight and
Norcon.2 This procedure is itlustroued by tne fiow chart in tigure 1.
Basically, the preocedure conzists .f treating 1 vaw clay sample with
concentrated Hplp until no reaccion occurs, decanting the finely divided
clay suspension, "packing® the exsiange sites with sodium, dialysis with
running water to remove the exces: sodium, allowino the cation of inter-
est to exchange with the sodium ions,
filtering and waﬁkﬁng the labeled clav.

nhW CLAY + dn0»

he €7Ga-labeled ciay suspension ic then e
aergsolized and heal ireated to fuse the ¥

clay particles as described by Reabe, VACUUM FILTER
et al.3 Preliminary tests using 0 nli o e e T
67GaC13 (Amersham Searle, Chicaqo.

I11ionis) yielded a 37 activity axchange WASH

into 200 mg clay. Since the excnange i
capacity of the clay is 1.3 mkg/, 200 RESUSPEND B
ng of <lay should have 2 Luu>“+5 e EXCHANGE (ISOTOPE)
5.81 mg of 670a. The specific aciisity 1

was listed as 104 Ci/q of Ga(Ili),

therefore vther cations cowpeiing “or FILTER + WASH
b 4

the clay exchange sites ware assumed to {

be DY‘E‘%"‘ﬂt —‘nd-,c‘(?t]nq the neces kﬁ‘a‘\.\’ ;O!‘ RESUSPEND IN WATER AEROSOL’ZE
separating £7Ga(il1) from *hs z'nc tur-

get marerial and other possibie fdmpu.i &

L1es. HEAT 1100°C
Gatiium-b7 was excracted from & M LT !

501):1)n into isopropyl ether as ine [ _ SPHERICAL AEROSOL

sidococimplex HYGaCly as described by
Moy g and Frojep» 9 S ST Farre - T Ct : £
fereison and Freiser.®  Gader those ure 1. cow Chart of
condrtions, nlii) was nn¢ et inted, (Yay trepea-alion and Exchange

,...
i
be



The 67Ga from the organic phase was stripped by shaking with 0.04 M
HNOR. The 67Ga obtained was carrier fre: and was used directly for
exchange into clay.

GENERATION OF ©7

Ga-LABELED CLAY AEROSCL

After preparation of the labeled clay, the clay suspension is placed in
a Lovelace nebulizer in an aerosol production system housed in & series_
of five connected stainless steel giove boxes described by Raabe, et ai®
and illustrated in Figure 2. The first glove box in the assembly line
houses the generator and a low temperature (- 350 °C} heating column
used to enhance drying of the aerosol droplets. The second box contains
a high temperature tube furnace {1200 "{) to fuse the clay aercsol into
aluminosiiicate spheres entrapping the ©€7Ca. The third glove box con-
tains the sampling chamber ftrom which the LAPS canptes and other samplz.
are drawn as needed. Routine samples laken inciuds point-te-plane elec-
trostatic precipitator samples for ciectron microuscenpy, cascade impactor
samples for aerodynamic size detevrminction and a continuous filter sam-
ple for activity concentration assars. [ lead-shielded conconcentric
electrostatic precipitator ccilects aill particle:s not campled. The
fourth glove box houses itwo LAPS units that sample fthe vesultant pelydis-
perse aerosol and collect particles on stainiess steel foils according
to their aerodynamic properties. The tifth box 1s used for cutting ths
collection foils into segme~ts and prepzaring the segpents for individual
storage and is pot shown in the schematic.
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PROCUCTION OF GOLD AEROSOL

Aergscl Generator Solution

It was assumed that sclutions of Au{lll) could be aerosnyized and sub-
Jected to thermal degradation at 1200 °C which should reduce the Au(III)
ts meteilic gold since Au(IIl) is reiatively unstable and gold melts at
1063 °C. AlT1 chemical systems using Au{Ill} in the presence of chlorine
failed tc yield spherical narticles. One system using chlorine free
ai(T11) yielded spherical metsllic goid partictes at ucable concentra-
ticns and i3 shown in the flow chart, Figura . Missive gold (197Au)
was d1ssolved in aqua regia with genile (50 “C) heat. This sojution was
ther continucusly beiled and dituted with I M HCE for several hours to
remcve nitrate. The resultant chloroauric acid. rAullg, contained 190
rg Ay oper mioand pHoof 1-2. Tris silock salucion was diluted with fil-
tered defonized water to yield a ch’orpauric solutien of =~ 1.0 mg Au per
mland 4 < pH < 6. NH50H {1 W) was then added uniil 8.0 < pH < 8.5 i3
obtained. This precipitated an ammor:iun complex. 'fulrinating gold",©

a wmi;ture of two compounds: Aun(n-NHx and NH(AuNHZCY ]2 in an average
ratio of 1:2.

- . , ‘e L E] < i 1
; i ARD NHaOW 10
g Au-197 .| soiL avowe e iw,,[ﬁ. SRECIITATE 1 | FILTER 8
AQUA REGIA TO REMOVE NU3 “1 FULMINATING GOLO WALH PPT.
{ i 8.0 (pit {85

- o |

{

. ADD NH4DH E REPEAT: ACETIC SUSKFEND GOLD
DISSOLVE TG PRECIPITATE ACID DISSOLUTION COMPLEX IN WATER
PPT 1N GOLD COMPLEX g-—-.,. PRECIPITATION e GOLD=LO mg/m

i ACETIC ACID pH:B.S FILTER | (NH4aOH) FILTERING AEROSCLIZE &
{ & WASH i WASH 3 TIMES g HEAT TREAT

Figure 3. Gold Aerosol troduction riow Chart.

This nrecipitate was vacuum filtered using 0.45 um porz sized membrane
filters and washed witn defonized waters. Tne wet pracipitate was then
Jdissolved in 25 mi of 1 M CH3COUH Mhe gold complex wis reprecicitated
with 1 M NHgOH at pH = 8.5, filrerca and washed with deionized waier.
This nracedure of dissolution, precinitarion, filte-ing and washing was
vepeated tores times.  The Tinal precipitste wes vesuspended in deion-
jzed, ©ltered water using ultrescrac agitation 1o yieid a concentra-
tion 2f - 1.0 mg Au/ml.  This suspersion was a Jold-wancnium-acetate
complex tiee of chlurine ions.



Generation of Gold Aercsol

The acetate washed fuiminating gold suspension was aerosolized using a

Lovelace type nebulizer/ aspirated with compressed air. The same aero-

sol production system described for the ©7Ga-labeled aluminosilicate -
aerosol was used to separate the polydisperse gold particles into rela-

tively monodisperse fractions according tc¢ aerodvnemic size.

Gold particles collected on a LAPS foil were resuspended from a segment
of the foil, 1.02 < uq < 1.2, in aqueous ammonia, pH = 10.1 + 0.1), cen-
trifuged, placed in quartz vials, vacuum dried, sealed and neutron
irradiated to produce the radiuvlabel 198py . The producsion of the 123ay-
labeled gold spheres is iilustrated schematically in Figure 4.

FUi MINATING GOLD , HEATIMGE «
SUSPENSION NEBULZE | ) SALUMNS  beeml . LAPS
{Au-197) (aR) 2005¢ B 1BOGoC COLLECTION
NEUTRON TRANSFER ENTRIFU ULTRASONIC
RRADIATON P Au-iST TQ  fe CENTAF O te-—{ SUSPENSION
RABBIT" e NH4 OH (pH =100
ULTRASONIC T - SAMPLER,
SUSPENSION {Au-198) ;:EﬂéngN - 1§ila TEST CEVICE,
NH4OH (pH=(0.0] ANMAL ETC

Figure 4. llonodisperse sold rarviclo Prenaration anc
Neutron Azrivation Flow Chart.

Monodisperse ferocc! Genevation

Senerator syspensicns Lo produce Muﬂﬁdf~ﬂ9”30 serusols were prepared o
suspending a monod-3perse fractien i thh eercl0l ccilected on g 7ot

IILTrS
segment va L0010 NHLOH using altrasar 1:“&t10r. e mEximan nunibe:
tF

concentration (MNC of the pdrtvr‘p subpension was A usted 1o vieio 95
singiets usiag o Lovelave pebulizer a5 nrevioucl, deccrined.® Tne gero-
31 was passed throaah 4 BOkr iscnorae hp‘?’* v 7000 Lo redune snn
Cherge on tre particles and *0 vohance v oo or the drogtens. The oy
arrosol was then mixed with clean. dry, d‘IJ g @iy and passed into an
exnosure anparatus,
SESULTS AND DISOUS510N -

GAILTUM-67 ALUMINOSILTIATE
Sinbe the procucticn of usahle quanti_io, + “7Ga-clay monodisperse par-
5

icles woula requive handring 100 00 o P00 w0 Ga, the systemn of
w1venv extracticn and olay eAahange pan ondifiea tooCermit manipuidror
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cell operations. Figure 5 is a schematic diagrar of the 9rocedures.

The entire production procedura was tested using 10 inCi 57Ga plus 0.5 mg
* carvier, Ga(II1), to simulate a 100 mCi to 200 mCi preduction run. The
folinwing list indicates the relacive losses in the solvent extraction

and clay exchanye processes:

. Aqueous phase after organic solvent extraction = 0.67%
Ovganic phase after back extraction intc HNG3 = 0.2%
Filtrate after cation exchange and filtration = 16.77%
Amount exchanged into clay = 82.6%

The total sTightly exceeds 1007 duz ¢ counting statistics.
E%aci3 N € 1 Hol 1
< 0 m
IN SUREW TOP ViAL
LoD IC mi
IS0PRCSYL ETHER
SHAXE 50 MIN.
i
POUR WTL 25 ce ORGANIC
AQUEOUS PHASE fes—— SEPARATOR' FUNNEL-ALLOW PHASE SAMPLE
PHASES TO SEPERATE .
1 ™ —d
AQUEDUS
PHASE SAMPLE ORGAMI PHALE INTC SCREW
TCP Winl 4 10 m .04
M HNC3 HHGRE £ MIN.
i
POUR INTO Z5 cc
SEPARATORY ~UNNEL—ALLOW
PHASES TC SEFARATE
| S— s o Wi e
B
feonrs 15 G S SE o
N - CONT 814
PHASE SAMPLE | EXCHANGE iNTO CLAY |
o
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Preliminary tests indicate that 100 to 200 mCi 67Ga can be exchanged
into 40 mg of clay. The clay suspension could be aerosoiized in 1 fc 4
hours and the subsequent resuspension would require approximately 2
hours. Total production of the monodisperse particles would reguire f
to 12 hours. Figure 6 is a composite electron micrograph of four ziu:i.
of monodisperse aluminosilicate particles labeled with Ga~-67. The veo-
metric standard deviation of these particles ranged from 1.02 to 1.!C.
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Fiaurs 6. Tomposite Flecuron Micrugraph of four
Morndisperse Sizes of 675a-tabeled Aluminosilicate
Particles from Zollectisn “oil: {a) 0.36 s

(bY 0.64 my (¢ 0.32 ureand (d) 0.2 wn.

INHALATION EXPOSURES

Concider the mass ana activity concentration of 67na-labeled alumino-i:-
icate spheres of 1 um geomeiric dianei=r with & specific activity of 2.5
Ci/g clay and a maxinmum runber concen.retion of 2.5 x 168 particies/m
in an aqueous suspension.



wit

¥ = volume of each sphere
p = density of the aluminosilicate = 2.3 g/cm3
.2 .
mass/mi = V ¥ ¢ x 3.5 x 10~ carticles/ml

8

= 4.215 x 1077 g/m!

Activity/ml = Mass activily 4

ml TS

]

15 x 1077 g/ml x 0.5 Ci/g

It

2.107 x 107708/ m)

#t

Using the above calculations, mass and/or activiiy concentrations for
any particle size ot interest can be obtained by multipiying the results
by the cube of the diameter in micrometer units. Table i lists parame-
ters of interest for various particie sizes for buth dog and human
exposures.,

Tab'e 1
67

Ga-labeled, Monodisperse Aluminosilicate Spheres for
Inhalation Studies With Dogs and Humans

. Expected Expected
Generator Geonetric Pulmonary Pulmonary
Concentration 8 Aerodynamic (Real) Depositinn  Deposition
uCi/ml at 3.5 x 10 Diameterad Diameter in a Dog in & Human
Particle/mi  (um)  _(um)  _wpCi/min uCi/min
1400 3.00 1.88 z.5 5.3
383 2.00 1.22 0.57 1.4
211 1.66 1.00 (.37 0.79
i8 0.8C 0.44 .03 £.07
6 ) 0.00 ¢.31 ¢.01 0.02
% ovelace Aerodynamic Diameter as ciscussed by Raape, et a15 where
Daer - Drea? /(o)



198, ,_GOLD AEROSOLS

Neutron activation of stable gold-197 was the method used to produce the
198Au tag on the particle. Consider an 8-hr irradiation time for 1
197a4. Then the specific radioactivity [A) is given by

"Atl “)\tz
peofoll-e Je . 3604 ci/g (2
3.7 x 10
where
g = thermal neutron cross section accivation area

5.8 x 10777 om

3 ‘ .
“’J!/S (Omega West reactor ot

21

f = neutron Flux = £.0 « 106
rn = number of target nuclei per gram of gold = 3.06 x 10
t. ¢ drradiation {ime = 8 hr

t, = time fiom removal from reactor to use (= 34 hr)
In ? 0.693

A= o F mpimee = gold- Tl decay stant
T 64.75 h gelé-193 ecay constant
1/92
+
Ceyy o der the mass and activity concentration of 1.0 ym diameter 1388,

the specific activicy o 35,94 {/7 ard a cor ~enwve .
particles/nl in an aguenus suspension

"ﬂ er VY

g particies o
tion of 3.8 « [0S

Maso/particisz = wolume X o ;

,
=here o= odensity o7 Ry o= 1900 coom”
o 1
Tota) mass/ml ¢ o yieseo X oo % SUbox D0 particles/ml
LA Hs BB YR I D?T,:rs;e N [ S par o S/
3 3
=D~ . - 3 K
= . x 19.3 ¢ 2 2 x 19 = 3,54 x 10 g4
o R mase activity . ~3 s oan o~
Activity/mi - ‘{;r~ ;5—;** = 3.54 x 1077 g/ml x 36.84 T4
ELNY l
00131 Ci/m aR

Ueing tne caleulatinn aboave, the na.s o» activity for any particie si.
At interest cem be computed Dy muitiniying the resuiis cbtained b ¢
Lune of the dlamefare iy micromersrs up i’
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Consider the following hypothetical dog exposure. Wanted: the activity/
mass concentration required to yizld an aerosol of 198Au~qo}d that wil)}
deposit in the lungs of a Beagle dog =~ 1.0 ;iCi initial Tung burden {IL%:)
in 10 min.

Using a dog exposure apparatus Dreviously described? and assuming 25%
pulmonary deposition and a respiratory minute volume of 2.8 liters, the
activity concentration ot the particle suspension in a Lovelace nebu-
Tizer (0.05 mi/min output) with 20 7/min total aerosol volume was:

1 wCi x 20 1/min _ :
10 min ¥ 0.7 T/min x 0.05 mi/ﬂ1n = 57.1 uti/ml (6)

Table 2 lists parameters of interest for various particle sizes for both
dog and human inhalation exposures.

Tahle 2
Monodisperse 198Au~Go1d Acrosols for Inhalation
Studies With Dogs and Humans
Expected Expected
Generator Geometric Pulmonary Pulmenary
Concentration 5 Aerodynamic (Real) Deposition  Deposition
uCi/ml at 3.5 x 10 Diameterd Diameter in a Bog in a Human
Particle/ml (um) (um) __pCi/min___pCi/min
131000 4.81 1.00 ~ 230 ~ 478
6636 2.00 0.37 11.6 24.2
2302 1.50 0.26 4.0 8.4
442 1.00 0.15 0.8 1.7
174 0.80 0.1 0.3 0.6
28 0.55 0.06 0.05 0.1

a 3 . 5
Lovelace Aerodynamic Diameter = D

real v (pC)

Figures 7 and 8 show electron micrographs of monodisperse gold particles
collected on electron wicroscope grids placed on the LAPS sampling foil.
The grids contain a replica of a diffraction grating with a line spacing
of 0.83 um. Figure 8 contains monod1sperse gold particles and reference
partwc es of polystyrene latex, ¢ = 1.05. Both populations of particle
sizes have the same aerodynamic diameter.
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h Figure 3. Eleciren Microgaph
of Moncdisperse Gold Particles of Monodisperse Golcd Particie-

from Collection Foil and Reference Polystyrene La” o«
12.33 um Puling; Particles {0.82 um Rulina).

3

Figure 7. Eizctron Micrograp
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RESULTS AND DISCUSSION

The yield of 198Au in monodisperse gold particles neutron irradiated in
the Omega West reactor at the Los Alames Scientific Laboratery was com-
parable to the calculated values and the difference was due to lack of
precision in_estimating the mass o7 gold. Numerous smail animal inhala-
tion studiesl0 have been conducted using monodisperse 198Au-gold aerosols
to radioactivity levels between 0.1 uCi and 0.8 uCi per liter of air.

The most significant problem encountered was difficulty in breaking up

of agglomerates in the smaller particles.

CHARGE DISTRIBUTION

Both monodisperse aerosols, 67Ga-aluminosilicate and 198Au-gold, were
studied for charge effects using a winiature charge spectrometer by Yeh
et al.ll After aerosolizatinn of the particle suspension from 0.001 M
NH40H, the aeroso! was passed through a charge neutralizer containing

2 wCi of 85Ky and then into the chargs spectrometer. The configuration
of the aerosol train resulted in aboui a 0.5 minute time lag from the
particles exiting the 8%Kr neutralizer until entering the charge spec-
trometer. Preliminary tests of ©/Ga labeled spheves in?icated a charge
distribution close to Boltzman equiiibrium. VYeh et atll found that the
98Au—go]d spheres exhibited a net positive charge that was proportional
to the specific activity of 198y, This net positive charge approached
Boltzman equilibrium as the radicactivitv per particle decreased with
time as seen in Ficure O,

‘25‘1___,____ i L ( e s 2 A ] i L
| S€ru-LABELED GOLD AEROSOL
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Figure 9. 198py.Labelad Gold Aerosol Showing Decrease
in Net Positive Charge With Decreasing Specific Activity.

141



SUMMARY

The production of monodisperse spherical particles of 67Ga-labeled
aluminosilicate and 198Au-labeled gold has been described. Gallium-67
labeled aluminosilicate particles (p = 2.3) and a specific radicactivity
of = 0.5 Ci/gm can be produced to yield aerosols ranging in size from
3.0 to 0.60 um aerodynamic diameter. These particles are suitable for
human inhalation studies involving initial deposition and early clear-
ance. The maximum time required to achieve a 0.5 uCi initial lung
deposit is 25 to 30 min for the smaliest particle size. Similarily,
monodisperse radioactive goid aerosois can be used for similar studies
in Beagle dogs, rodents and man. Gold as a basic laboratory aerosol is
desirable because it is stable under the electron beam of an eliectron
microscope, insoluble, chemically inert, non-hygroscepic, non-toxic ind
svailable in high purity Radicactive qold aserosols could also findg
applications where a unipuiar charge distribution is desirable. Goid
aerosols also have a high density (r - 19.3) which mignht be impc~tant in
evaluating inertial sampling devices designed to sample atmospheres con-
taminated with compounds of actinide:.
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AEROSODL GRESERACIW FOR

INDUSTRIAL RESTARCH NI PRODUCT TEF-TIHC
b
EUGENE & . GPASSEL

SR, RESEARCH CHEMIST. DONALDSCN COMPANY, INC,

ABsTRAUY

herosol generation plays an imporrant role ip drrelaping reliable zirx
cleaning systems., Aeroscls ueeded f7r product tesiing. where the em-
phasis i5 on life performance, are ditfrerent and censequently require

a different method of geperstion rthan those normaliy used in research
and theoretical studies, A number cof zeroso! geaerators and dust feed-
ers have been used during the past 20 vears to supply vhe broad range
of aerosol needs for ressarch, qualitv vontrol a2nd per{ormance testing.
The aerosol needs range in type from 1erosols containing uniform parti-
cle size to aerosols having bread distributicue in a specific size
range, They range in capacitv frem small volumes 2t low concentrations
to large voluwmes at high concentvrations, The systems reviewed include
commercially availabie units and specialiv adavted equipment, They are
described in terms of aerosol needs. method of seneration, kind of
aerosol produced, methods of payticie uizing and method of measuring
performance, Experience with thwse general methods is discussed in
terms of equnipment limitations and probliems in producing fire particle
aeroscls for life testing air cleaning systems., Also discuszsed are
methods of fine particle 2ervssl yernsration that have been adapted for
specific applications in iieu of more general systens,

Preceding page blank



AEROSOL GENERATION FOR
INDUSTRIAL RESEARCH AND PRODUCT TESTING
by
EUGENE E. GRASSEL

SR. RESEARCH CHEMIST, DUNALDSON COMPANY, INC.
INTRODUCT1ON

Aercsol generation 1s an imporiani element in developing reliable &b«
tleaning systems. It is industry's functiown to translate understanding,
materiale, ideas and manpower into reliable products with a competitive
edge to a profitanle market. This <ompetitive cdge 15 defined in terms
vt Gize, price or performance or, in some cases, as simply a solucivae

te an unsolved problem. Yhis goal i¢ z-vomplished by developing e
materisls and conceps, evaluating protucypes and providing a wethod of
measuring gqualityv. Each of these steps mav require aerosol testing.

The putpose of Lhis paper is (0 reJ.ew twenty years experience witn
a-vosols anl aervsci generators used re satisfy an air cleaner compant ':
needs feor research and producth tesriuy nzeds. The life paraméfpr AuLh
3% 1ite efficienc,. dust varac
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ty oznd cleara® 11ty 4re &8 imporiang 1.
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ple or & standacd dust. 8uch gener. -3, however. should nol be judged
o the academic staundard of aervsor v <& uniformity. Sut on bow well tne
ario80l weets the ircustria i

aerorsels used In research o fxawipe natugfal pheaosmenon ave gene

fferent in kind and gquarntity from thoss used for product des
qualification testing. Experimencal conditions in research can be se-
}ected Lo isvlate and quantitavely wcasuve 2 singls mechinism, phenomen-
noor property as a functiom of variatles. The emphasis is in quality
uot quantity. The gquantity can be lepl small by keeping the test sample
small b the test particle shcuic be round with a very zmali geometric
standars deviation to simplify matnemstical maniprlaticn of data. EF-
frets of svsiem-aerossl interactions, iLhat might rhange the experimental
condrtion’s wirh Lime, are minweood by using iow zerosol conceniration
and kevping sosure times as shoil d4f is conciscent with the sensitivity
cf the measus ing metnod. A penes~: v that provic 2 few liters per
mint'e of mounudispersed aevasoly o o relgtivei: low fontentration is
usua?iu adegnars.

Q.

"3

Most ¢ the aervanl generators us«d i indastuy are for u;uving pro-

ducts and customcr qualifization teciing., The emphasis on guanticy

and reproducivility. The aercsol must provide an 2stuna a8 to how

weil ilarge syetems as conceptual models, prototypes or prodection svstems

witll periorm in che fieid. This vzguires measuring the aeroscl-system
nteracr.crs as life parameters Lhnt make up a vleansug syctem's tutal

we,gvrnumce.

p—*v,.;. ;»J

The complexity of life performance parametfers make comparative testing as
useful o8 absolute measuvements iv evaluating the merits of 2 system
1L

moc ‘"atlnn or change. Tovr soch tescing, idesiised aerusols are neither
practical nur desirable, as tucy usually shed litcle {1ight ou overail
per formance under 1ieid —conditions. For such srtudies, hroad distribu-

tiens are desirable; and, inm marvy cases, atterpts are made to approv-
imale application conditions in ¢.+ laboratory by dispersing a typical
sanple of the macerial to be encruntered. Because 'eovy dust Joadings
ave renuired to coilect life data aud because it 1s desirable to minil-
mize Lesting time. the concentrativns of gerusc! generated are maintained
as high as pracricsl. This requires generators capable of providing high
concentrat {ons at high airflows. VTor cemparative fests Lo have mean.ng
thess gencraters must provide a t=praoducible aeroscl cicud with long

rern snability,

e
<
i

Denaldson Company furnishes filcrstion products to rour market areas as
sheun in Taole 1 Products develancd for each of these marxe%s require
a d"fferent gqualification test to evaluate performance in their zpplica-
ticn avaa. The need to tetain a method of testing for the market life o
a producr and the range of atrfl ws oonrentrations, and Rinds cf zero-~
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cura o secaoired has resuvltey oo o v L gerosol wenareioers to weet Lhw
Tay te day C-=sting needs.  Thest o crrators have beer grooned according
w1 oarvhet avea.  The genevoiors coasast of twe tvris:r 1) Those fhs.
neanz e Lerosol by dry dispession stendard aast or a coltected ssme
i, ant 23 those thst genevats ynlnsols gither by cunseusation or atom=
iG. Most genevat. s used for 179 reciing are large

pariale gencvators and fall intc ihe fiver -catogory. 5ho rasearch and
tive marticle pevevators wsualiy fall inte tho secono category. The fine
ALt penevatoy group wili e cc iy nore rrdestrial ationtion as tlo

mirsorts v alr cleaning syecuns ool increased efficiency on fine

O
Py
2

INDUSTI L L L FNERATORS
TMINE AR CLEANTNC MARKETY

Ve wange of devo rvates and asic Yoo coversd by soerrae P .¢le genera-
Jovs need 1n Fhe engine markei ave o awisrized i Table 2. To betterx

W e s rand ondugtoiel aervoscl wel fia.30n, 1T 18 necessacy ro examine tne
priroecy of @iy ChOoemipy Aaw Lt fieve o protact vgs aafreduced to a market

. . .o PN
Al r ocerr morhor 2as Selscbes [0 oy sdacr anatriiation
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g
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p
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indeet tial prariiees mave it a7{Flo01r to dooanent dazZes sy owhich some
T eedures were frirst adepted. Bven roday. Sguipmen. or materials
PiFleee an and e well favabosshed beforr tiey are vecordsd,  The
tastovy of the sir-floaied Juet deeder ood vie evoiuoion of stand-

et e 3o e . - . - .
arc-s o resn Adusc are guood evaaplon.

ove alvboyne silica sust in the ratake air to minimize
izod as an sir cicaner market prior to 1926, At rhat time
¢ worry abnoat £itirvation theory or optimizing desiza of

g. Triai-anpc-ovro: methods oroveded an aduyuare basis 1o
migue of modif s-avd-test provided »

WEeECE AS T

a
problems and the te-
nel'.s. ov relining the syster,

i Arizona stoz! Dust

Tari wraiuc air cleaning Adesiyns weroe tested on eguipment at an Arizona
tedt niack. There is 6o vecord as ¢+ when field test ng was firsc
d :» hand dribbling dust from a scoop into an engine airx
¢lirer golet as an expecient ‘n design.  The dust used was coliecied
toepn e AT imeng enpine provien o cound and shippoed oo toe ltaburatory o
iewalisa dryams, At first, it was ripared by scoreeaning through a G0
mes o chley r gnd anslvred by oa sieve enalysis to divide the mass into two
woo Teages.  The test coce adopred o, the SAE in 1941 recomrendad either
A sediacucatson sral sis or £ ¢ ller analysis for evaluating the fineo.
ot foter saze discribarict T oslem co tre .ir < canet pancfacturer -

)
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Aerosol Generstors used for rhe Fnzine Air <leaniay
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1t was recessaryv to increase the peroentage of fines in order to measure
imsrovements ¢il bath air cleaner desisns in the test dust and an air
vitiridator method was adopted to Jo rais. During the war years, the air
giutriator method was replaced Ly a ball milling operation4, Shortly
thercafrer, rcoarse and fine roller anslyzed dust became commercially
avaitable. The commercial availab ii ty of standardized Air Cleaner
Coarse and Fine dust was not recoxnized by the SAE until the 19€0 change
in the SAE coded.

With the infreoduction of dry air ciraning systems to the engine airc
cleaning mavket, it has been necessary to supplement standardized coarse
and {ine testing with other dusts to provide adequate design informaticn.
Standard AC Coarse dust was found to be unsuited for lcoading studies used
for wmproving the dust capacity ot papex. Tectal cake depth relative to
dust paser intersctica depth made tl.e test insensitive to the paper
structatz. Hse of fine test dug. improves the definition of the paper
stroctave but provides little information abent fine parvicle loading
tha., czuses "igh pressure drops with light loadings.

Using dust-carbon mizt.res to simulate high pressurs drops at light loads
wvas unsuccesstul, slthough the dust-carbon mixt res were of similar com-
position to rhose determined from problem situations in the field. This
ig undoubtedly due to the inability to deaggiomcrata the carbon-dust mix
and ferd each particle as 1ts discrete size. Srandardized coarse or fine
dust does not provide adequate Information aboot cake suppert. Duast
cakss Foraed by wmost dusts on §.ber beds will become unstable and migrate
if e.vher the pressure drop and/or velccity become too high. The values
at wnich this takes place are depeadernt on aistribution of the dust and
the structure of the fiber hod suppovting tne cake. For papers with

2N micron maximum pore and dust with a mixture containing a large porti

yf ~-1% micron particles. the values are 20 ft/min {ace velncicy and i<ss
than 20 in. wp pressure drop. A duat containing sucn a mixcure 18 uled
to develop filter papers with proper fiber spaciongs Lo support these

poor cake rormers.

Air-Flcate! Dust Feeder

Tt: aivr floated feeder shown in Fivure 1 is a fgbricated item and con-
sists of a 2.5 in. o.d. tube 21-1/2 in. long witii a rounded bottom con-
taining a 178 in. dent., A 5/1. 1in. o.d. copper tube brings air into the
system,  Tiwe operation of the air-floated dust feeder depends on the
range »f <izes in the distribution of the dust to be fed. It feeds dust
be clugsiiving the floating out the fines first. The rate is maintained
by increasing the aivr pressure to float out larger sices. The rarnge of
sizes in the distribution of both coarse and fine Air Cleaner dust per-
mity a reasonable uniform feed. The feeder is operaced manually and the
feeo vsta - dependent on the parvicle size distribution of the Jdust and
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operator judgement. It is unsnitel for dusts having a distribution with
a sm2ll o g.

The air-floated dust feeder wes adopted to test the vil bath air cleaw-
ers (& type of oil wetted scrubber) sometime prior to 1940. The life
efficiency of oil bath air cleaners, like many steady state air clean-
ing systems, is a function of the size distribution of the particles or
agglomerates fed and is only slightly influenced by particle classifi-
cation during feed. This feeder represented an advance and, in the hands
of only a few experienced operators, the disadvantages of the air-floated
feeder were not apparent until it was well established as a standard
method,

In 1940 this feeder4 was proposed to the Society of Autcomotive Engineers.
The proposed feeder and test procedure were adopted in 19411, 1953
changes in the Code recommended improvements for increasing test repro-;
ducibility along with a new type dust feeder called the Ordnance feeder’.
Although the new fecder was motor driven and did not classify dust, it
was more difficult to use. Action of the vibrators and piston compacted
the loose dust in tne feeder, sometimes forming a cake that did not move
rzadily in relation tu rhe cylinder wall causing the feeder to jam.

Until its recent displacement by tne automatic feeder. the air-floated
feeders simplicity, portability, ease of set-up and use, and our exten-
sive experience of interpreting results made it the preferred feeder for
most testing. It was used as 3 single unit for airflows less than 400
cfm and in multiples necessary %o meet flow requirements on higher air-
flows. It is still spevifiecd for quaslification testing of military

air cleaners.

Wripght Dust Feeder

The smallest dust feeder and the standard for paper research in our
laboratories is the Wright dust feeder. It is a purchased item normally
employed by others for toxicolegical studies of animals. 1Its operaticn
depends on air picking up the small fraction of a dust cake scraped

into a channel as the compacted dust cake rotates past a fixed scraper
blade. “he usable range with silica dust is not as great as the gear
combinations furnished wi:zh the instrument. At zero visibility, 0.025
gm/ft3, the lowest feed rate i¢ limited by the amount of air pressure
and resulting airflcw (0.5 c¢cfm) needed to pick up the separated dust.
The highest feed rate is limited by the available motor power and
difficulty of cutting the compacted dust cake. Uniformity of feed is
dependent upon the way the dust is packed in the dust cup. When the
dust cup is properly loaded with silica dust, the average dust feed over
both reasonably long and short incervals is constant, although the in-
stantaneous feed mav vary greatlv. To obtain good feeds, the cake
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must be built very slowly in extremcly thin layers packed under wie
especinil;

sure, The feeder cannot be used fcr every kind of dusty,

soft materials with high cohesive foxces (for exampie, coal dust’.

size distribution of the airborne coul fed from the Wright fecdor
have no relationship to the discribution packed in the dust cup.

Wright feeder has the aduantage of Heling

v Lo se*-mp and use, Exrept for th. care

dust re-ults are cperator independent
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by using different size dust cups anc . lahle spec o ouve
The sonic feeder is heavy and difficuls 1o iLruuspor . ¢ vue point in
the lab to another. Ease of over-pressurizing the cvonsvvar Lo pick up

too much dust or under-pressurizing causing compacliou of the <ust by
the pick-up foot, alters the bulk densitv and wmakes the leed rate
difficult to estimate for critical testing.

This feeder found its major use in selecting candidare nmateriais for
self-cleaning air cleaners, Its present use is product qualification

testing.

Barrel Feeder

The barrel feeder is a scaled-up version of the sonic d.st feeder, It
is limited to a single dust container ~nd picik~-up, Its variable drive
allows feed rates from 5 to 1135 gm/min or to supply dust at zero
visibility to airflows of 200 to 45,400 cfm, Its majcr use has been in
examining prototypes of self-cleaning air cleaners. ¥ts 300 1lb dust
capacity permits unattended testing of such devices fos entended periods
of time. This feeder, however, presents the same problems as the sonic
dust feeder of compacting the dust and uneven feeds, An even greater
disadvantage is its size and weight.

Novadel Feeder

The purchase of a NOVADEL VARI-FEEDEéEJCOincided with interest in higher
airflows for larger engines and gas turbines, It was seclected to feoed
both coarse and fine road dust and was intended to veplace the ba-rel
dust feeder.

The system depends on mechanical agitation to fluidize che bed suffi-
ciently to keep the auger channel full. The dust is delivered to an
aspirator by a hollow spring auger. It provides as gocd a feed rate
control and a wider range of feed rates than any other dust fesder list-
ed in this report. It can feed over a range of L to 1250 gm/min to
cover flow ranges of 40 to 50,000 cfm at zero visibility. It meters

out dust with a minimum of classification and can be adjusted to a con~
sistent rate. It can be loaded during operation and thersfore provids
continuous aerosols for extended periods of time.

@DNOVADEL VARI-FEEDER is a registered tvadename of Nevadel Ltd.,
London, England



Automatic Feeder

The automatic feeder, shown in Figures 4 and 5, is the preferred feeder
for most of our present engine air cleaner test purposes, It was de~
signed and fabricated to supplement a flow controller which automati-
cally compensates for pressure drop increases across an air cleaner as
11 loads with dust, The feeder consists of a straight-sided hopper with
4 screen false bottom separated from and mounted above the true bottom
containing a spring auger. A low velocity scraping device is mounted
above the screen and a second identical unit scrapes the material fall-
ing between the screen and bottom into the cffset auger channel. Such
an arrangement minimizes bridging when feeding very fine dust and keeps
the auger channel filled with dust which has a reasonably constant bulk
density., The auger speed is set by digital controis. The feeder is
mounted on a 20 Kg balance 30 the tctal dust fed is easily cbtained at
the end of tests or at intermediate points. The dust feedev, balance,
snd a4kl its controls are mounted on a cart for case of tvysusportation to
any Lest Site,

This feeder is compact, mechanically reliable, and easy to operate. It
delivers a consistent particle size over reasonably long and short inter-
vals. The feed rate can be adjusted for feeds between " and 230 gm/min
to accommodate testing at zero visibility for airflows between 2U0 and

v, 200 cfm., The major disadvantages are tight packing and auger clogging
“hen feeding soft or very fine dusts,

Mothods of kvaluating Efficiency and Particle Size

1ifz efficiencies are determined from ueasuring the weight of total dust
fed and material collected op an absolute downstream of the test device,
Almost all of the information about particle size effects, frow both thr
lzboratery and the field, are generaten from colliected samplas., Size
distributions are determined on 4 mass basis uwiag eithezr the Whitby MSA
Sedimentation method or a Coulter Covnter. Bo:ih methods provide the
qast information about the large.s tSizes ard the Cculter has a lover
rraczical limit of 0,7 microns, With rhese metuons, however, particic

¢ officiency measurement: nade bv feeding a o{)uxape&¢ed sample ans
Jyoiug collecred sampl-s may tead to show a bLt e fires efficiency
n should be expected because there is no way to estimate the porticy

LI
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iciency that is due to agglomerates presented to the gystea, &=
st dust to be dispersed moves toward the Fines sizes, Lt broomes

.rder to aisperse by sonic shock., As the dispersed dust approuches
caese finer distributions, it wiii be necesiary teo determine the air-
"orn2 nature and the thenL of flocculation of the dust fed to provid-
»>liable information about efficiency and cleanabilivy for desipa,
Touinment Lo provide this information is being considered,
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he Automatic Dust Feeder

Dust Meiering Section

Exploded Drawing cf ¢

Figure 5
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YNDUSTRIAL EFFLUENT MARKET

Dust collection systems such as cyclioies, electrostatic precipitators,
scrubbers, and baghouse filters for the industrial effluent market also
pre-date the extensive interest in Submicren particles, refined air
cleaning theory, or legal needs to clean air. At the time of their
introduction, they were sold on the bas.s of eilther economics or public
relations. In all cases, the emphasis was on the removal of coarse
varticles and mass efficiency.

The portion of the market covered here is baghouses and cabinet cleaners
with airflows from 200 to 30,000 cfm, <{onventionally, these cleaners
are physically larger for the same airflows and require a different kind
~f filter material than is used in engine air cleaners, This is because
they are intended to operate in a steady state conditionm, i, e,, a con-
stant pressure drop. They require constant cleaning by reverse air jets
in order to operate in high dust concentrations for extended periods of
time., Materials used in filter bags are purchased tc specifications,
The filtration characteristics for selecting materials are determined

by testing on a small flow bench with a back flushing capability. Dusts
are applied to the surface using a spring type auger transport system
and a strong air jet to aspirate and deaggiomerate the sample to form
the aerosol cloud. After a number of loading-unloading cycles have been
run and a steady state has been,reached, penetration of the materials,
normally expressed in grains/ft~ air, is determined by sampling down-~
stream of the test sample using a millipore filter., If size efficiency
is determined, it is from Coulter results run on samples of feed dust
and the dust on the millipore downstream of the test sample,

Tests are run on full size units using either a straight through or a
looped system. There are no standard test procedures, dusts, or feed
rates in this industry as provided by the SAE code in the automotive
industry. The method of testing has been left to the discretion of the
manufacturer, Duramite (a calcium carbonate dust), fly ash and iron
oxide are representative of the test particles used. Test criterion
requires a 24-hour continuous test without a change in pressure drop,
called steady state conditions, After a2 steady state Sondition is
reached, the penetration should not exceed 0,0046 gm/m~ using a straight
through test,

Two types of feeders, SYNTROQEDand VIBRA SCRE&E% are used interchange-
ably. The preferred feeder for life testing is the VIBRA SCREW feeder.

®

SYNTRON is a registered tradename of Syntron Co,, Homer City, PA.

@DVIBRA SCREW is a registered tradenawe of Vibra Screw, Inc,, Totowa,NJ
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This is a purchased item capable of feeding 3 to 32,000 gms/min. Tge
feed rate selected for testing may be varied from 1 to 40 grainsff

(2.29 to 91.5 gm/m3). Assuming a feed of 10 grains/ft3 (22.9 gm/m”) as
normal, this feeder has a capacity of testing systems with airflows of

5 to 50,000 cfm. Under a 24-hour life test, a rotary valve is installed
in the hopper outlet. The dust collected in the hopper im returned to
tiie feeder which recvcles it back to the cleaner inlet., Penetratiom is
determined after steady state conditions are reached by sampling down-
stream of the bag, using either an absolute or an EPA probe,

SYNTRON feeders can also be purchased in & number of sizes and fzed
rates. They are best used in a straight through mode, although they

can be looped for recycle. For longer runs under recycle cperation,

the STYNTRON tends to give ever increasing feed vates with respect to
time as the viscosity decreases with time as powder is recycled. This
increate is accentuated with certain powders if a method of dispersing,
such as a materials handling fan, is used to break up the agglomerates,
Tn such cases, Coulter measurements indicate a loss of the measurable
fines., This fines loss appears to stabilize the flow characteristics

of the bulk sample. The size distribution in the fead &nd rthe method

of feeding dispersed dust cannot be expected to present either the total
“ines or fines at the same rate as can ve expected in some industrial
spplications even though the total concentration of airborme dust may be
the sawe, In applications where a large percentage of :dust is fines,
such a test method may not be a good indicator of either penetration or
rate of blinding.

Sizing baghouses to an application is usually dependent on ithe experience
and judgement of an applications engineer and, at test, supplemented by

& Coulter analysis of a collected sample, If there is doui:t ubout the
perccntage of fines, it is the practice to recotmend = larger uanit ihat
provades more media area per cfm of airflow. Within the iimite of
available filter media, design improvement of bagzhicuses is a packaging
probiem. Applying engineering praciice normally reserved for the engine
air cieaning market to the baghuuse uwerket has rednced the uait =ize and
ianrengsed che media area withou. cnanging the throughput,

S¥ACE CLEANING MARKET

The ASHRAE Standard

ftie npace ¢lesning market presents an entirely different zet of para-
rwteis for filtration than those in the engine or industrial effluents
warkets. The application requires moving large quantities of air with
Luwers having low static pressures, F¥or this application, filter medirn
fuce welocities may reach 300 ft/min, but pressure drops, even in the
inaded condition, cannot exceed 1 in, of water and may be lirated to

o
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1,5 inches of water.

in the home comfort market, the cieso. urpose of deep Led filters con-
caining 50 microns and larger fibwcos .8 to reduce lint cellection on
heat exchangers and in hot air ducry. Higher performance filters are
specified by efficiencies measurced :¢:oxding to the American Society
of Heatiyg, Refrigeration and a.y Load t,oning Engineers (ASHRAE)
standard’, Filters with efficieac:es icss than 20 percent or greater
than 98 percent fall outside the scope of this standard,

All ASHRAE standard testing is performed in a large duct with direct
sccess to the outside atmosphere, The test involves a specific pro-
cedure and depends on the universal wavure of aerosols found in the
<*mosphere. A test requires an initial estimate of the filter's per-
formance, After its performance 1s czvimated, the filter is placed in
the test duct and the flow rates of the system adjusted, Sampling tips
ure selected from one of two sizes that best matches the duct velocity
to provide semi-isokinetic sampling of the duct. Flows through the
sampling tips are controlled by critical orifices and measured with dry
gas meters, The downstream sampler is run continuously and the upstream
sampler is set for intermittent operation, sc the difference in darken-
ing between the two sampling filters is no greater than 20 percent. The
test length must be adjusted so the staining opacity of the samples
shall not be greater than 40 percent or less than 10 percent. The
opacity of staining is determined by an opacity meter calibrated to

read relative light transmission,

Although the atmosphere provides 3 convenient source of fime aerosol

for filter testing, it probably is far from a standard. To be a valid
standard, it must be assumed that atmospheric aerosol is of universal
composition, although experimentoliy if iz is found that the length of
the test varies from day to day an’ <ay to night. In three consecutive
tests on the same filter, one tes: may be higher or lower than the

other two, Information published by others indicates the particulate
matter in the atmospiere is not uni.=vrally uniformly distributed®. The
second assumption is that the darkening power in the aerosol is equally
distributed among all particle sizes in proportion to their mass. With-
out a knowledge of the relationzhip between staining power and particle
size at the time of the test, it is difficult to correlate this stand-
ard to any other initial efficic ucy test, Products manufactured to

this specification are best tesisd at the customer’s site.

It takes one to four hours or lenger to run an initial efficiency test
on atmospheric aerosol. In tests to determine life-loading character~-
istics using atmospheric aerosols, the filter of interest is compared
to a standard by runring the two in parallel in a common test duct,
Such 1ife tests usually average *.izoc o six months, which is too long



to be of much value in product improvement research, furthermore, the
competitive nature of many segments of this market limits the type of
improvements that can be justified.

AFI Feeder

The AFI feeder provides a method of feeding materials which are difficult
to feed uniformly by other means. These include materials that contain
fibers, those that might deform and fuse on packing, and thcse that are
too free flowing because of their particle size distribution. The AFI
feeder was until recently commercially available. The feeder consists

of a support frame, a tray to hold the dust, a gear train to move the
tray and metering gear, a motor to drive tihe gear train, a gear that
meters the dust from the channel to the pick-up area, and a pick-up tube
and aspirator for dispersing the dust. The original feeders have been
medified to provide a wide range of feed rates. A full tray holds about
130 gms AC Fine or 50 gms coal. Feed time can be varied from 2-2/3
minuces to 146 minutes. It is the feeder specitied in the ASHRAE code
for feeding ASHRAE dust consisting of 72 percent standardized air clean-
er fine dust, 23 percent Molocco Black and 5 percent #7 cotton linters,
Zxperience with this feeder has been in feeding AC Fine for military
gualification testing and coal dusts to study performance of air clean-
ing devices for the mining industry.

Turntable Feeder

The turntable feeder. shown in Figure ¢, is similar in operation but not
design to the AFI feeder. It was developed at Staniord Research Insti-
cute to feed small quantities of zround materials at a precise rate to a
classifier system.

The feeder consists of a turntable rotated by a variable speed wotor.
The table contains a groove to accept dust from z hopper wnich holds the
supply. The hopper contains agite:ing bars to kuep the dust moving
toward the groove. A scraper var :emoves excess dust from the table to
'ne groove and keeps the dust in the channel level with the table top
The svstem can use eithe. of two types of pick-upc. The dusi can be
aspirated out of the channel as in the AF1 feeder or the systew can be
cressurized to force the dust out the feed tube, as in the son:c feeder.

Jne turntable feeder has been built to provide a number of fzaed rate
ranges. The practical limit on both the upper and lower ends «f feed
iane depends on the ability cf the bulk powder to fleow. On the upper
end, the maximum depth and width channel are limited to & size Chat
rermits the powder to flow so freely 1t floods tne table. The .ower cid
.5 limited by the groove size which is so small that agiiowereter from
“hve hopper will bridge and oreveut the channel from fill.uy eveniy. For
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AC Fine, the lower practical feeding limit is between 0.1 to 0.5 gm/min,

The turntable feeder supplements the automatic feeder and is the pre-
ferred feeder for low feed rates. It provides a consistent feed and can
be equipped with large hoppers for unattended runs for extended periods,
Tts compact size make it a convenient feeder for many tests,

HEPA MARKET AND MONODISPERSED AEROSOL GENERATORS

Incerest in fine particles, filtration theory, and HEPA filters grew

out of a World War 11 military need’, Pre-World War 1I gas nask filters
did not provide the needed protection against toxic war gas when these
gasses were presented as finely divided particles., The application re-
quired a filter having a small size, a low pressure drop at flow rates
helow 85 liters/min, and an efficiency of 99.97 percent minimum for the
removal of all airborne particles, HEPA filters, however, have low dust
capacities and a fragility that prevents cleaning. This preveuts their
use in solving most industrial effluent problems, limiting their use to
space cleaning for contamination sensitive applications and industrial
effluents containing highly toxic or radioactive materials,

Academic interest in filtration theory has provided a number of monodis-
persed aerosol generators which we have purchased or copied for research,
calibration, or quality control. These can be split into drop gener-
ators and thermal dispersion methods, As the design, operation and
application have been adequately described by others in the iitersture,
only applications of industrial interest will be covered.

Soipnning Disc Generators

Experience with drop generators inmcludes both a high speed and a low
speed spinning disc generator., The high speed generator is a purchased

tem and is used mainly to provide paﬁ‘icles to calibrate 2quipment.

he low speed spinning disc generator™. was fabricated and used to provide
micron and larger particles to study velocities iu fiber beds at which
twllection by inertial deposition decreased with incressing velocity,

|

Tliermal Dispersion Generators for Research

Several generators based on the thermal dispersion of a liquid have been
»uilt and used. The earliest was a generator built under a government
«intract in 1955 to study inertial deposition in fiber pads of very f%ne
rarticles (0.3 micron) using very nigh velocities (up to 100 ftlsec)l .

This generator was capable of producing 50 cfm of aeroscl and delivering

it under pressure to a test manifold, Particle size was determined using
¢ tour pesition jet impactor with the jets operating La parailel. The
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methods normally used in the engine, baghouse and space cleaning markets

dre not capable of deagglomerating the fines to provide a measure of the

problems of field efficiency and cleanability. Thermally dispersed

aerosols provide a measure of efficiency but are either a liquid or a

golidifying liquid which may not duplicate most industrial effluents for ’
filter loading and cleanability. Preliminary studies to meet our needs

in this area have involved the following generators.

A Carbon Generator

Premature shortening of filter life in air cleaners exposzed to diesel
exhaust has generated an interest in filtration problems associated with
fine particles.

Tne laboratory carbon generator shown in Figure 7 is based on an acety-
te#ne burner. 1t is built in an enclosure so the flow of both the air

ard gas released to the system can be controlled. The test systen uses
vrezsure regulators, rotometers and metering valves to measure, adjust
and control the flow of both gas and air. Two types of burner heads

have been tected. The first head was fabricated from a pipe cap and
capillary tubing. This head showed decreasing aerosol output as a
spiralling rim of carbon would build around the point at which the gas
cmevged, causing short term changes in aerosol output. The second head
design was simply an orifice drilled in a pipe cup. 7This appeared to
~ave a better long-term stability. but day-to-cay reproducibility of
filter wmedia loadings could not be held closer than a factor of 10 by
nsing repetitive settings on the controls. Measurements of the flame
height at which smoking became visible was found te vary from day to

duey. These variances in flame height were related to atmospheric con-
ditioas, primarily changes in atmospheric pressure. The variability of
cutpars was Jdetermined by flat sheet loading tests ic 2 corstant pressure
diop at a constant velocity. The generator requir.s monitcring instru-
mentation if it is to provide the reproducibility noeded for industrial
studies.

A particle even finer than that produced by the acetylene generator can
be produced by burning commercial metihane or propane. The pavticles may
not be carbon, since they come from neither the propane nor methane.
When either gas was filtered through a chaxcoal bed, neither formed
zarticles, even when the gas to air ratio was varied over a wide range.
Tire investigations were conducted using a Nuclei Counte:.

.orcable Air Operated Generatcrs

Atomization of solutions appears to hold the most promise for sclving
‘rdudiry's needs of large quantitics of fine particles for fiber-bad -
.vading studies. One such generation is the Model I1 NRL air operated -
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generator. It consists of six modified Laskin jets suspended in a lug
top five-gallon can. This is connected to a high pressure air nozzle
through a przssure regulator. Its design and operation was reported by
NRL in 19631%. A modified version is available commercially,

The system is reasonably portable and easily set up and adjusted. When
set at 30 psi upstream pressure, it provides a reasonably stable, repro-
ducible output as determined with a light scattering photometer. The
six jets aze reported to produce 512 L/min with a mass concentration of
4,95 mg/Ll . Because of contract restrictions, no tests have been made
on liquids other than DOP. Until an instrument free of restrictions is
obtained, we can only speculate as to its ability to provide an aerosol
for industrial testing. If it is assumed soluable salts can be substi-
tuted for DOP, then the methylene blue-fluoresceinldor sodium chloride
techniques="> » 18 ¢ould be applied. Echols and Younglameasured the
mass medium diameter for DOP as 0.8 micron with a gecmetric standard of
1.37. Assuming a saturated solution of sodium chloride, the generator
siould produce 0.9 gms of smoke with a MMD of 0.43. Each nozzle oper-
ates independently of the others, which should permit scaline from a
single nozzle to multiples of six to cover a range of outputs to pro-
vide the aerosol needed for most industrial testing.

The primary contract use of this generator has been to examine 400 cfm
HEPA elements for leaks. It provides a field test means of examining
the integrity of installed banks of HEPA filters.

CONCLUSION

The performance of a number of generators providing aerosol for indus-
trial testing have been explored. For most industrial purposes. com-
parative testing on a mass efficiency basis is adequate for both product
improvement and sales. It has been shown that the largest number of
aerosol generators to be found in the air cleaning iadustry are for
generating coarse aerosols from standard dusts or collected samples.
These generators produce the aerosols that suppcrt product improvement
sné customer acceptance testing. Because the largest dollar volume is
ir markets where mass recovery is the problem. only a few fine particle
generators will be found. Most of the available fine particle generators
do not provide a solid particle adequate for life testing pcoducts. The
use of fine particle generators in industry has been slow to develop be-
cause of the small size of the market for fine particle air cleaning

es.

RN R

A besis exists for generators and techniques of generating fine particles
to meet industrial needs for evaluating products for the fine particle
market. For such generators to receive extensive industrial acceptance,
ther should provide a reproducible aercsol cloud that can relate to mar-
«et problems and be easily ported. setup, and operated.

170



10,

it.

12,

13,

14,

REFERENCEY

1941 SAE Handbook, Society of Automotive Engineers, New York,
N. Y., 1941,

W. W, Lowther, "Dust and its Effects on Air Cleaner Design”,
SAE Preprint 365, SAE Natiocnal Tractor Meeting, Milwaukee,
Wisc,, Sept. 13-15, 1949.

1960 SAE Handbook , Society of Automotive Engineers, New York,
N. Y., 1960.

W. H., Worthington, '"Proposed Air Cleaner Test Code', SAE Jcurnal
(Transactions), 47 No. 1, pp. 294-99.

1953 SAE Handbook, Society of Automotive Engineers, New York,
N. Y., 1953,

1963 SAE Handbook, Society of Automotive Engineers, New York,
N. Y., 1963,

"Method of Testing Air Cleaning Devices used in General Ventila-
tion for Removing Particulate Matter", ASHRAE Standard 52-68,

Robert E. Lee, "The Size of Suspended Particulate Matter in Air",
Science, Vol, 178, No, 4061, pp. 567-75, 10 Nov. 1972,

H. F. Johnstone, Preface, AEC Handbook on Aerosols, Wash. D. C.,
1950.

K. T. Whitby and R. C, Jordan, Progress Report Research om Air
Cleaning, Aerosol Generaticn and Ionization, U, of Minnm,,
Jan. 1962,

T, Wright, R, J. Stasny and C. E. Lappel, "High Velocity Air
Filters', WADC Technical Report, pp. 55-457, 1957.

E. E. Grassel, '"Construction of a LaMer Type Thermal Aerosol
Generator for Radioactive Compounds', ORNL 54-3-46, April 1954,

Edgewood Arsenal Penetrometer, filter testing, DOP, Q107,
B76-2-639 (Chemical Corps Drawing Number),

W. H. Echols and J. A. Young, "'Studies of Portable Air Operated
Aerosol Generation', NRL Report 5929, July 1963.

4
o



17.

18.

19.

REFERENCES (continued)

R. T. Whitby, D. A. Lundgren and R. C. Jordan, 'Homogeneous
Aerosol Generators", Technical Report 13, U. of Minn., Jan. 1961.

B. I. Ferber, F. J. Brenenborg and A. Rhode, "Respirator Filter
Penetration Using Sodium Chloride Aerosol", Report of Investi-
gations 7403, Bureau of Mines, June 1970.

R. G. Dorman and L. E. J. Yeates, ""A Comparison of the Methylene
Blue and Sodium Flame Methods of Measuring Particulate Filter
Penetration', Filtration & Separation, September/October 1966.

R. G. Dorman, L. E. J. Yeates and P. F. Sergison, "An Apparatus
for Testing High-Efficiency Particulate Filters', Porton Technical
Paper No. 873, September, 1963,

A. B, Aigren and K. T. Whitby, "Tentative Reccrmendation for a

Method of Evaluating Air Cleaning Devices', Tech. Rpt. No. 7,
U. of Minn., June 1957.

172



AEROSOL GENERATION U~ ING FLUIDIZED BEDS
J.C GUICHARD
IRCHA BP N°1 91710 VERT-1e-PETIT

FRANCE

Abstract

A well-know method to obtain airborne solid particles for in-
dustrial or laboratory purposes is to disperse pneumatically
the corresponding powder. The classical way which uses an air
ejector is not entirely satisfactory neither from the point of
view of the break-up and separation of particles and nor from
that of the constancy of concentration. Due to these shortco-
mings, these last years, we tried to build new powder dispersal
device which makes use of fluidized beds. These are of two
kinds.

1) Some of them uses the flow properties of the fluidi-
zed powder which is then fed tov & separate dispersion system
(which may be an air ejector or e¢lse) at a controlled rate.

A system called '"pulverotron" and a fluidized bed nebulizer
are described.

2) Other devices use the elutriation properties of
fluidized beds. In this case the filuidized bed by itself cons-
titutes the dispersion device. The most simple case is that of
a bed of monodisperse fluidized particles operating at a flow
rate which is greater than the siutriation velocity of the
particles. An alternate system is a normal fluidized bed where
elutriation is locally forced. But the most useful system is
that we called '"puldoulit". In this case the powder to be dis-
persed is a added to a fluidized bed of larger particles (for
example glass beads). When the system is in operation, the
fine particles are elutriated from the bed.

<3
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AEROSOL GENERATION USING FLUIDIZED BEDS
J.C. GUICHARD
IRCHA -France

During the past ten years, we developed new aerosol generators

in the field of fundamental research and for semi-industrial
applications. They use some properties of fluidized beds and are
able to disperse fine powders. This text explains some of these
new aerosol generators - without describing ail possible svystems
but only a choice among those which were most pratical in use.
For each of them we shall give the basic principles, some numeri-
cal examples of their results and the limits of their pratical
applications but without details as those will be published
elsewhere.

In a first part we shall consider some special properties of the
fluidized bed that we studied because they are of current use in
our generators. Then we shall describe devices which take advan-
tage of the well-know liquid-like properties of the fluidized
bed. Finaily we shall speak about more original devices where the
fluidized bed itself is the dispersing system.

I. SOME PROPERTIES OF THE GAS FLUIDILZED BED,

I.1-The fluidization of very fine powders.

It is not easy to fluidize fine particles because their natural
tendancy to agglomerate. We understand that it is difficult, if
not impossible, to put them in the quasi-browniam motion which
is typical of the fluidized bed. If we try to fluidize a fixed
ved of fine powder, we currently osbserve the formation of chan-
nels through which the air fiows. In view of this experiment, we
understand that it is necessary to fight this channeling and
also to promote some mobility of the particles or of the agglo-
merate egainst each other.

A first measure is to use, as a porous plate, some microporous
membrane (reinforced nylon) because it is advantageous to have

a hign pressure drop asscciated with fine pores. But that is not
sufficient to promote fluidization. A well known although appro-
ximative solution is to use a tapered oved build with some =2lectro
magnetic vibrator fastened to the walls of the fluidization cy-
lynderl. That gives good result for powder which are not too
sticky (carbon black for example). This device although easy to
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operate is unsatisfactory, thug we developed anothor solvtion.
We mounted under the microporous membrane a Cagniard Latour siven
{a device use by firemen) which is essentially a ro*tating per=
forated disk facing a identical! fixed disk. With ar air flow
around fifty liter/minute, we ohicin a powerful andible sound
{see figure 1). The vibrating encray generated promotes vibra-
tions in the microporous membrane and is gradually absorbed by
the fine powder in such a way thait no sound is heard owvtside. The
effect of the sound is to avoid tne channeling phenomena and to
help the dispersion of fine particles. This system works very
well for fluidized layer not thicker than twenty centimeters.

1.2 - Powder flowing from a fluidized bed through a hole in a
thin wall

In some of the systems using liquid-like properties of fluidized
bed, there is a flow of matter out of the bed throungh =z=ome ori-
fice and this raises the question of the relationships goveruing
the phenomena. It is a problem similar to that of the flow of a
liquid through a hole in a thin wall. {(for this latter case, the
solution is found by application of Bernouilli's theorem)3. We
studied the problem, only from an experimental point of view,
using a variety of different powders and we came to the following
formule

Q = k s* pP (1)

Q 1is the flow of matter out of the heole in g/s

S the surface of the hole in cm?2

P the pressure in the fluidized bed at the level of
the hole expressed in baryes

K o and B are parameters function of the nature of
the powder (cohesion for example)

It is useful to notice that Q is independent of the air flow

through the fluidized bed (p is also independent).We give some

where

rumerical values of the parameters in the followin) table.
Reference of the powder 3 K 0 g

Lycopode powder : 0.0568 0.743 0.614
Glass beads smaller than 631 : 0.910 1.13 0.548

with a median diameter 401

Glass beads of 8001 diameter : 0.885 1.17 0.4%72




We remark that the numcrical values are little dependent on the
particle size distribution, except if the powder is a very fine
one.

7.3 - Introduction of powder in a fluidized bed - fluidized bed
with a constant level

For most of our generators, it is necessary to supply the flui-
dized bed with powder. There is some solutions available but our
choice was limited by the necessity of getting simple and cheap
device and also because some physical restrictions coming from
the generators themselves {(for example introduction at the bottom
of the fluidized bed). Finally wc selected and archimedean screw
fed by a hopper containing a fixed bed (see figure 3). Pratically
we use two models of screws : for free-flowing powder & home-
made teflon screw and for the others {which are numerous) a spi-
ral metallic brush of that sort usc for cleaning plumbing. This
last soclution, in spite of his simplicity, gave good results.

Very often the output of the archimedean screw is at the bottom
of the fluidized bed for reasons that will become clear later
on. With free-flowing powder, we saw that the teflon screw is
able to push the powder into the fluidized bed only until the
pressure at the end is not too high. For the spiral brush this
pression is zero. This last properties give usg the possibility,
if necessary. to build a constant level fluidized bed wher= the
height is fixed by the position of the screw. If we want (with
one or the other type of screw) introducing powder at the bottom
of the fluidized bed, it is necessary to compensate the opposing
pressure. A simple solution is to make tight the hopper and to
connect its top to the botiom of the bed viz = tube, the output
of which is protected by a fine mesh (hv this way the pressure is
sent to the hopper).

If we use fine or sticky powdet, only the metallic brush is able
to hold a constart and regilar flow of matter It is further
necessary to vibrate the hopper, using some electromagnetic
vibrator, to ensurc a constant flow of the fixed bed intc the
screw. On the other hand. we observed thuat the screw is able to
push such cohesive powder against higher pressure than in the
case of free-flowing powdars. TIn any case, the flow of matter
can be adjust using different rotaticu speed of the screw.

When it 1s necessary to maintain a constanti level of the flui-
dized bed {for example because we want a constant pressure at a

point inside the bed) we can solder an overflow where it is
needed.
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IT. SYSTEMS USING LIQUID-LIKE Py FRTLIES OF FLUIDIZED BEDS

The best known way to dispersc powdeor into acrosol is to send jf

through an air ejector. Generally the desagglomeration is good
but the emission is not constant hoecauvse of the cohesive pro-
perty of the powder to be dispers=d. A lot of work was done to

improve this system and it was nsiural to try a solutien taking
into account the liquid-like prop<riies of fluidized heids.
Nevertheless it is not enough te introduce the sucking tube of
the air ejector into the fluidized bed and some device has to be
conceived to solve the problem. We shall describe two of them.

II.1 - The "pulverotron" (see figure 1)

The fluidized state is made possible by a Cagniard-Latour Siren
which turns at 1500 rpm 2, The sucking tube crosses the fluidized
bed near its bottom. The idea is to try to deliver the matter
across a fine hole drilled in it. The formula (1} shows us that it
is necessary to have a constant pressure at the level of this hole
however the depth of the fluidized bed should be. For this reason
the fluidized bed is put under pressure by a calibrated capillary
which restricts the output of the airflow. When the level of the
bed sinks, the airflow blown by an air compressor increases due

to the decrease of the total pressure and the pressure over the
bed increases tending to restore the initial value at the level

of the hole. A special chamber went to control and to regulate the
flow of matter surrounds the hole. This chamber, constituted by

a tube 4 mm diameter, is soldered outside the sucking tube. Its
axis is that of the hole, inclined about 15° below the hurizontal
because this is the convenient position to mininize the perturba-
tions induced in the bed. This space is surrounded by a bigger
tube and its walls are perforated by a lot/fine holes. This /of
system allows to blow clean air inside the chamber. The space is
closed (side of the bed) by a hole drilled in a thin wall. The
diameter of this hole gives a means of controlling the flow of
matter. The clean air which is blown into the chamber plays seve-
ral roles. Firstly it avoids blocking the hole by the powder,
secondly it increases the effective pressure in the chamber and
consequernitly reduces the pressure drop across the hole, thirdly

it disperses roughly the powder avoiding big agglomerates which
could interfere with the regularity of the emission. When the
diameter of the hole is chosen, any flow of powder can be obtained
by adjusting the clean air blown into the chamber. An cxample of
this is given by the figure 2; the air flow in the sucking tube
modifying the effective pressure drop across the chamber.
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This device called "pulverotrom" is well suited for dispersion
of fine powders from some g/mn to 100 g/mn.

II1.2- The fluidized bed pulverizer (see figure 3)

With the fluidized bed pulverizer, the powder is pushed out of
the bed and the sucking tube of an air ejector collects it.

The two stages are completely independant. The complementary

air comes from the ambiance, when the air flow sucked by the air
ejector is larger than those coming from the tube which is im-
mersed in the fluidized bed. So modifications of the working
conditions of the air ejector ae without effect on the perfor~
mances of the pulverizer.

The tube which is immersed in the fluidized bed has a 22 mm
inside diameter and is perforated (about 30 mm of it end) by
four holes of 10 mm diameter. Each hole is covered by a fine
mesh. A larger tube surrounds it and allows clean air to be
blown into the fluidized bed across the meshes. For the parti-
cular model which is presented on figure 3, the fluidization is
obtained using an electromagnetic vibrator of 500g weight. The
powder is introduced at the bottom of the fluidized bed by the
metallic screw and the level is fixed by an overflow. The air
which is blown into the fluidized bed by the perforated tube
carries up the powder at a rate which increases with the air
flow. The air ejector collects the totality and disperses it
into airborne particles. Another way to control the powder flow
is to change the depth where the clean air is blown but is ap-
pears that 7 centimeters under the surface of the bed is a sui-
table disposition. The figure 3 shows how the air allows to con-
trol the flow of aerosol.

The maximum flow of solids which can be obtained is a function
ot that which is introduced by the screw ;3 it is currently about
20 g/minute. There is no limitation towards weak concentrations
except stability of emissioun.

IIT. SYSTEMS WHERE THE FLUIDIZED BED IS THE DEVICE WHICH DISPER-
SES THE FINE POWDER

The elutriation of fluidized beds is a well-known phenomena and
was ihe subject of numerous publications®. Neverthless these

works have not given, for the time being, a satisfactory knowledge
of the mechanisms involved or a full experimental description
valid for each of the different systems. In fact this is a com-
plicated phenomenon and we think that the failure of many a
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research was the lack of simple and well defined system for
which the analysis could be successful. We will present below
two such systems which are useful to study this problem of
fluidized bed elutriation but which are also new systems to
disperse fine powders into airborne particles.

Notice - We did not make use of systems where a powder is flui-
dized at flowrate such that the surface of the bed is elutria-
ted, except for monodisperse particles. The reason is the lack
of laws discribing the phenomena and, consequently, difficulties
to operate satisfactory systems of this type.

III.1 - Generators of monodisperse pollens

Pollens are equipped with special structures which facilitate
wind transportation and desagglomeration. For this reason
they give easily good fluidized beds even if they are fine. When
elutriation is active for such fluidized beds, the pollens are
carried away in form of monodisperse aerosols. One example is
lycopodium perlatum (2061) largely used by pharmaceutical indus-
try and which is commercially available. We made a detailed stu-
dy of the laws governing the elutriation of such a fluidized
bed and we came to the formula 5:
20,7 - 4.74 LnD
n = 7.96 (g-150)e - h (2)

where n is the numerical concentration in the aerosol phase
measured at fifty centimers maximum above the bed
D is the column diameter
q 1is the flowrate of the fluidizing air for one cm
of free surface of the bed.
h is the height of the bed
In a more general form (2) can be writed

a - b LnD
n = k (g - ggle h (3)
where qo is the airflow at the incipient fluidization
k, a and b are constants which characterize each

powder
Starting from this law it is easy to build any generator with
constant level fluidized bed. The concentration will be adjusted
only by the airflow because n varie linearly with it (see also
figure 7)

Notice - The generators with forced elutriation - A microscopic
examination of a boiling fluidized bed shows that the bubble
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plays an important role in the phenomenon of elutriation.
Firstly the bubbles take an aerosol during their ascension and
particles are liberated when they burst. Secondly when they burst
at the surface, they throw up pieces of the fluidized bed which
can be disintegrated and carried away if the mean air velocity
is sufficient. It is also why the concentration increases with
the air flow. An effective idea is to collect bubbles inside
the bed and to force them to burst through a smaller surface.
That is done by an inversed funnel (see figure 5). The concen-
tration of the emerging aerosol increases when the funnel is
sunk into the bed (that is equivalent to increase q in the
formula 3).

This system allows weak flow of aerusol from a larger fluidized
bed. It can work with any fluidized bed but the fine particles
are desagglomerated only in the case of pollens.

I171.2 - Systems using fluidized beds with two differents consti-
tuants - devices of the '"puldoulit line'",

Let us considerer a fluidized beds of glass beads diameters
between 100 and 200 9. A good fluidization is obtained for air
flow giving a mean velocity above the bed around 5.3 cm/s. Let
us suppose that fine particles are clung on to their surface.
From an experimental point of view we observed that such par-
ticle are progressively loosened and evacuated in the airborne
state if their elutriation velocity is less than 5.3 cm/s (cor-
responding to particle of 42 1 for a density of unity). This
experiment gives the principle of the aerosocl generation by a
fluidized bed with two constituants. It is possible to make
use of this principle by different devices. We shall give the
description of three of them which are able of producing weak
medium and high aerosol concentration. They have common fea-
tures which are

good desagglomerating cfficiency which was also noticed

by Liwu 6-7

good stability of the concentration without any instan-

taneous fluctuations
particle size distribution of the aerosol identical
with that of the fine powder

The "puldoulit!" model A 5>~ The general arrangement of the device
is identical with that shown by figure 3. In place of fine powder
there is a mixture of glass beads and powder in the hopper. When
the screw pushes this mixture in the fluidized bed, an equal
quantity of glass beads falls down into the overflow and the
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fine powder is dispersed as airborne particle. It is possible
to get some idea concerning the emission mechanisms at work
by considering the simple situation where the fine particles
are totally adhering on the glass beads.

The inside of the fluidized bed is a very turbulent uni-
verse and the air velocity fluctuates : it can reach locally
the values needed for loosen the fine particles. Further, the
bubbles bursting at the surface throw up pieces of fluidized bed
and liberates inner aerosols as explained before .

The glass beads are in quasi-brownian motion and collide.
This mechanical effect can also loosen fine particles as it is
currently observed at macroscopic scale. Besides, there is
another phenomenon which plays a major role. The fluidized bed
is a very efficient filter for aerosols and the particles libe-
rated near the bottom have little chance to reach the surface.
In fact they are captured by some bead and re-emitted later.
This mechanism has probably a favorable effect on the desinte-
gration of agglomerates and it shows us that different parts
of the fluidized bed play different roles in the emission of
aerosols. The main consequence is the build of a gradient
concentration in a complex manner. A good approximation, useful
in practice,is that of the aerosol emission kept under control
by a top layer of fluidized beads (for example this layer would
be 15 mm thick for a bed 120 mm height tluidized at 301/mn)
We also understand that the best result are obtained when the
introduction of mixing is made at the bottom of the fluidized
bed.

The preceding description shows the importance of adhesive
forces and consequently we are waiting efficient parameters
correlated with this forces. In fact, for a stable and repro-
ducible emission, it is necessary :

- to work with constant humidity of the air and to
avoid large temperature fluctuations. The best is often to ope-

rate with dry air.

- to use a mixture where the humidity is kept under con-
trol - the most simple being to dry the mixture before use.

- to ground the fluidization column in view of electros-
tatics phenomena existing in the fluidized bed8.
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- to use the same fine powder because adhesive forces
depend on the physico-chemical properties of the particles but
also on their previous history {grinding for example).

- on the contrary, for the conditions prevailing in a
"puldoulit",although the fact that adhesives forces are size
dependent, it seems that the probvability of reemissgion for a
particle is independent of its size and it is why the particle
size distribution of the aerosol is just that of the powder
(if the desagglomeration has been good)

Always starting from the preceding description, we understand
how differents parameters control the emission. Let us consider
a fluidized bed where the fine particle concentration is kept
constant.

The aerosol concentration increases with the concentra-
tion of the powder in the bed (pratically we can increase the
flow of mixture or increase the partial concentration in the mix-
ture).

The aerosol concentration increases linearly with the
air flow as shown below (the law is similar to 3)

But this static description does not apply exactly to the device
working continuously because of an equilibrium between the feed
and the output. Taking into account the hypothesis of a top
layer controlling the aerosol emission. It is easy to write

the fundamental equation

MO = M (1-6)a + €Q (4)

is the volumetric air flow

the weight flow of the mixture

the weight concentration of fine powder in the

mixture

ol the weight concentration of fine powder in the
fluidized bed falling into the overflow

C the weight concentration of aerosol

This equation allows to calculate C if the other quantities are

know or to calculate @ and o to obtain an emission of a defi-

nitive C. In this latter case, it is necessary to know the re-

lationship C = F (a), which is fundamental for a good knowledge

of the device. This law depends on the physical nature of the

fine powder and is only experimentally known. An example is showu

by the figure 6, for an aloxite powder with particles between 1

and 20% and a wmedian diameter, by weight, of 5.51.

where

O =0
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diameter by weicht)
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For the model currently used in our laboratory (see figure 3)

we have obtained good results with aerosol concentration from
some mg/m3 to 1 g/m3 for an air flow between 20 and 60 1/mn.

The emission is very stable but there is some details to observe
if we went reproductible emission. The main problem is a good
preparation of the mixture. It is sufficient to mix the two
constituants in any bottle by shaking, if we want only a stable
emission. But for any mixture a part of the fine powder is adhe-
ring onto the beads and the other is free in the insterstices

of the bed. If the proportion between the two states of particles
is not the same from one to another experiment it could result

a different aerosol concentration. For this reason it is ad-
visable to fluidise independantly the mixture during a few
minutes before use. The shortcoming is the necessity to deter-
mine directly the real value of € in the mixture.

Notice - If we want to obtain a known value of C when starting
with a fine powder that has not been used previously, it appears
the problem of choosing an initial partial concentration for

the fluidized bed in view of a minimum delay before reaching
equilibrium.

Let us consider a fluidized bed without fine particles and at
t = o let us introduce the mixture. Let us suppose that the
concentration o« of fine particles is instantaneously the same
inside the layer controlling the emission. If we borrow the
simple hypothesis that the relationship between C and « is

approximated by C = ka, the law governing the aerosol concen-
tration is ~
(M kG
C = Cm 1 -e (5)
p
where Cm is the equilibrium concentration
) is the weight of the layer
t is the time

We see that the delay before equilibrium is independent from

© and is reduced if M increases. This delay is around ten
minutes with the conditions specified by the figure 6, and a
motor running at 10 rpm (M in the order of 0.9 g/s). But it is
more lenghty with a motor 1 rpm and it is advantageous to start
with a predusted fluidized bed.

If all the quantities of equation (4) are know, it is not pos-

sible to calculate the partial concentration of fines inside
the fluidized bed because a is valid only for a top layer. From
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a practical point of view, taking into account that o is a
maximum for the unknow cohcentration, it is convenient to try 5

The "puldoulit" model B - The device is identical with model A

but without overflow and with an electromagnetic vibrator
(Approximatively 100 g) fastened on the hopper. The induced
vibrations help to have a good flow of the fixed bed here which
is of fine powder alone. The archimedean screw is of metallic
brush type and is currently able to send between 1 and 10 g/mn
of the fine powder at the bottom of the hed. Another useful
detail is the possibility to separate immediately the hopper

and the screw from the device and consequently to know by weigh-
ting the quantity of powder used up during an emission.

With this model where the powder is not premixed with glass
beads, the mechanism of capture and reemission plays a major
role. But the lack of predispersion as for the model A explains
that the desagglomeration efficiency is lower for sticky powder.
Consequently it is necessary to introduce the powder near the
bottom, to use a thicker fluidized beds/to work with dry / and
powders. Nevertheless it can happemr that somme agglomerates

are not broken. In this case they rise and float on the sur-
face giving a layer which has to be eliminated from time to
time. Finally it appears that the desagglomeration capacity
related to the flow of solids introduced is limited but this
phenomenon was not studied quantitatively.

With the present model of '"puldoulit B" it is possible to
generate aerosols with concentrations from some 1 g/m3 to

100 g/m3, the air flow being between 15 and 60 1/mn.

Generator giving weak concentrations - Starting from the same

idea it possible to have a generator giving weak aerosol concen-
trations which can be measured with an optical counter. That
device 1s very useful. for experiments in aerosol physics. Let

us consider a fluidization column in which we poured a mixture
of glass beads and fine powder prepared as explained earlier,let
us follow the concentration function of time. At the begin-

ning of fluidization we observe a high concentration that de-
creases rapidly and appears stable after some hours. At this
point the consumption of powder is small compared to the quan-
tity available inside the bed and which is totally sticked on
the surface of the beads (the powder that was free has been
eliminated). The stability of concentration and particle size
distribution is maintained during a long time giving a calibra-
ted generator. Nevertheless three points have to be noticed.
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- At the beginning of each experiment, therc is a peak
cohcentration. A progressive increase in place of starting with
full airflow, smoothens this phenomenon.

- Starting from two mixtures with the same value of @
we do not generally end with the same numerical concentration
of aerosol.

b}

- It is necessary to operate with air flow of controlled
humidity and to keep the fluidized bed at this level of humi-
dity between two successives operations.

This generator gives us a useful way to study the fundamental
problem of fluidized bed elutriation in the particular case

of two constituants. Such studies have not been systematically
undertaken. Nevertheless the figure 7 shown the relationship
between numerical concentration and air flow for a fluidized bed
where the initial value of @ was 1% and the equilibrium concen-
tration in the top layer 0.014%. The concentration increases
linearly with the total air flow and it is possible from the
results of the figure 7 to show that the particle size dis-
tribution is independent of that air flow.

CONCLUSION
The details given in the text are sufficient to build with
success the generator well adapted to the particular problem

in view. The dispersion of fine powders using fluidized beds
is the best solution for a lot of pratical problems.
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Figure 7. Aerosol concentration versus flowrate four a fluidized bed
110 mm diameter 40 mm height using a mixture of glass beads
and aloxite powder
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LARGE FLOW RATE REDISPERSION ACROSOL GEMIRATOR
N
Fred Moreno, Dais Biann
Aerotherm Division/Acurex Corporation
485 Clyde Avenue
Mountain View CA 94042

ABSTRACT

In Spring of 1974 Aerotherm began a program for the EPA Control
Systems Laboratory to develop and construct a large flow rate (480 plus
pounds per hour) aerosol generator for use on ihe Particulate Aerody-
namic Test Facility. It was assurmed thal the designs employed in a
small fluidized bed aerosol generator previously testea could be en-
larged to meet the requiremenis ¢f tre larger system. However, an ex-
perimental program showed that a varieiy of scale-up phenomena pre-
vented the simple fluidized bed concept from working effectively at
large bed sizes and flow rates. A fwo stage concept was evolved ut-
ilizing a simple fluidized bed tirst stage feeding a second stage
fluidized bed with a gas distributor capable of passing the particu-
late Taden gases. The second stage completes the redisrersion process
initiated by the first stage. FPretiiminary testing with & twoc stage
cyclone sampling system has shown th-* for some dusts as much as 40
percent by mass of the redisper«<2! duyst is less thar 3.3 microns.

The paper will describe the nature of the probtlems encountered

when the original concept was enjar~ed, and will describe the details
of design of the new two stage consvert currently under construction.
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LARGE FLOW RATE REDISPERSION AEROSOL GENERATOR

Fred Moreno, Dale Blann
Aerotherm Division/Acurex Corporation
485 Clyde Avenue
Mountain View CA 94042

BACKGROUND

In Spring of 1974 Aerotherm began a program for the EPA Control
Systems Laboratory to develop and construct a large flow rate redisper-
sion aerosol generator for use with their Particulate Aerodynamic Test
Facility. The test facility is a specially designed and constructed
wind tunnel dedicated to aerosol research. The Facility specifications
are shown in Table 1.

Table 1
Particulate Aerodynamic Test Facility Specifications

Test section size 2 ft diameter by 40 ft long
Test section velocity 5 to 90 ft/sec

Flow rate Up to 17,000 cfm
Temperature 70°F to 450°F

Dew point 50°F to 130°F

Test gases Air or combustion products
Configuration Closed loop gas flow

Open loop dust flow

Dust is injected upstream of the test section and removed from the gases
downstream of the test section in a baghouse (see Figure 1).

When first constructed, the facility had a small aerosol injection
system capable of generating very light loadings typical of stack outiet
conditions in the tunnel test section. It was decided that it would be
desirable to create dust loading conditions within the tunnel which are
more typical of the conditions at the inlet of particulate control
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devices so that instruments designed to operate in this environment
could be evaluated and prototype-sized particulate control devices could
be tested in a laboratory environment.

The general requirements of the aerosol system are as follows:

o Three grains per cubic foot dust loading in the test section
at 17,000 cubic feet per minute flow rate implying a feed
rate of 480+ pounds of dust per hour

e Capability for around-the-clock operation

o A large fine particulate fraction in the dust injected into
the test section.

In addition, the following specific requirements peculiar to this instal-
lation had to be met:

e No dilution of the tunnel gases (which may consist of combus-
tion products doped with SOy and other gaseous constituents)

e Temperature matched flow streams such that the temperature of
the gases injecting the particulate into the tunnel has the
same temperature as the gases flowing through the mainstream
of the tunnel

e Tight space and layout constraints dictated by the physical
facility

APPROACHES CONSIDERED

A number of approaches were considered in the initial phases of
the program and each was judged on its merit relative to this installa-
tion. The first considered was a single component fluidized bed utili-
zing particle dispersion by means of aspiration (see Figure 2). This
system fluidizes dust directly and then extracts it in the fluidized
form by means of an aspirator, as illustrated. The feed rate of dust
into the aspirator is controlled by the flow of dilution air injected
at the extraction point within the fluidized bed. OQur experience with
a prototype of this system indicated very good flow control capability
and moderately good redispersion of the dust. However, this approach
requires high pressure air which must be carefully dried to prevent
icing within the aspirator. Reliability was questionable because erosion
frequently takes place within the aspirator. There is an additional
problem of dilution of the tunnel gases by means of the compressed air
used to drive the aspirator and convey the dust into the tunnel test
section. Finally we noted high levels of static charge generated at the
system outlet.
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The second approach considered is the two component fluidized bed

illustrated in Figure 3.
by Dr. J. C. Guichard of I.R.C.H.A., Francel.

This approach is based upon a design originated

The system utilizes a

fluidized bed of glass beads of approximately 0.010 to 0.030 inch diam-

eter fluidized by the passage of the appropriate gases.

The dust to be

dispersed is injected into the side of the fluidized bed and subsequently
Dust particles are removed by the aerodynamic
action of the fluidizing gases and by the mechanical action of the glass

coats the glass beads.

beads as they impinge upon one another.
sure gases and therefore has low power consumption.
demonstrated good dispersion efficiency.

This system utilizes low pres-

Further, it has

The bed can be fluidized by

means of the gas available within the tunnel, and the flow rate of dust
is controllable by means of a variable speed screwfeeder as illustrated

in Figure 3.

By calibrating the screwfeeder for each dust of interest,

the operator can inject a known and controllable rate of dust into the

tunnel test section.

We experimented with this approach previously in

work done for the EPA Chemistry and Physics Laboratory wherein we de-
veloped a redispersion aerosol generator having a maximum feed rate in

the range of 60 to 80 pounds per hour.

Table 2 summarizes the advantages

and the disadvantages of the two approaches considered as the most via-
ble for this particular application.

Table 2

Advantages and Disadvantages of Various Approaches

Fluidized dust
with aspiration

Two component
fluidized bed

Compact, small feed
lines, large turn-
down ratio, simple
design.

Can utilize tunnel
gases, good disper-
sion, Tow power con-
sumption, low static
charge, flow rate
controlled by screw-
feeder.
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Requires dust that
can be fluidized;
high pressure air.
Air dilutes tunnel
gases. Possible
erosion of aspirator.
Generates high sta-
tic charge.

Turndown limited by
screwfeeder. More
complex system, pos~
sible attrition of
beads.
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The approach selected was to utilize a large version of the two
component fluidized bed examined in the earlier program. The approach
was simply to increase the bed diameter until an adequate area was Ob-
tained for conveying dust into the airstream at the desired flow rate.
It was quickly observed, however, that there were problems with dust
injection and mixing in the bed. The dust was fed into the side of the
bed by means of the screwfeeder as before, but failed adequately to mix

throughout the bed before being elutriated into the fluidizing gas stream.

As a result there was a stratification of the exit gas stream with a
higher dust loading in the vicinity of the injection location, and a
Tower dust loading on the opposite side of the fluidized bed. In addi-
tion, the excessive concentration of dust in the region of the screw-
feeder inlet resulted in poor dust dispersion because of saturation of
the glass bead media.

The fluidized bed aerosol generator requires a fairly good quality
of fluidization with no violent bubbling, slugging or fissuring within
the glass media of the bed. If any of these conditions occur, it per-
mits the passage of dust out of the bed without being first acted upon
by the glass beads. 1In an attempt to increase the mixing in the bed
the bed depth was increased. This succeeded only in increasing the size
of the bubbles which were generated in the bed, and also increased the
tendency of the bed toward a slugging mode of operation. The result of
the increase in bed depth was thus a poor quality of fluidization and
thus poor redispersion of the dust into the gas stream.

A variety of other dust injection schemes were considered in order
to circumvent the problems experienced with the large diameter fluidized
bed. The first and most obvious is multiple injection ports at various
locations around the circumference of the circular bed as illustrated in
Figure 4. The problem with this type of approach is that the larger
fluidized bed exhibits recirculation cells in the glass media, as illus-
trated in Figure 5. The circulation cells are fairly stable in their
behavior and are quite effective in preventing dust injected at the
perimeter of the bed from mixing into the center of the bed. Thus the
problem of saturation of the glass beads media in the vicinity of the
injection ports would remain.

Injection through the gas distributor plate at the bottom of the
fluidized bed was examined but rejected because of the expectation that
there would be poor quality fluidization in the region of the injection
location due to the lack of fluidizing air in this area. In addition,
this approach would require the operation of the screwfeeder in a ver-
tical mode while in fact the screwfeeder operates satisfactorily only in
a horizontal orientation.
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The final approach considered was a rectangular fluidized bed
with multiple injection locations as illustrated in Figure 6. The rec-
tangular fluidized bed removes the problem of circulation cells if the
bed width is carefully selected. However this approach requires numer-
ous screwfeeders in order to effect multiple-injection locations and
this would be attended by a complex materials handling system to feed N
dust to the several screwfeeders as would be required for round the
clock operation.

Because of the problems and complexities associated with large
scale two component fluidized beds, a new approach, the three component
fluidized bed (based upon an idea of Dr. J. C. Guichard) was considered.
The three component system shown in Figure 7 utilizes a screen support-
ing a layer of steel or lead beads which in turn is covered by another
layer of glass beads of comparable size. The fluidizing gas passes
through the screen and is distributed by the layers of heavy beads. The
gas velocity is selected such that the heavy beads remain stationary
while the glass beads are fluidized. The heavy beads are, however, near
incipient fluidization. The advantage of this approach is that dust
laden gas can be fed into the bottom of the apparatus passing through
the screen and the stationary bed of heavy beads and subsequently into
the fluidized bed of glass beads where the normal redispersion action
takes place. As the heavy beads become plugged with dust the pressure
drop across the layer of heavy beads achieves the point where fluidi-
zation occurs. At this point the layer fluidizes thereby cleaning itself,
and then quickly reestablishes stationary behavior when the pressure
drop falls. The result is a fluidized bed capable of being operated with
dust laden air without plugging of the gas distributor.

The primary problem in the initial design was determining the best
technique to introduce dust into the bottom of the system. The selected
approach was to utilize a smaller diameter two component fluidized bed
using steel or lead beads as the fluidizing media. Dust is fed into the
side of the two component bed by means of a screwfeeder as illustrated in
Figure 8. The lower bed operated in a violent bubbiing mode which serves
to break up the agglomerates. The gas stream coming through the lower
bed carries the dust to the bottom of the second fluidized bed. Redis-
persion is completed by passage through the second bed. The advantage
of the two stage systems created by the vertical stacking of two fluidized
beds is that (in theory) the system can be scaled to virtually any size
because the dust stream conveyed into the bottom of the fluidized bed
can assume virtually any diameter. <

It was anticipated that a "puffing" type of behavior might occur

when the stationary heavy bead layer fluidized during the cleaning cycle.
It was decided that if this problem were severe it could be solved by
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stirring the layer of heavy beads with moving fingers reaching through
the fluidized bed. The stirring action would then keep the layer com-
paratively clean. An experimental program was designed to examine this
and other potential problems.

EXPERIMENTS

The experimental apparatus utilized an Acrison Model 1057 variable
speed screwfeeder feeding into an 8-inch diameter fluidized bed utiliz-
ing 0,020 to 0.030-inch diameter steel beads as the bed media. The
gases passing through this fluidized bed subsequently passed through a
low angle diffuser and thence into the bottom of a 16-inch diameter
three component fluidized bed.

The initial experiments were conducted utilizing flyash derived
from a coal fired power plant, The flyash was fed through the screw-
feeder and the particulate laden gases emanating from the top of the
system were collected in a small baghouse. The first problems noted
when operating at the design point (approximately 500 pounds per hour
feed rate) was that the bottom screen assembly of the top fluidized bed
plugged with dust over a period of several minutes. The solution to
this problem was to vibrate the screen assembly from below by means of
a rod which passed from the bottom of the screen assembly through the
center of the lower fluidized bed into the air plenum where it was con-
nected to a variable amplitude vibrator., (See Figure 9.)

The immediate plugging problem was solved by vibration, but it was
abserved that as time progressed the quality of fluidization began to
degrade with channeling and fissuring occurring within the upper fluid-
ized bed. It was hypothesized that the poor quality fluidization was
probably due to the plugging of the heavy bead layer by dust because
flow rates were substantially below those required to permit fluidization
of the heavy layer, The solution to this problem was to increase the
depth of both the glass and steel bead layers, increase the flow rate of
the air, and increase the vibration amplitude of the supporting screen
assembly. It is postulated that the increased vibration gives the heavy
beads sufficient relative motion with respect to one another that they
can continually clean themselves without having to be fluidized,

The above modifications permitted operation for a greater period
of time before air channeling and fissuring were again observed in
localized regions of the upper bed. Unlike the previous case, the re-
gions of poor quality fluidization appeared to be fixed in Tocation
rather than random in occurrence as was the case previously. There
appeared to be two reasons for this. First, there was a selective flow
of air through one side of the bed which was traced to a failure to ade-
quately level of assembly thereby causing a greater depth of beads to
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migrate to one side of the bed than the other. Air then passed prefer-
entially through the shallower portion of the bed, This gross maldis~
tribution of air flow was fixed by careful leveling of the screen and
bed assembly. Second, it was necessary to reconstruct the screen assem-
bly in order to reduce the size and number of vibratory nodes. These
regions were regions of inadequate agitation and thus plugging of heavy
beads occurred within these locations,

Correction of these minor mechanical problems permitted stable
operation for a still greater period of time., However it was observed
that under some conditions an unusual instability would occur wherein
the upper fluidized bed exhibited an unusual "hopping" or "slugging"
behavior, The behavior of the bed was such that the entire mass of
glass beads contained in the upper fluidized bed would jump up and down
in an oscillatory behavior, This unusual phenomena was traced to a
pneumatic coupling of the upper and lower bed through the air stream.
Instabilities in the upper bed would change the pressure drop of the sys-
tem, The reduced pressure drop in the upper bed would then cause an
increased air flow in the lower bed which in turn caused another change
in flow rate. The result was a feedback system with a resonance occur-
ring at a frequency of one to two cycles per second. During the hopping
behavior both beds would jump up and down in concert with one another.
The problem was ultimately corrected by adjusting the air flow rate and
the depths of the upper and lower beds in order to get an appropriate
pressure drop regime such that instabilities did not occur.

The solution of the above problems Ted to satisfactory operation
with flyash. The system operated successfully at feed rates of up to
600 pounds an hour in a consistent and reliable fashion.

Once operation with flyash was established the dust was switched
to black iron oxide particulate in order to see if the system could
handie a dust with a much finer size distribution. Initial tests again
showed a plugging problem associated with the support screen of the
upper fluidized bed. The plugging was avoided by increasing the screen
size. This largely eliminated any problems with plugging except for
occasional erratic behavior of the upper bed. Several times the system
exhibited poor quality fluidization and ejection of glass beads from the
bed indicating severe channeling and constriction of flow. The source
of this final problem was not ultimately explained because it happened
so irregularly. It is theorized that it was due to the moisture content
in the dust or the air stream which causes this particular dust to
assume a caking behavior which makes it difficult to handle.

SAMPLING RESULTS

A brief set of particle sampling experiments were conducted
towards the end of the experimental program. The objectives of these
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.ests was to give a quick look to evaluate the redispevs.on wviissen

a1 the system., It was felt that an in-depth measurement proyran was 2ot
raguired because the fluidized bed technique has been weli eramined ir
*he past.

The sampling apparatus employed utiiized a seriez o1 :laged
. sclones calibrated and loaned by Joe Mclain of Southern Resezren insti-
-wte. The apparatus is shown schematicaily in Figure 10. Ifhe cycivne,
have a fairly well defined cutoff point with the larger cvolone naviiy
+ 50 percent cut point of 3.8 microns while the smaller cycione had @

ol percent cut point of 0.63 microns. Normally the cyclones are follcws!

v a filter, but a variety of problems dictated that only ‘he approxi-

+.te percentage of dust falling in the saailer cyclore cup Le zeterm red.

The results of the brief sampling experimerts are shown in Sig-
.res 11 and 12 for flyash and iron oxide respectively. It thauid be
1vted that in some conditions with ircn wxide in excess vt A0 peicent of
-ne total dust emitted from the bed was zmaller than 3.2 w:irois, Treve
i5 an unexplained trend wherein the dispersion efficiercy < 7' & cystem
appears to increase with higher feed rates of dust when one would expect
. decrease. If one were to continue increasing the feed rate one would
expect saturation to occur, but apparently the system was operating in a
~egime sufficiently far removed from saturation that dispersion effi.
ciency was maintained over the range of the feed rates examined, We
rave no current explanation for tnis anomolous behavior.

4

OVERALL SYSTEM DESIGN

Based upon the excellent experimental results derived from the
crude laboratory apparatus, an overall system has been desigred. It °s
currently being fabricated for installation at the Particuiate Aeroc-
dynamic Test Facility. The system block diagram is illustrated in Fig-
ure 13. The gas utilized to operate the fluidized bed is extractec “rom
tne wind tunnel and under conditions when high moisture content s being
4sed in the tunnel gases, the gas is passed through a chiller Lo remove
excessive amounts of water. The gases then pass through a biower, and
then through an electric heater which heats the gas stream such that the
dixture of gas plus dust has a tempercture matching that in the wind
tunnel test section. Gas is then fed into the lower fluidized bed wnere
fust is injected by a variable speed screwfeeder with dust supplied frox
an integrated materials handling system drawing upon bin stordge Tocated
in an adjoining room. The dust is dispersed in the first finidized hed
and then passes through the second fluidized bed for final redispersion,
“he dust exiting the top fluidized bed enters eight 2-inch diamerer
‘~ansport tubes which carry the aerosc! mixture into the wind tumnel fox
‘njection upstream of the tunnel test section. The aerogsn: is ipjeched
‘hrough nozzles with tip diameters se’scied to optimize the mixing
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diameter of the jet issuing from each of the eight tubes. Dust mixes
with the tunnel gases within the stilling chamber upstream of the test
section and then passes through the contraction into the test section
where instruments can be tested or prototype particulate collection de-
vices can be evaluated. Figure 14 shows a detailed side view of the
aerosol generator itself and illustrates the sizes of the equipment that
will be installed. The system is currently under construction and will
be operational in the fall of 1975,

CONCLUSIONS

e The two component fiuidized bed has been demonstrated to be
incapable of operating at high flow rates of dust because of a
variety of scale-up problems.

e The new three component fluidized bed combined with a two com-
ponent fluidized bed in a two stage system appears to be
scaleable to any reasonable size.

o The two stage system has demonstrated capability to redisperse
collected dusts with substantial amounts of particulate in the
fine particle range, and thus the system is appropriate for
fine particulate research involving either instrumentation or
particulate control device technology.
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) GENERATION OF TINORGANTC AEROSOLS

FOR WEATHER MODIFICATION EXPERIMENTATION

William G. Finnegan @ie gohn W. Carro:z
Naval Weapons (Center
Michelson Latoratory
China Lake, (alifornia

ARSTRACT

Since 1947 submicron-size aerosols of materials which can initiate 1ice
nucleation activity have been used in weather modification experimeunts
and in operational programs. Many aerosol generating methods have been
tried; the two methods most used at this time are combustion of certain
flammable solutions and the burning of specially formulated pyroteuci-
nics. Other aerosols have also been generated for atmospheric tracer
and warm cloud modification experiments. These aeroscl generation
techniques are quite flexible, in that many different mat.rials can be
generated in a wide range of particle size distributions. Aerosol
technology has been and is continuing %o be advanced by the weather
modification effort.
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GENERATION OF INORGANIC AEROSOLS

FOR WEATHER MODIFICATION EXPERIMENTATION

William G. Finnegan and John W. Carroz
Naval Weapons Center
Michelson Laboratory
China Lake, California

INTRODUCTION

This paper describes methods used to generate ice nucleating aerosols
for weather modification experimentation. The earliest methods used
were sparks, hot filaments, burning charcoal, and burning solutions.
Some of the propellant and pyrotechnic formulations used are discussed
in some detail. Other aerosols used to release tracer elements and
hygroscopic salts into the atmosphere, particle sizes, and a computer
program for calculating the chemical species in the hot gases of com-
bustion are also briefly described.

After Schaefer (1946)1 demonstrated that supercooled clouds could be
greatly changed by seeding them with many smal} ice crystals produced

by falling "dry ice" and after Vonnegut (1947)° observed that silver
iodide (Agl) particles serve as nuclei for the formation of snow
crystals, there was considerable interest in generating ice nucleating
aerosols to test the possibility that the weather might be influenced
over large areas by dispensing large numbers of ice nucleating particles
into the atmosphere.

The efforts to generate aerosols for weather modification started in
1947 and have continued to the present. Many different methods have
been tested. The two methods most used are burning solutions and
burning pyrotechnics; however, several of the other methods may be as
useful to environmental protection technology. This paper will attempt
to cover most of the methods used.

EARLY EFFORTS

The production of submicron-size Agl smokes is easily accomplished by
first evaporating Agl at a high temperature and then rapidly cooling

the vapor so that it condenses into many small particles. Early methods
used to produce Agl nuclei for laboratory studies were to pass a spark
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between silver electrodes in the presence of iodine vapor, to heat gl
on a hot filament or to disperse it in a flame (Vonnegnt, 1947)2.
Another method of doing this was to burn Agl-impregnated charcoal in a
stream of air (Vonnegut, 1951)3. The heat of the burning charcoal
‘evaporates the AgI on the surface of the charcoal and the airstream
quenches the Agl vapor, as well as promoting the combustion of the
;vharcoal.

B

%Although Agl is highly insoluble in buth water and organic solvents,
it i3, nevertheless, quite soluble in acetone solutions of a soluble
iodide, such as Nal, KI, and NH4I. Acetone solutions can be diluted

"with acetone to any concentration withcut precipitation of the AgI.

¢ accordingly, acetone solutions were aand sti{l are widely usoed in

tweather modification.

Using solutions in the spray nozzle type of generator is one of the
simplest and most efficient methods for producing large numbers of

4g] nuclei. The early method used & two-—-phase conventional nozzle; the
Agl solution was atomized by the actiun of a jet of compressed gas
(Vonnegut, 1949)4. Because of the small size of the solution droplets,
they were very rapidly vaporized in the {lame. The AgIl and Nal vapor
in the flame rapidly condensed when they mixed with the cool air of the
atmosphere to form a smoke of very small particles. By varying the
concentration and the rate of flow of the solution to the spray noz:zle,
‘the size of the resulting particles could be varied over a wide range.
In general, the greater the flow rate to the nozzle, the larger were
the resulting particles, Vonnegut, 1949%. Solutions containing ur io
10%Z of Agl can be used in spray nozzle type burners.

Additional methods were developed after 1951. They are buining of a
celluloid film, toilet tissue, or confetti impregnated with Agl
(Vonnegut, 1957)5, and vaporization of a solution of Agl in anhydrous
ammonia, or isopropylamine (Davis and Steele, 1968)°.

i PYROTECHNICS AND PROPELLANTS FOR WEATHER MCDIFICATION

i'"Pyrotechnics, the Fire Art -~ from the Greek words pyr (fire} techne

. {an art) - is one of three closely related technologies, those of
’exglosivqg, propellants, and pyrcotechnics proper . . . . Explosives
:perform at the highest speed of reaction, leaving gaseous products;
nropellants are gas formers of brisk reactivity, but slower than
explosives; and pyrotechnic mixtures react mostly at visibly observable
rates with formation of solid residues. _Numerous exceptions to these
definitions may be cited" (Ellern, 1%68)°. A fourth class of materials
can be defined as gas-generating substances which are not intended to
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produce heat or light as such but are sources of gas used to disperse
other materials (e.g., colored organic dyes).

Propellants usually are burned under pressure; pyrotechnics usually
are burned at ambient pressure up to altitudes of 40,000 feet.

PRECAUTIONS

A word of warning may be unnecessary to most readers but may not be
amiss for some who may wish to make their own pyrotechnics. The
mixtures described are all dangerous if not properly handled. Mixing
and firing pyrotechnics is safe only when done under proper conditions,
and these should be rigorously observed. Advice should be sought from
someone skilled in the field before undertaking such work.

PROPELLANTS FOR FREEZING NUCLEANTS

Vetter et al. (1970)8 summarized the production of cloud nucleants
from propellant formulations.

While working on the production of colored smokes, Drs. Burkardt and
Finnegan of the Naval Weapons Center (NWC) generated pure Agl aerosols
by burning mixtures of organic fuel binders and silver iodate (AgIO3);
the AgIO3 is the oxidizer. These first studies (1957) at NWC were
made using the exotic fuel poly(2-methyl-5-vinyl)tetrazole, C,HgNy.
The general reaction, balanced to produce both CO and COZ’ is

3Ag10, + C,H

—> 3Agl + 2CO0 + 2CO, + 3H20 + 2N

3 674 2 2

This composition produced copious smoke, the solid particles of which
were identified by X-ray and chemical analysis as Agl and a trace of
metallic silver. This composition, an ideal choice from a chemical
point of view, is not widely used, however, because of the unavailabil--
ity of the fuel-binder.

Polybutadiene is a less expensive binder. Several satisfactory poly-
butadiene compositions for the dissemination of Agl have been developed.

A large number of polybutadiene formulations were investigated using a
computer to find the best possible mixture. The basic chemistry is
shown in the unbalanced equation:

AglO, + ]:—CHZ-]n + Al >

Ag + Agl + H.O + nCO_ + nCO + HI + H. + Al,0O

2 2 2 273

222



[

»

.y

Polybutadiene has a high oxygen requirement for complete combustion,
and AgIO3 is a poor oxidizer. It is impossible to use enough Ag103 to
completely oxidize the polybutadiene and still have enough polybutadiene
to mix and cast the propellant. The heat of combustion of polybutadiene
is not great enough to vaporize all Agl, so aluminum is added to the
formulations to raise the heat of combustion and the flame temperature.
. The presence of aluminum presents an additional oxygen demand which can
;only be met by adding another oxidizer or a high-energy explosive
‘plasticizer.

w

Double base propellant systems are interesting because they produce
‘an aerosol of only small particles. When burning they do not produce
;1 visible smoke. A maximum of 15% by weight unrecrystallize AgIOj3 can
.he added to this propellant. A 5% formulation is shown below:

We. %
Nitrocellulose . . . . . . . 47.3
Nitroglycerin . . . . . . . 38.0
Di-N-Propyl adipate . . 2.9
2-Nitrodiphenylamine . . . . 1.9
Lead beta resorcylate . . . 2.4
Cupric salicylate . . . . . 2.4
Candelilla wax . . . . . . . .1
AgIO3 powder . . . . . . .. 5.0

The products of combustion are Agl, a trace of copper oxide and lead
oxyiodide, and large amounts of water vapor, No, COp, and CO. The high
ratio of gas to solids minimizes agglomeration and the yield of nuclei
per gram of Agl is similar to the high values from NH,I-Agl-acetone
sclutions which when burned also have very high gas to solid particu-
late ratios.

PYROTECHNICS FOR FREEZING NUCLEANTS

Since several hundred different pyrotechnics have been formulated for
atmospheric modification, this paper will cover only a small portion

- 0of what has been done. St.-Amand et al. (1970)9 summarized the

. The simplest composition is an explosive mixture of pyrotechnic-grade
" magnesium and AgIO3 powder. The mixture is sensitive, quite dangerous,

production of nucleants from pyrotechnic compounds.

and should be kept dry.

Aglo, + 3Mg —-—-> Agl + 3MgO

3

223

g



e

A rapid burning composition suitable for a pressed flare or fusee for
use at high altitudes is

Wt. %
AgIOy . . . . . . 84
Mg .. . ... 8
Binder . . . . . 8

Slower burning mixtures may be made with aluminum.

The reaction with aluminum is

AgIQ_ + 2Al1
8273 3
Mixtures containing only aluminum, AgIO3 and binder are hard to ignite,
so enough magnesium is usually added to ensure an easy ignition and a
quiet burn. An example of a practical formula is

> Agl + A120

Wt. %
Ag103 e s s e e e 78
Al .. .. . . 0. 12
Mg ... e e . 4
Binder . . . . . . 6

When burned, the solid products are Agl, and a mixture of magnesium
and aluminum oxides; the binder is oxidized to H30, COZ’ and CO.

t is frequently desirable to decrease the amount of AgIO, in a mix-
ture in order to reduce the particle size of the resultant Agl or to
produce a hygroscopic wetting agent to go along with the Agl. For this
purpose another oxidizer, such as KNO3 or KIO3, may be added to the
formulation. One such mix is

Wt. 7
AglOy . . . . . .. 28
KNO3 . . . . . . . 44
Mg . . . . . ... 11
Al . . . .o .. .11
Binder . . . . . . 6

The smoke from this formulation is yellowish white in color and consists
of a mixture of AgI, K2C03, Mg0O, and A1203.

Drew (1966)lo has shown that aluminum oxides produced from the combus-
tion of aluminum powder consist of spheres of a variety of sizes
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1950 paper had a great deal of influence, and for 20 years the scien- b
tists who were engaged in weather modification used the Nal to dis-

solve Agl in acetone. Consequently, from 1950 to 1970 the results of

weather control efforts were poor and indeterminate.

Thompkins et al. (1963)12 carefully analyzed the burner situation, with
particular regard to the use of KI as a solubilizing agent. They

(and Vonnegut) pointed out the importance of the chemistry involved.
Finnegan et al. (1971)13 again emphasized the importance of differences
in the chemistry of the solutions, and most weather modifiers became
convinced that NH,T is a better solubilizing agent. Currently, solu-
tions combining Agl with NH, are used almost universally in acetone
burners. The NH,I is destroyed in the flame and pure Agl is the only
solid emitted from the burner.

Several burners were developed to burn Agl-acetone solutions. Some are
ground based, others are operated from aircraft. Most of the ground-
based burners were designed to burn propane (or a similar fuel) along
with the acetone solution. The airborne burners often were designed

to operate without an auxillary fuel. In Patent 2,527,231, Vonnegut
(1950)14 describes a ground-based solution burnmer with and without
auxillary fuel. Vonnegut and Maynard (1952)15 described the design

and operation of an airborne burner which burned butane and acetone
solution. Fuquay (1960)16 described the development and calibration

of an airborne solution burner without auxillary fuel. Carroz and Noles
(1972)17 described a ground-based solution burner which operates with-
out an auxillary fuel (see Figure I). Carroz (1973)18 described an
airborne burner which generates more measured nuclei at -5°C per gram
of Agl than any other system (see Figures II and III).

OTHER AEROSOLS

Aerosols of the tracer elements lithium and indium have been used to
aid in the identification and understanding of atmospheric processes.
Efforts to formulate both solutions and pyrotechnics for rapid release
of kilogram quantities of a water soluble lithium tracer aerosol were
unsucessful because of the low atomic weight of lithium. ZLarge kilo-
gram quantities of water soluble cesium tracer, however, can be pro-
duced by burning a pyrotechnic containing 70% by weight CgNO3 (Finnegan
and Carroz, 1974)19. The weight % of elemental cesium in this pyro-
technic formulation is 47.7%. A water soluble rubidium tracer can also
be formulated by using RbNO3 in place of CsNO3. A high purity aerosol .
of Iny03, a water insoluble tracer, was produced by burning a pyro-

technic made by mixing indium metal with nitroplasticized smokeless gun

powder. The formulation contains 16.7% by weight elemental indium.
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The smoke from this pyrotechnic is free of a contamination from other
water soluble particulates. Except for the indium metal and trace
amounts of lead and copper, all cof the ingredients decompose to gaseous
products.

Large 250-pound pyrotechnic units were manufactured to dispense NaCl-
KC1-LiCl aerosols. These and smaller units were used in warm cloud
modification experiments.

AEROSOL PARTICLE SIZES

The size range for AgI-Nal particles yenerated by the S'yfire generator
was found by Kissinger and Mitchell {(date unknown) to be 19~2 to 1071
(Fuquay, 1960)16, Mossop and Tuck-Le: (1968)20 reported the size
distribution of AgI-Nal particles generated by the Warren~Nesbitc
generator. The particle distribution followed a log probability law
with a median diameter of 0.085 | and a standard deviatioa factor of
1.47. Combustion of an atomized ethyl alcohol (95%) solution with
18.9% LiCl0, yielded particles ranging between 0.27 to 0.63 u with a
mean of 0.45 .

In many cases the nuclei measurements of active nuclei exceed the
measurements of particles. It is difficult to capture and to measure
all of the smallest particles in an aerosol.

MEASUREMENTS OF NUCLEI

In an effort to compare one generator with another and with pyrotechnic
formulations the National Science Foundation has for several years
supported the Cloud Simulation and Aerosol Laboratory at Colorado State
University. Here generators and pyrotechnics are tested for measured
nuclei output. Even though the measured nuclel may differ from the
actual nuclei, this facility does provide some comparison of generator
output. The many complications of nuclei measurements will not be
covered in this paper because of their limited application to pollution
technology. A sample of the measured nuclel sutput from a solution
burner is shown in Figure 1IV.
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COMPUTER CALCULATIONS

The NWC Propellant Evaluation Program (PEP) can be used to calculate
flame temperatures. The calculationsare more realistic for chemical
reactions at equilibrium (e.g., rocket motors, power plants, etc.) than
for small pyrotechnics burning in air.

The PEP is based on a straightforward thermodynamic model consisting
of two processes: (1) constant pressure, or adiabatic combustion, and
(2) isentropic pressure, or adiabatic expansion.

The assumptions behind the combustion process include:

1. Reaction kinetics are fast enough so that chemical equilibrium is
attained before the products leave the combustion chamber.
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2. No heat is exchanged between the sy:tem and the surrcundings.
(In ramjets, the stagnation energy of the incoming air becomes
part of the system. This may simply be added to the heat of the
formation of air.)

3. Gaseous species individually obey the perfect gas law and collec-
' tively obey Dalton's law of partial pressures.

When such assumptions are made, the system enthalpy and system pressure
completely determine the final state and chemical composition of the
system after combustion. The solution to this state and composition

is found by a computer technique called "znthalpy balance."

An example of a computer calculation :s shown below for an Agl pyro-
technic formulation burning at one atmosphere of pressure.

INGREDIENTS WEIGHT
SILVER I0DATE 78 300
ALUMINUM (PURE CRYSTALLINE) 10 809
MAGNESIUM (PURE CRYSTALLINE) 5200

100DER321/43DEH14 (EPOXY BINDER) 5709
GRAM ATOM AMOUNTS FOR PROPELLANT WE:GHT OF 100.000

{H) (C {N) (0} (MG) {AL) (AG!} )
461183 .339340 012526 .892143 213816 400297 276884 .276884

Reaction Pressure 1 atmosphere
Fiame Temperature: 2346 K

Chemical Species 1n Flame® Number of Moles

AL .0002/ 2.18-04 ALH 0000/ 1.0805 ALHO2 0000/ 26817 ALC y000/ 81207
AL20 .0000/ 3.51-06 C 0000/ 6.16-11 (4 0000/ 1.44-08 CO 3391 3.38-01
€02 .0002/ 2.27-04 C2H2 .0000/ 72203 CNH .0000/ 5.73:06 C3 0000/ 514-16
H .0065/ 6.49-03 MGH .0015/ 149-03 NH 0000, 1.7008 *~O 00007 4.37 06
H2 2129/ 2.13-01 H20 .0008/ 8.07-04 N#3 0000, 590-08 MG 21237 212307
"MGO .0000/ 1.41-05 N 0000/ 58108 NO onoo/ 4.16-08 N2 .0063/ 6.26-03
0 .0000/ 8.72-08 02 0000/ 1.39 10 h! 0249/ 2.48-02 ! 2192/ 216 M
12 .0003/ 2.57-04 ALl .0322; 3.22:02 AL!3 0000/ 7.14-06 NHO 0000/ 709 12
AGH .0008/ 8.14-04 AQO 0001/ 564505 AG 2760/ 2.76-:01  ALNS 0000/ 1 00G-25
AL203$ .0000/ 1.00-25 AL203* 1839/ 1.84.01 CS 0000/ 10025 MGOS J000/ 1.00-25

AG!S .0000/ 100-256 AGS .6000/ 1.00-2%

N
s
st



CONCLUSION

The preceding brief description of the methods used to generate
aerosols for atmospheric experimentation is necessarily limited.
Weather modification experiments during the past 25 years have provided
much experience in aerosol generation. Aerosol generation technology
has been advanced by the weather modification effort and we look for-
ward to applying our knowledge of these advances to meet the require-
ments of environmental protection technology.
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GENERATION OF AEROSCLS BY BURSTING OF SINGLE BUBBLES

Milos Tomaides¥*, and K. T. Whitby¥**

Interpoll Inc., &t. Paul, Minnescta, and
University of Minnegota, Minneapolis

ABSTRACT

The mechanism of aerosol generation by bursting of single bubbles from
aqueous solution of sodium chloride has been studied. A siugle hubble
aerosol generator has been designed *o evaluate the size ana concen-
tration of droplets formed by bursting of a bubble film and als> by the
liquid jet action subsequent to the bubble burst. A solution of 0.1
percent sodium chloride in distilled water was used in these experinents
to generate bubbles of 1.4 and 5.5 mm in diameter. While bubbles of
1.4 mm size generated both the film and alsc jet droplets the 5.5 mm
bubbles result in generation of the film droplets only. The burst of
a 1.4 mm bubble resulted in a generation rate of twenty film droplets
and four jet droplets on the average. The 5.5 mm bubbles formed twoc-
hundred film droplets. Semi-empiricnl equations have been develcped o
describe the total mass of droplets generated by bursting of bubbles of
various sizes. A superior monodispersity of jet droplets over tTiim
droplets has been found. The monndispersity of film droplets improves
rapidly with increasing bubble size. FPractical aspects of the ex-
perimental results on the design of 2 bubble aercsol generator are pre-
sented.

This paper is based on work performed at the University of Minnesota
and in the laboratories of Interpcll Inc., Bt. Paul, Minnesota.

* Present Address - Interpcll Inc., 1996 W. Co. Rd. C., 5t. Paul,
Minnesota 55113

#% Present Address - University of Minnesota Particle Technology
Laboratory., Minneapclis, Minnesota 55455
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NOMENCLATURE

Constant

Constant

Bubble diameter as measured on the solution surface

Volume mean droplet diameter, jum
Droplet diameter, pm

Residue particle diameter, um

6 B

= Constant

Solution concentration, g/g

Constant depending on the air tlow conditions
Constant

Total mass of Jet droplets generated from one
bubble

Number of droplets per bubble

Number of jet droplets per bubble

Number of film droplets per bubble

Number of air bubbles

Density of bubble liquid

Solvent density, g cm—3

Solute density, g cm_.3

Time
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GENERATION OF AEROSOLS BY BURSTING OF SINGLE BUBELES

Milos Tomaides¥*, ang K. T. Whitby¥¥

Interpoll Inc., Si. Pau', Minnescta, and
3
University of Minnescuva, Minneapolis

INTRODUCTION

The behavior of single bubbles and also of a cloud of bubbles rising
in liquids has been studied by many in estigators both theoretically
and experimentally. Studies reported by K. Koide, et al.], E. Keoiina,
et al.g, 5. Krishnamurthy, et al.j, V. G. Glejm, et al-%, V. C. Glejm
and V. M. Vilenskij®, and R. L. Datta 2nd R. Kumar® are on:'y scme or
many others. The majority of these studies have primarily heen in-
itiated by needs of the chemical induztry. Variety of mass and energy
transfer operations and processes in which a gas is dispersed in =
liquid are usually accompanied by more or less vigorcus entrainment

of 1iquid in the form of droplets »g for example stugied b F. M.
Garner, et al.T. An original work by L. C. Blanchard8 has been devoted
to the generation of droplets by bursing of bubbles on the sea =35 a
part of a meteorological and oceanographical research.

The generation of small droplets by bursting of bubbles started to pe
considered a possible, simple source -F artificial aeroscls only re-~
cently. For example, an aerosol generstor in which a flow of air
bubbles through a layer of agueous soiution of methylene blue has been
studied by J. C. Guichard and J. L. Magne9. These authors produced
successfully an artificial aerozcl o7 & monodispersity which is com-
parable to the quality of artificial aercsols generated ny the Coliicon
atomizer aerosol generator whieh has bean accepted in a varietlv of
aerosol studies. Because the "foeming' aercsol generator has an
advantage of being easy to construct a guestion arises now versat.llie
device it is and up to what extent the quslity of the aerosol gener-



ated by Lhis approach can be maintained, varicd or lmproved comparing
Lo other aerosol generators.  Trying to analyze these questions a
lack of technical information on generation of droplets by bursting
o1 bubbles became obvious.

An attempt was made in this work to develop a technique which can be

utilized to study the physical properties of aerosols generated during
the burst of the individual bubbles floating on a liquid surface.

238



MECHANISM GF BUBBLE BURSTING

Two independent physical processes are involved in generation of
aerosols by bursting of bubbles. The first one is the formation of gas
bubbles and their motion through a liquid. This process is foliowed

by a decay of bubbles after they penetrate the liquid surface.

The formatiocn of bubbles and their behavior in liquid is an important
factor which influences the final size and number of bubbles pene-
trating the liquid surface film. Tt has also direct impact on the mass
of droplets generated during the bubble decay. The size of bubbles is
also a basic parameter which can be directly related to the size of
minute droplets generated during the bubble burst. Tnhe formation and
dynamics of bubbles has been subjected to many investigations. The
results of these studies are well described and summarized in the
literaturel>©» 6

Of primary interest in this study was the process of the generation

of minute droplets during the bubble decay znd the evaluation of their
physical properties. The minute droplets are the result of two inde-~
pendent physical mechanisms. A bubble -~ising through a liguid pene-
trates eventually the liquid surface forming a thin, dome-shaped f7.mn.
This film is stretched above a more or l&ss spherical, sha..ow de-
pression in the liquid surface. Formation of the bubble film is
accompanied by the liquid drainage from the dome apex causiag the rilm
thinning in this area. The drainage is very rapid with pure liquids.
Any impurities, monomolecular films or dissolved matevials tend to
stabilize the bubble and the liguid drainsge is slower. If these
stabilizing agents are present in large quantities a very stable foam
is usually formed. Thinning of the bubble film results eventually in
its rupture forming an opening on the tcp of the dome. The g~ trapped
inside the bubble under positive pressure leaves the bubble ranidly.
The high velocity gas jet helps tc bre=ak up the bubble film surrourding
the initial opening. A cloud of so called film droplets is formed. The
rest of the bubble film is rapidly astracted tc the liquid sur’ace and
disappears.
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n the process of the bubble film rupture the decreasing pressure

within the bubble is followed by a motion of the surrounding liquid in-

to the bubble crater. For small bubbles the potential energy at the .
bottom of the bubble crater is high enough to eject a jet of liquid -
from that area. The jet rises above the liquid surface and disin-

tegrates partially into droplets before it disappears back into the

liquid. The droplets resulting from this liquid jet action are called

Jjet droplets. They are generally of much larger size comparing to film

Jdroplets.

#ILM DROPLETS

‘"he process of the generation of film droplets is very complex and very
sporadical experimental results have been published so far on this
subject. Some of the recent studies suggest that the air jet escaping
from the bubble has only limited influence on the generation of film
droplets. Blanchard® came to the conclusion that hydrodynamical dis-
turbances in the bubble film after its puncture are the primary
mechanism of film droplets generation. This opinion seems to be real-
istic and can be supported by a simple calculation. It is known that
diepending on surface tension and viscosity of liquid the ruptured
bubble film moves outwards with the speed of several hundred to several
thousand cm per second. At this speed a 0.25 mm water bubble collapses
in about 3 x 10~T seconds. Even assuming that the gas leaving the
ruptured bubble attains speed of the sound instantly, it travels only a
distance of 0.1 mm during the above calculated rupture time. It is less
than a half of the bubble diameter. This supports the opinion that the
rilm droplets probably originate during the decay of a disturbed liquid
toroid whose circumference is proportional to the bubble film diameter.

The published experimental data on number of film droplets generated by
rupture of bubbles of various sizes are scarce. Only qualitative con-
clusions can be drawn from the published data. The number of film
droplets can be considered approximately directly proportional to the
diameter of the film cap. No film droplets can be expected for water
bubbles smaller than 0.2 mm, but this limit depends strongly on even
very small amount of organic impurities in the liquid. The impurities
may prevent generation of film droplets even from 1.6 mm bubbles. To
our knowledge no reliable systematic data on the size distribution of
the film droplets are available.

JET DROPLETS

More attention has been paid in various research activities to the jet
droplets. As described above the jet droplets originate from a breakup
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of a bubble jet. These droplets ure ejzcted upward to the helght: as
great as 20 em and with speeds that roach coveral thousand cm per
second initially. The energy for Lhds procssg rosults trom the con-
version of a part of the bubble surfacc free energy into the kinetic
energy of jet droplets. Comparin: thf surface free energy of a bubble
with the energy of jet droplets Glejm™ has expressed total mass of
droplets generated by a single bubble jet as

=
il
los]
e
[o)
-

Based upon the experiments with sea wate bubbles by Haysmi ana Tabal Y
the mean diameter of jet droplets generated from bubbles larger than
0.3 mm can be described by the fcoliowing empirical eguation

_ 1.3
dDJ = C x dB (

AD]

Number of jet drcplets liberated from one bubble can also be calculated
from

Plugging equation (2) into (3) and equating equation (3) and (1) re-
sults in

Because term E is a constant the eguation (i) predicts a guite rapid de-
crease of the jet droplets number cuncentration with increasing bubble
size. On the contrary a large number of Jjet droplets must be expected
from the burst of small bubbles. Experimental results have shown the
equation (4) be valid only up to the bubble diameter of approximately

5 mm for pure water. For 6 mm diameter bubble of pure water the jet
ejection velocity is already so small that no jet droplets are formea
any more.
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EXPERIMENTAL PROCEDURES

As a part of a program to evaluate the feasibility of bubbling aerosocl
generators an attempt was made first to collect more information on the
size and number of droplets generated by bursting of small bubbles.

For this purpose a single bubble aerosol generator has been constructed
to study the properties of both the jet and also the film droplets.
This device proved to be a useful tool for this purpose.

SINGLE BUBBLE AEROSOL GENERATOR

The single bubble aerosol generator is shown in Figure 1. Its design
allows only one bubble to burst at a time. It consists of the air
humidifier, the aerosol generating section and of the aerosol sampling
filter. The humidifier is made from a piece of 18 mm I.D. glass tube
being plugged from both sides and nearly filled up with distilled water.
Compressed air enters and rises through water in a form of small bubbles
formed on the tip of a glass capillary. The bubble-water contact time
is sufficient to nearly saturate bubbles with water vapor. This is
necessary for trouble-free operation of the aeroscl generator which
follows the humidifier section. The jet droplets generated by bursting
of bubbles in the humidifier are removed by an impaction disc which is
mounted very close to the water surface. Humid air continues to flow
into the aerosol generator through another capillary tube. The gen-
erator section is of a design similar to the humidifier. The diameter
of a caplillary tube used to form bubbles is selected such to form a
bubble size desired. The generator is filled with an aqueous solution
as for example of sodium chloride. This helps to determine the size

of original droplets generated if the size of residue particles is
measured. All droplets generated by bursting of bubbles on the solution
surface are removed from the generator by a specially designed cone-
shaped flushing air deflector. They are transported in the stream of
clean, dry flushing air and dried completely before reaching the Milli-
pore membrane and collected on its surface. This generator was utilized
successfully to generate aerosol by bursting of single bubbles of 1.k
and 5.9 mm diameter. The aqueous solution used in these experiments was
0.1 per cent of sodium chloride.
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The bubble size was measured using a direct and also an indirect -
tethnique. In the direct sizing the bubble size was compared with a

scale engraved on a thin glass slide which was immersed in the solution

close to the capillary tube outlet. The indirect technique was based

on the measurement of the bubble rising velocity which_was compared

with the experimental results of Harberman and Mortonlt. To determine .
the bubble rising velocity the total number, N, of bubbles seen station- d
ary within the distance, H, when illuminated by the stroboscopic light

of frequency, f, were counted and rising velocity calculated from the

following equation

Hf (5)

The preference was given to the direct technique because the bubble
rising velocity does not vary significantly within the bubble size range
of 1 to 10 mm and the indirect technique is thus not too accurate.

AFROSOL SIZE DISTRIBUTION AND CONCENTRATION

The residue aerosol particles generated by the single bubble aerosol
generator were collected on a 0.45 fm pore size Millipore membrane.

The membrane was divided into five equal annular areas and a replica
prepared of a small portion of each of these areas. The particles

were sized and counted under the transmission electron microscope.

The size of droplets generated by the bubble rupture was then calculated
knowing the size of sodium chloride particles collected on the membrane
with the use of the following equation

3
dp k¢, *¢p (6)

a X
P | §°L

Total number of droplets generated during each generation experiment was
calculated knowing the surface of the Millipore membrane and the area of
the membrane replica in which particles were counted.
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RESULTS

‘is an example of the performance uf the single bubble eerosnd senerato:
the results of the size distribution of dropiets nfenerated oy bursting
of 1.4 and 5.5 mm bubbles of 0.1 per rent sodium chloride aguecus colu-
tion are presented and discussed. The size of the droplets generated
by bursting of 1.4 mm bubbles is shewn in Figure 2 and for 5.5 wm
bubbles in Figure 3.

The size distribution of droplets shown in Figure 3 has =z clear pi-
modal characteristic. This means that both the rilm and also the Jet
iroplets were generated from 1.4 mm bubbles. Larger droplets resulted
from jet action while smaller droplets nre the result of the film
rupture. Very few submicrone droplets were found iu samples and “he
size distribution curve falls off rapidly for sizes below 1 mm for bott
bubble sizes tested. As it follows from Figure 3 the spread of the
sizes of the film droplet is about 1:50 while the majority cof Jet
droplets is within 1:4 limits. Superivr nonodispersity of jet croplets
for 1.4 mm bubbles is obvious. On ihe average 20 film dropleus and

L4 jet droplets were liberated by each bubble.

Examining the data plotted in Figure * wore carefully 2 ¢oiid dire con
be drawn through the data points having at least thres maximas ror film
droplets and two for jet droplets. It is not difficult :. believe crat

this curve is much closer to reality ~han the Jashed curve ig. 'The fa:”
.that the jet droplet created on wire t:ip o>f the Jet is alwayc lavger in
comparison to the rest of jet droplerz zererated cleser to the liquid

oe

surface explains the presence of a .7 :i1le peak in the et droplet si-e
Zistributicn curve. For very small bubbles cven ancther peak can be
probably expected located toward smaller droplet sizes that would
correspond to generation of small sateilite aroplets. These satelliten
are created during the separation of larger droplets along th: bubble
jet. This mechanism is well known when aerosols are generates by
spinning disk aerosol generators.

The 5.5 mm bubbles do not result in any Jjet droplets as seen in Figure
2. The ratio of the smallest and the iargest film drorles size is



about 1:20 because only insignificant number of droplets was generated
in the submicrone range. FRxperiments with larger bubble sizes have
shown thatl the monodispersity of Cilm droplets is improving with in-
creasing bubble size. Number of film droplets generated by 5.5 mm
bubble is about 200.

Similarly to Figure 3 several maximas can be visualized on the size
distribution curve in Figure 2. This fact may support the idea of a
wave-form disturbance in the bubble film during the film rupture and
decay. Such a disturbance would break the bubble surface into several
concentric toroids. Each toroid breaking up into nearly monodisperse
droplets of the size which corresponds to the toroid diameter.
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DISCUSSION

The design of an aerosol generator which would employ bursting of
bubbles to generate artificial aeroscols can be discussed based upon the
single bubble experiments. It is cbvious that the best aerosol mono-
dispersity can be achieved by bursting of very small bubbles. The
bubbles would have to be below the critical size at which nc film drop-
lets are already generated. Monodispersity of the aercsol of geometric
standard deviation of about 1.2 would be quite feasible. Unfortunately,
it is very difficult to generate larger number of very fine bubbles and
prevent their coalescence on the solution surface. For this reason,

the generation of artificial aerosols from very large bubbles is more
promising. The monodispersity of such an aerosol would not be much
better than 1.4. This aerosol quality is already very close to the
quality of aerosols generated by the best atomization aerosol generators.
The aerosol generation from bubbles between 0.5 mm to 6 mm diameter
should be avoided because these bubble sizes result in generation of
both the jet and also the film droplets.

An estimate of the aerosol output from a bubbling aerosol generator
can be made based partially upon the results of this study. Let us
suppose the case of generation of droplets from bursting of single
monodispersed bubbles on a solution surface in the absence of any foam

that would otherwise change drastically the aeroscl generation conditions.

if a porous plate with the air bubbling through it is used to generate
bubbles and the flow rate of the air is constant and only the plate pore
size changes, then the number of bubbles generated for these conditicns
can be expressed by

1 (1)

The rate of droplet generation is described by

dn

S (8
at = np X g )
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The number concentration of film droplets can be calculated from

opp = Ky x dy (9)

as described earlier in the text.

«

Plugging (9) and (7) into (8) the rate of the film droplet generation
obeys the equation

anF K 1

e, (10)
at 2
B

indicating a rapid decrease of number of particles generated with in-
creasing bubble size for constant air flow rate.

Similar tendency can be expected for jet droplets as calculated from
equation (8) with equations (4) and (7) plugged in, which results in

anJ ) E x Kl (1)
dt 4.9

This shows an extremely fast decrease in number of jet droplets with
increasing bubble size for constant air flow rate.

The same procedure can be used to evaluate the mass rate of droplets

generated by bursting of bubbles. This can be done without problems

for jet droplets using equation (1) but lack of data on total mass of

film droplets makes this calculation impossible for film droplets. But

the experimental result published by Garner et al.” shows that the

total mass of both the jet and also the film droplets decreases with

increasing bubble size. The interesting phenomena found by these

authors 1is levelling off of the total particle mass for bubbles larger

than approximately 10 mm for water. This suggests limited validity

of equations (11) and (10). :

LR
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AN INVESTIGATION OF AN EXPLODING WIRE AEROGOL

by

James E. Wegrzyn
Cloud Physics Research Center
University of Missouri-Rolla
Rolla, Missouri 65401

ABSTRACT

The concentration, shape, mass, and total charge of a gold
aerosol (produced by the exploding wire technique) is monitored
leading to discussion of the effect that a bipolar charge has on the
stability of a submicron aerosol. Values of K (coagulation kernel)
and B (wall loss coefficient) for the bipolar aerosol are compared
against the values of K and B determined from an exploding wire
aerosol that was neutralized to their lLipolar charge equilibrium.
This aerosol is neutralized by use of a K-85 neutralirer. The
results of this investigation showed that the charges on the gold
aerosol enhance the coagulation in the first 600 seconds, and that
gas adsorption on the newly formed aercsol is considerable.
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AN INVESTIGATION OF AN EXPLODING WIRE AEROSOL

by

James E. Wegrzyn
Cloud Physics Research Center
University of Missouri-Rolla
Rolla, Missouri 65401

INTRODUCTION

The field of aerosol mechanics can be divided into the following
three groups: aerosol generation, aerosol sampling, and aerosol
analysis. This report deals mainly with the generation of a gold
aerosol by an exploding wire (E.W.) technique. Aerosol generation,
however, has to be complimented by correct sampling procedures and
analysis if it is to be understood. Therefore, this paper will also
discuss the use of the Electrostatic Aerosol Samplerl (produced by
Thermo-Systems Inc.) as a sampling instrument. Other instruments
used in this experiment are: +the Particle Mass Monitor? (produced
by Thermo-Svstems Inc.), a Gardner counter, a diffusion battery3, a
K-85 neutralizer” (produced by Thermo-Systems Inc.), and a second
electrostatic precipitator which was designed in this lab. The
analysis will consist of intercomparison of these instruments for
measurements on the concentration, shape, size, total charge, and
reproducibility of an aerosol generated by exploding a wire. Values
of XK (coagulation kernel) were determined from the solution of the
equation,

- g%-: an + Bn
where B (wall loss coefficient) was evaluated experimentally. The
K-85 neutralizers effect on the coagulation kernel was separately
evaluated. The overriding purpose c¢f this investigation is to
determine the feasibility of using an exploding wire aerosol as a
trace aerosol in a scavenging experiment.
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PROPERTIES OF AN EXPLODINC WIRE

The physics of the E.W. phenomenon is well documerted in the
literature Likewise, the aerosols generatced from this explosion
liave been studled by several investigators s€-12. he report by
R. F. Phalen? in 1972 gives a thorough review on tuis =~ubject, and, in
general, the previous studies indicate that if the E.W. is completely
vaporized it results in the following characteriaticve- Tictures 1, 2, 3.

§

1) The primary particles form a chain-like ctructuire of smooth
spherical particles whose size distribution can be cha acterized by a
3bg normal or normal distribution.

i

2) The mean diameter of these primary perti-les are betwean .01

and .1 micron in size depending on the parameters of trelr generation

. . s . , 13,14
3) There exists a symmetric bipolar clarge on the aeroscl

m

4) The aerosols are reproducible if gensrared in the came
manner.

Unless the joule heating is enough te completciy vapor
wire in a manner of 300 nanoseconds or less, tle U W, aerosol
have all these characteristics. Karcisis and Tish iflu~rrate
decrease in the primary size of the par+icles with iun.veacing
cal energy. The reason being taat some of thi : 2
goes into creating new surface area. ThLerabv,
energy yields more surface area and resuits in smalier par
The size of the primary particles has little dependence on ths tempera-
ture of the surrounding gas since the tewperatire cof =he plasma is
between 7000° and 8000°KE. Several explosions wore done at
nitrogen temperature of 77°K with the primary ize of *hese part 1‘lpf
venerated s remaining the same. However, the pre.s..: logs n7ldenae
the size of the particle because at reduced ore:.uves i ;
spreais over a larger region. With a prescure nedar
an aerosol is formed that is too small %o be <2tected
samplzr and the mass monitor; and yet, the Cardner ~oun Y
readiigs in excess of 100,000 particles per ™ vernee. Lo losure that
this ierosol was due to the gold wire and n-zt i értifsc. ¢f the high
temperature and radiation of the arc, a similer expepiment
reneated without the gold wire. An arc was in‘=ntionally
between the electrode and ground at the pressure of Irm he
a1l cases the condensation nuclel was less than 1,200 sard
Cmd . /
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Picture 1 Gold Aerosol x 32,000 Magnitications.
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In order to gauge the reproducibility of the E.W. aerosols, the
parameters of generation were kept the same throughout the experiment.
These parameters are: diameter of wire - .002 inch, length of wire -
2 cm, composition of wire - gold, pressure in chamber - 20mm Hg
absolute, electrical energy - 2000 volts at 3 micro-farads, and
_carrier gas -~ argon. Argon was used to reduce any particulate
matter of nitrogen that might form from an arc in a nitrogen, oxygen,
and water environment. Another problem at reduced pressure in argon
gas is that some of the electrical energy can be discharged around

‘the wire rather than through it. To overcome this problem, the
wire was kept hot, and a hydrogen thyratron (EGEG 7322/1802) was
‘used to short the wire to ground.

To reduce the agglomeration of the E.W. particles, it was
necessary to use a two stage diluation system (Figure 1). This two
stage dilution system can control the agglomeration size and concen-
tration of the E.W. aerosol. The mean number of particles in the
agglomerates can be varied between two and several hundred while the
size distribution of the primary particles remain the same.
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GENERATION PROCEDURE

The procedure used for aerosol generation was as follows: A
gold wire was mounted between the electrodes, and a fine stainless
steel mesh (175 per inch) was placed between the exploding wire
chamber and the dilution chamber. To clean the system, both chambers
were pumped down to less than Imm Hg absolute and immediately re-
filled with filter argon gas. This procedure was repeated at least
three times. The coagulation chamber was simultaneously purged with
filter N, gas until the concentration of Aitken nuclei measured by
*the Gardner counter was less than 100 particles per cm”. Also, the
rotal mass_detected by the T.S.I. mass monitor had to be less than
£3.0uug/em™, and the background current of the Keithley 410 electro-
meter had to be less than *.25x10713 amps before the experiment was
run. The pressure in the coagulation chamber was monitored by a
Jagnehelic pressure gauge (*2 inches of water), and was kept at a
slight overpressure to prevent any contamination from the room.

The experimental setup is shown in Figure 2. This figure
illustrates the overall goal of this investigation which is to
measure the scavenging efficiency of the E.W. aerosol with a larger
marticle. The time of fall of these larger particles will be between
5 and 30 minutes. This paper deals with the first stage of the
experiment which is to measure the characteristics of the E.W.
acrosol over this time span. In Figure 2, blocks D, E, and F were
not employed for this investigation. The electrostatic precipitator
is shown in Tigure 3. The charge on the top plate was *2200 V.D.C.,
and the bottom plate was connected tc the Keithley U410 electrometer.
Responce frequency of this electrometer is 8.7 sec. for an eternal
capacitance of 50puu.f. The capacitance of this setup, which includes
~“he connecting leads, was only 1l4uuf. Picture 4 shows the output
from the electrometer over a five minute span.
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RESULTS

The diffusion battery (L) was designed by T. A. Rich, and is
used for the detection of particles too small to be precipitated .
out by the aerosol sampler (less than .0lu). Table 1 gives the
results from the use of the diffusion battery.

3 3 3 3
conc/cm conc/cm conc/cm conc/cm
time at position at position at position at position
(sec) 2 1 2 1
charger current-10 microamps charges current=0.0
t<0 500 500 200 200
60 8,000 - 55,000 -
g0 - 4,800 -- 45,000
120 6,000 -- 66,000 -
150 - 4,400 - 47,000
180 5,000 -- 59,000 --
210 -- 3,500 - 42,000
240 4,800 -- 50,000 -
270 -- 3,000 - 36,000
300 3,500 - 45,000 --

Table 1 Diffusion Battery Data.

A diffusion battery along with the Gardner counter were placed
between the aerosol sampler and its pump. The first column on the
left hand side of Table 1 gives the concentration of particles that
passed through the aerosol sampler when it was operating in the con-
tinuous mode with a charger current of 10 microamps. The second
column gives the concentration of particles that passed through both
the aerosol sampler and diffusion battery. With a background count
of 120,000 particles per cm”, it is seen that the aerosol sampler is
95% efficient in removing the E.W. aerosol, and the diffusion battery
has a 75% transmission rate. Using the table published in Rich's
paper, this 75% transmission rate corresponds to an effective diameter
for this aerosol of .032 microns. If the particles were less than
.01l microns in diameter, the transmission rate would be less than .
15%. This experiment indicates that the number of particles too ;
small to be precipitated out, yet able to act as condensation nuclei,
are negligible. The right hand side of Table 1 was run with the
charger current of the aerosol sampler set to zero so that only the
previously charged E.W. aerosols would be collected. (See picture 3.) .
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Again with a background count of 120,000 particles/cms, it is seen
that the percentage of charged particles is a little less than 50%.
This agrees well with the other electrostatic precipitator. The
transmission rate was also 75% which yielded the same effective
diameter of .032 micron for the aerosol.

The data taken from the E.W. aerosol over a thirty min. time
span is presented in Table 2 and Table 3. Table 2 is the data
taken without the use of the K-85 neutralizer and Table 3 is the
data taken with the use of the K-85 neutralizer. The 100,000 charges
per emd at a flow rate of 10 Lpm is well within the operating range
of the 2 milli-Curie K-85 neutralizer®»1°. B. Y. H. Liu and
D. Y. H. Puilb verified that for a monodisperse aerosol in the size
range of .02 to 1.17 microns, the magnitude of the charge on the
aerosol is reduced to the Boltzmann's equilibrium value which is:

N
= exp(—nQeZ/QakT),

o%|s

where N, is the number of particles carrying n elementary units of
charge, N, is the number of neutral particles, e (=4.8x10"10esu) is
the elementary unit of charge, a(cm) is the particle radius, k is
the Boltzmann constant, and T{®K) is the absolute temperature. The
validity of the Boltzmann's distribution of charge for the smaller
sized particles has been questioned, however, by N. A. Fuchsl7. The
values of K was determined from the solution of the equation

dn _ 2
- -d—{:_- Kn + Bn
WhiCh iS
no—n 8
K= n Rt
DRy (i)

where R = .00009/sec.

Use of this equation has been criticized since it applies only
For a monodisperse aerosol; but it is also found that this equation

‘fits emperically the case of the coagulation of a polydisperse

aerosol. From Table 2, the values of K range from 21 to 29 cm”/sec,

and there appears to be no dependence with time. These values

compare well with the experimental value of 20x10710 cm3/sec found
by Phalen for a silver E.W. aerosol; and alsc with Rosinski values
of 24.3 to 28.2 x 10710 cm3/secl® for a gold E.W. aseroscl. It also
compares favorably with Zebel'sl%heoretical value (taking into account
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"he gas kinetic correction) of 21xl0 cm /sec for a .02 micron
wonodisperse aerosol.

The data run, without the use of the K-85 neutralizer, gives
wmother picture. The values of the coapulation kernel, in this
case, is time dependent with higher values of K being recorded in
“ne first 500 seconds than in the longar time runs. Since the aeroscl
<ud essentially an identical size distribdution (Pictures 1 and 2), this
~ffect has to be assumed due to the higher bipolar aerosol. This was also
“tzerved by Jerry Burford:® of this lal for his Master's Thesis.
“.is higher initial coagulation rate can be explained several ways.
.t the charge distribution was not completely symmetric, the excess
targe would be forced to the walls due vo thzir mutual electro-
~tatic dispersion. This would, in 6ffeﬂ%, lower the concentration
smtil a symmetric charge distributicn could be ectablished. Another
vn2asen could be that some of the E.W. zirosol hal multiple charges
snd this would increase their coagulatiou rate. It is also inter-
2sTing to note that after 900 seconds the aeroscle in Table 2 appear
to be more stable than those in Table 3. All this speculation leads
to the conclusion that the charge distribution as a function of time
wust be known before this phenomenon can be understood.

The electrostatic precipitator shown in Figure 3 was used to
2termine the total charge per cm® for +ne aerosol. Making the
mproximation of only one charge per particle, the aerosols which
#2re subject to the K-85 radiation wer«, on ths zaverage, 32%
harged; and the aerosols coming directlv from the dilution chamber
eve 47% charged. Theory does not predi 't that the difference cf
ntal charge of 15% would effectivelv douple the coagulatior rate.
fozln, the answer to this problem must e in the charge 4distribution.

The concentration was measured by a Gardner counter, which was
recently recalibrated by Gardner Associates, Inc. ~f Schenectady, New
‘ork. The calibration curve supplied Lv Gardner Associates was used

2 zonvert the output signal from th: protosmultipller wule t3 a con-
- ntration reading. In tight of the r<=nits of the Ytort folLLns

) ) . o i . »
mpcsium‘o where the CGardner instrumer s countied comewhai le3s than
© + pther condensation nuclei counvers, G T@CE?THTQTlCU in in order,
‘4is calibration will be done by a comparizon with the Cniversity of

uri-Aitken Nuclei Counter designed by Dr. Kassner?l, Tf this
ar counter iz found to count low, t:is will lower somewhat all
he values of the coagulation kermels lis*.:d in Tables 2 and 3.

e
i85

50
3
LAYan

The size of the E.W. particles cai alsc be determined by com-
~aring the Gardner counter with the i wniter. This comparizon
.ielded an effective diameter of Litwn m .03 and .ChL microns oov
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~he particles, and this agrees well with the electron micrcscope
Lictures. An interesting side light to this invectigation, is the
~bility of the exploding wire aerosol to adsorb gas vapors. Looking
t the total mass/cmd data listed in Table 2 and 3, it is seen that
in nearly all cases an increase with total mass is recorded with
~ime. Since the coagulation chamber is a closed system, one would
sxpect & small decrease in total mass due to parrticle wall losses.
A net increase in total mass can be explained by condensation of
:45 vapors in the gaps between the primary gold particles. On the
Average, the total mass listed in Table 23 is greater than the total
, in Table 2 yet the ccncentrations remain about the same.
indicates that the K-85 neutrzlizer or the connecting tubing
been previously contaminated +i:th Come form of condensable vapor.

P~
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CONCLUSTON

This paper reinforces the previous findings that the exploding
wire aerosol is reproducible, submicron in primary size, highly
charged, and distributed normal or log normal in primary size. The
initial aggregation can be controlled by a two stage dilution system,
but a comparison of pictures 1 and 2 with picture 3 shows larger
agglomerates in the first two pictures. Since picture 3 was
collected with the corona field turnoff, it must be assumed that the
field or ions from the corona wire enhances coagulation before the
particles are precipitated. This has serious consequences when a
representative sample is needed for analysis. It must also be pointed
out that this phenomenon is peculiar to E.W. aerosols since a high
concentration of .02 micron NACL aerosols showed no agglomeration
when collected by the same aerosol sampler.

This question could be answered by a paper recently published
by W. H. Marlow and J. R. Brock22, who found that the charging rate
for a conducting particle depend importantly and in a complex
manner on the particle size and total particle charge.

The data indicates that the initial coagulations of the E.W.
aerosols is more proncunced than the theory predicts, but, as stated
before, the charge distribution rather than the total charge must
be monitored as a function of time if this reaction is to be under-
stood.

Perhaps the thing that is most important about the E.W. aerosol
is its shape factor. Vomela® found the charge on the E.W. aerosol
to be between 50% and 70% higher than on an equivalent volume aerosol.
The influence of the shape factor on the diffusion coefficient of the
narticles still needs to be determined experimentally for this size
particle. Finally, the large surface area to volume characteristic
of the combustion aerosol provides many sites for the adsorption of
zas vapor. Corn and Reitz 3 discovered that the specific surface
of an urban aerosol taken in Pittsburgh would increase by a factor
of abcut two after degassing at 200°C.

This large adsorption of gas by this type of Aitken nuclei -

could be an effective mechanism for cleansing the condensable vapors ‘
from the atmosphere.
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AEROSOL PARTICLE FORMATION FROM PHOTO-OXIDATION
OF SULFUR DIOXIDE VAPOR IN AIR

Kanji Takahashi and Mikio Kasahara

Institute of Atomic Energy, Kyoto University
Uji, Kyoto 611, Japan

; ABSTRACT

g Aerosol formation from photo-oxidation of S0, in air is studied
both experimentally and theoretically. Experiments on the effects of
environmental factors, such as S0y concentration, relative humidity, UV
+ight irradiation intensity, irradiation time, and the presence of
foreign aerosol particles, on the formation and the evolution of aerosols
wre conducted. A kinetic model for aecrosol formation is also presented,
and calculated examples are shown.

Aerosol formation and evolution are considerably influenced by S0,
vapor concentration and relative humidity, and it is noticed that the
effects of those environmental factors are markedly varied with the
irradiation time.
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AEROSOI. PARTICLE FORMATION FROM PHOTO-OXIDATION
OF SULFUR DIOXIDE VAPOR IN AIR

Kanji Takahashi and Mikio Kasahara

Institute of Atomic Energy, Kyoto University
Uji, Kyoto 611, Japan

INTRODUCTION

Sulfur dioxide vapor in air is photo-oxidized by ultraviolet (UV)
irradiation in sunlight to form sulfuric acid aerosols, and this process
plays an important role in air pollution.

The process of aerosol formation from photo-oxidation of S0, vapor
is considered to consist of three stages,i.e.: l)photochemical oxidation
of SO2 to SO3, and followed production of H2S04 vapor through the combi-
nation with Hy0 molecule, 2)heteromolecular nucleation of H»S0, vapor to
a critical sized cluster or an embryo through the combination of several
number of molecules of Hp50, and Hp0, and growth of the nucleated embryo
to larger aerosol particle through the condensation of HZSOA’ Ho0 and S04
molecules, and through the coagulation with other particles.

Number of experimental works have been reported on photochemical
aerosol formation from SO in air by Gerhard and Johnstonel, Renzetti and
Doylez, Cox and Penkett3, Quon et al.4, and Clarkd. We have also shown
some experimental results~ and a kinetic model’ on the photochemical
aerosol formation. In this work, those results of our previous studies
on the effects of various envirmmental factors, such as 50, vapor concen-
tration, relative humidity, UV light intensity and irradiation time, on
the formation and the evolution of aerosol particles are summarized, and
an additional study on the influence of the presence of foreign aerosol
particles on sulfuric acid aerosol formation are conducted.

EXPERIMENT ON FORMATION AND EVOLUTION OF SULFURIC ACID AEROSOLS
FROM 507 - H9O -~ AIR SYSTEM

Sulfur dioxide vapor was mixed with carefully purified and condition-
ed air, and passed through the reaction chamber surrounded by blacklight
source. S0y vapor concentration ranged from 0.05 to 10 ppm. Relative
humidity was kept at about 80 %, 60 % or less than 10 7. The maximum
irradiation intensity of UV light was about 0.15 mW/cm? sterad, and this
value is equivalent to 0.05 hr~! for the specific absorption rate const-
ant of SOp molecule(relative light intensity to the maximum is denoted
by Iy, hereafter). The maximum irradiation time was 750 sec. Particle
number concentration was measured with a condensation nuclei counter, and
the smallest size of detectable particles with this type of counter is
about 0.0025 pm. Size distribution of formed particles was determined by
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¢iffusicn tube method.

Generally, as shown in Fig.l, the number concentration of formed
aerosol particles increases rapidly after some period from the onset of
irradiation, and decreases gradually after reaching a maximum value.

The volumetric concentration of particles increases almost proportion-—
ally to the increase of irradiation time, and the surface area concent-
ration approaches an equilibrium value. Aerosol particle number concen-
tration is strongly dependent on S0 vapor concentration and the rela-
five humidity as shown in Fig.2. The particle number formation rate

is in proportion to the product of SO, concentration and the irradiation
@gntensity, particularly in the case of lower formation rate. The maximum
particle number concentration and the irradiation time required to reach
¢he maximum value are expressed as a function of formation rate.
Particle size just after formed is found to be smaller than 0.0025 um
and almost homogeneous. Fig.3 shows variations of average particle size
which are increasing with the irradiation time.

As a whole, particle number concentration is strongly dependent on
both SO2 vapor concentration and relative humidity, and the particle
size is mainly influenced by S09 concentration. Volumetric formation
rate of particles is also dependent on both S0, vapor concentration and
relative humidity, and the value ranges 0.15 to 18.7 um3/em3/hr within
this experimental condition. The oxidation rate and the over-all quantum
vield of photochemical reaction of SO; are 0.04 %/hr and 8 x 1073,
respectively. And the former value is equivalent to be 0.7 %/hr for
noonday sunlight in summer of the middle Japan.

'To__ “'Izo %,., T T Y T Y T T
ZEID <5 |
S| 2 g A ]
21 104 10 Ne °
4 -4 1 d T
11 114 ]
T 3 7 A v e E
1 B4 5- ; .
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4 - “” 1
) { . | i i 1
0 200 400 600 800
t, sec

Fig.1l Variation of particle number concentration(Np), volume
concentration(V) and surface concentration(S84) with
irradiation time: SO9=1 ppm, r.h.=60%, Iy=1.0
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Fig.2 Variation of particle number concentration of formed

aerosols with irradiation time: I,=1.0
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Fig.3 Variation of average particle radius(Y) of formed aerosol
particles with irradiation time: I,=1.0
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EXPERIMENT ON SULFURIC ACID AEROSOL FORMATION
FROM SOy - HpO0 - PARTICLE - AIR SYSTEM

Metallic fume particles were generated using an electrical furnace
e Ny atmosphere. A modified Rapaport type generater was also utilized
-u¢ production of searic acid aerosols. Particle size distribution was
weasured by Electrical Aerosol Size Analyser(Thermo-System Inc., USA).
ierosol particles were neutralized electrically before mixed with an
irradiation system of S0, - H90 - Air by passing over a radioactive
cource(l0 mCi of Kr-85). The irradiation and the measurement procedures
~.-e almost the same as those used for the experiments of foreign particle

vea,

Fig.4 shows the time change of number concentraticn of formed aerosol
w.rticles in both cases of foreign particle free and added. At the early
ctage of irradiation, aerosol formation is markedly hindered by the
wwdirion of foreign particles. Hewever, as the irradiation proceeds this
wixderance effect becomes smaller, and at a period of longer irradiation

{me, number concentration of formed particles appears sometimes larger
than in the case of foreign particle free.

T T T T 1 T i
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e e e o e Qe e ° .9

material | Ne,cm3| 7 pm
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| 1 1 | i

400 600
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Fig.4 Variation of particle pumb:sr :oucentration with drradiztion
time: SOp= lppm, r.h.=60%4, 1 =0.2: Np, r; number concentra
tion, average radius of foreign particles, respectively.
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In Fig.5, the number concentration of formed particles is shown as
a function of surface concentration of added foreign particles at the
fixed irradiation time of 50 sec. Even though the material and the size
of added particles are varied, aerosol formation is markedly affected
when the surface area concentration is ranged from 103 to 10% umZ/cm

and almost disappears in the case of larger surface area concentration
than 10% um2/cm3.

Fig.5 Particle number concentration of formed aerosol particles as
a function of surface area concentration(SA.) of added
particles: SOZ= lppm, r.h.=60%, I,=0.2, t=50sec.

KINETIC MODEL OF SULFURIC ACID AEROSOL FORMATION

The nucleation rate for a system of H,50, - H,0 vaporvﬁmscalculated7
at various relative humidities according to the heteromolecular nuclea-
tion theory. Nucleation rate is remarkably dependent on both S0Oj vapor
concentration and relative humidity. The embryo usually consists of
several molecules of H»S0, and ten or twenty molecules of H50, and the
size is about 10 to 15 A.

Taking into account the concentration of HyS0, vapor and the formed
particles, kinetic model for each component can be expressed as,

dNg

— = R-(a + (g+ Yy Np) N, (1)
de

dNp Q

— = — Ng - Bpn,- KNp? (2)
dt to
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where, Ng is the number concentration of H2804 molecule, Np is the
number concentration of aerosol particles formed including embryc, t is
the time of aerosol formation and irradiation continues throughout this
time, R is the conversion rate of S0, to H,;S0, by photo-oxidation and
is given as a function of SO0, vapor concentration and irradiation light
intensity, o is the conversion rate of HyS0, vapor to embryo, iy is
‘the number of H2SO4 molecules contained in a nucleated embryo, B _(or EBp)
is the deposition rate of HpS04 vapor(or particle) to boundary surfaces,
Y 1is the deposition rate of H,804 vapor to already formed aerosol
narticles, and K is the coagulation constant.

Calculations of aerosol free conditions are performed for various
values of relative humidity and of phcto-oxidation rate of SC,. Fig.6
shows one of the calculated examples ¢t aerosol formation. by Egs. (1)
and (2). Generally, vapor concenirciion of HyS0, molecule increases
rapidly at the start of irradiaticn and decreases slowly after reaching
s maximum value. The maximum particle number concentration appears a
iittle later than for vapor concentration, but this time lag is not so
large. Surface area concentration approaches an equilibrium value.
This implies that at the early stage of the process nucleation is pre-
dominant, however, condensation of vapor on already formed particles
becomes significant in later stage.
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Tig.4 Time change of some characteristic values in aeroscl
formation: R=106cm"3$ec“1, r.h.=30%, w is the weight fraction
of H9SO4 in a particle, oibcr notations are the same as in
Figs. 1 through 3.



When foreign particles exist, Eqs.(l) and (2) are also applicable
by assuming that foreign particles act as adsorbing matter for vapor and
that all other effects such as catalytic reaction and coagulation are
negligible. Adsorption effect of foreign particle can be taken into
account by letting Bg = YF Np, where NF is the number concentration of
foreign particles, and YF is the adsorption rate of vapor molecule on
a foreign particle surface and is given by,

. - e (1- 5 @

1 . r2 v 4T r?
+
§ 4C r + 1 )D

where, r is the radius of foreign particles, v is the mean thermal
velocity of vapor molecule, ¢ is the condensation probability of vapor
molecule onto a particle, . is a length nearly equal to mean free path,
D is the diffusivity of vapor molecule in air, and S is the covered area
of particle surface by adsorbed vapor molecule and is regarded zero for
perfect sink surface. Eq.(3) is reduced to yp= T r2v for very small
particle with perfect sink surface.

Judeikis and Siegel® estimated that the value of & is 1.0 to 20
x 1078 for the mixture of S07 and atmospheric dust and it is raised more
than 0.5 to 10 x 1073 in the presence of trace quantities of metal salts.
According to our previous experiments9d, adsoption of S0, vapor onto
lead fume particles in humid air is much greater than monolayer, and the
adsorption rate is so slow that the order of magnitude of § is 1074,
Adsorption of SO, vapor by other particles such as iron fume is found to
be very slight. The values of o of H2S80, vapor for various kinds of
aeroscl particles are unknown, however, they are considered much larger
than the value of SO, vapor. Hence, in this calculation, adsorption of
S02 vapor is neglected, and it is assumed that foreign particle has
perfect sink surface for H,50, vapor. Various values of ¢ are tried to
use for calculations, and it is found that the magnitude in the order of
1072 is most suitable to the experimental results.

Fig.7 shows a calculated example of the time change of the number
concentration of formed aerosol particles, where the value of R is
consistent with that obtained from the experiments. In Fig.8, the
number copcentration of formed aerosol particles at various irradiation
time is given as a function of surface area concentration of foreign
particles. Within the calculations for such a short irradiation time,
the value of S$/4Tr2 is so small that the assubption of perfect sink
surface has insignificant meaning.

DISCUSSION AND CONCLUSION

Due to the different conditions between the experimental and the
theoretical studies, such as the discrepancies in the smallest size of
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particles taken into account and in the boundary conditions of wall, the

agreement and the validity of the kinetic model are unable to be dis-

cussed in detail. However, general tendencies and the order of magnitude

of various factors obtained from the experiments are well elucidated by -
the present kinetic model in all cases.

As to the influence of foreign particles on sulfuric acid aerosol
formation, some other workersl>10 have shown enhancement or neutral
effect., However, it is noticed that, even in the presence of adsorbing
foreign particles, number concentration of formed aerosol particles can
be enhanced sometimes in the course of long irradiation as shown both
experimentally and theoretically. In such a case volumetric concentra-
tion of formed aerosol particles is always lowered by the presence of
adsorbing foreign particles.
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SIZE-SELECTIVE SAMPLING FOR INHALATION HAZARD EVALUATIONS

Morton Lippmrann, FPh.D.
Institute of Envirommental Medicine
New York University Medical Center

New York, New York 10016

The basis for the increasing application »f size-selective aerosol
samplers is reviewed in terms of the factors affecting and parameters
“escribing particle deposition and vetention in the human respiratory
tract. The available experimental data describing total and regional
>article deposition in man are discussed, ac are the sampler acceptance
«’*terla adopted by BMRC, AEC, and ACGIH, and the ICRP Task Group

>position model. Techniques and equipment used for size-selective

2:rosol sampling are evaluated in terms of the design principles applied,

iz correspondence between design and performance of specific samplers,
“heir applicability to field conditions, and their ability to satisfy
~mipler acceptance criteria.

N
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INTRODUCTION

A given aerosol can be described by at least as many characteristic
parameters as there are measurement techniques. Several papers in this
session describe techniques for determining aerodynamic diameter distri-
butions using cascade impactors and aerosol centrifuges. Papers in the
following sessions describe techniques for characterizing aerosols by
their optical and electrical properties, by total particle counts, and
by total mass concentrations. However, none of these parameters
provide any direct measure of inhalation hazard.

The human respiratory tract is a size selective particle trap with
a continuously variable collection efficiency at all particle sizes
below its effective upper cut-size. Furthermore, inhalation hazards
are usually more dependent on the concentration of deposits at specific
sites or regions within the respiratory tract, than on the total amount
deposited. The deposition pattern is particle size dependent, and the
problem is further compounded by a very large intersubject variability
in deposition pattern even under identical exposure conditions. The
deposition characteristics of the human airways must be known in order
to realistically evaluate the inhalation hazard potential associated
with a given aerosol.

INFLUENCE OF DEPOSITION PATTERN ON INHALATION HAZARD

The toxic dose delivered to respiratory epithelium by inhaled
particles depends on their surface density and residence time. In the
conducting airways, where the air velocity is relatively high and there
are sudden changes in air path directions, the particles which deposit
tend to be concentrated on a small fraction of the interior surface.
Such areas, i.e., the dividing spurs of large bronchial airway bifur-
cations, the larynx, and the nasal septum, also happen to be the loca-
tions most frequently identified as sites of cancer origin among
populations exposed to occupational and/or environmental carcinogens.
Although the residence times on the surfaces of these airways are
relatively short, i.e., generally less than about 2 hours, the exposures
may be frequent or continuous, and a limited number of cells may receive
very high dosages.

Another region where the dosage may be high is much deeper in the
lungs, i.e., in the alveolar region where the gas exchange takes place.
Here, most of the deposition takes place by sedimentation and/or
diffusion, and therefore the particles deposit relatively uniformly
over a huge surface area, estimated to be 70-80 m? 1/. Insoluble
particles which deposit in this region have very long retention times,
which vary with the physical and chemical properties of the particles.
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in some cases, these can be characterized by half-times measured in
mouths or years. Furthermore, such particles tend to be gradually
concentrated in semi~permanent storage depots as peribrouchiolar dust
foci. Such accumulations are associated with chronic lung diseases,
e.g., silicosis, coal-workers pneumoconiosis (black lung)and emphysema.

EFFECT OF PARTICLE SIZE ON REGIONAL DEPOSITION

It follows from the preceding discussion that the hazards associated
with airborne particles are dependent on where they deposit within the
respiratory tract, or if in fact, they deposit at all. A summary of
the best available human in vivo regional deposition data was recently
completed 2, 3/. For very large particles, i.e. - 50 pm, the suction
created by the nose or mouth is insufficient for tiem to be inhaled.
Particles which are drawn into the nose will all deposit there unless
they are smaller than ~ 9 um. For 3 um particles, nasal depositicn
falls of to ~ 50%, and tracheobronchial deposition will remove abcut
20% of the remainder, i.e., ~ 10% of the amount inhaled. Of the ~ 40%
which reaches the alveolar zone, about 3 will deposit and the balance
will remain airborne and be exhaled. Head and bronchial deposition of
! um particles are very low, and almost all of these particles penetrate
to the alveolar region with the inspired air. However, only about 20%
will deposit there and the balance will be exhaled. For still smaller
narticles, deposition by diffusion increases, and the exhaled fraction
decreases. For molecular sized particles, i.e., unattached radon
daughters, the rms diffusional displacement becomes so large that these
~avticles deposit efficiently in the upper airways.

The particle sizes of interest in inhelation hazard evalustions
obviously depend on the toxic material involved. For materials associ-
ated with an elevated incidence of bronchial cancer, the particles
depositing on the bronchial tree are of primary concern. On the other
hand, for silicosis hazard evaluations, the only particles ¢f interest
are those which deposit in the alveolar region.

AERCSOL SAMPLING FOR INHALATION HAZABRD EVALUATIONS

Two different sampling approaches can bz followed in evaluating
.inhalation hazards. One approach, which has the virtue cf general
sppiicability, and the possibility of retrrspective reinterpretation,
is to determine the aerodynamic size distribution of the whole aerosol.
With this information, the particle fraction in every size range of
interest is known. The disadvantage of this approach is in the
complexity and cost of the sampling and/or analytical effori. The
alternate approach is selective sampling, i.e., to coliect only that
fraction of the aerosol which is capable of reaching the targer sites.
This approach has been widely used for sampliag pneumocouinsis produc~
ing dusts, where the target sites are in the alveolar spaces. Selective
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sampling greatly simplifies the analytic task. The major problem and
limitation of this approach is the requirement for a definition of the
aercsol fraction which is potentially hazardous. Two similar, but
somewhat different definitions of pneumoconiosis producing dusts are in
widespread use, as will be discussed in the next section. For some of
the carcinogenic aerosols, where the large airways may represent the
critical deposition region, there have been no recommendations on
sampler acceptance criteria proposed to date.

Since the particle size parameter which has the greatest influence
on respirable mass deposition is the aerodynamic diameter, the most
reliable measurements can be made with instruments which classify
airborne particles by this parameter during the sampling process. It
is seldom possible to perform an accurate size distribution analysis on
collected samples, since the particles can no longer be restored to
their original state of dispersion. Thus, particles which were unitary
in the air may be analyzed as aggregates and vice versa. Furthermore,
particles analyzed by microscopy will be graded by a linear dimension
or by projected area diameter, and these are normally larger than the
true average diameter.

HISTORICAL BACKGROUND FOR RESPIRABLE MASS SAMPLING

The first standard sampler for pneumoconiosis producing dusts, the
Greenburg-Smith impinger was developed in 1922-25 through the cooper-
ative efforts of the U.S. Bureau of Mines, U.S. Public Health Service,
and the American Society of Heating and Ventilating Engineers 4/. This
impinger and the midget impinger, developed in 1928 by the Bureau of
Mines 5/, collect most particles larger than about 0.75 micron in a
liquid medium. Samples collected in impingers are analyzed by counting
the particles which settle to the bottom of a wet counting cell and are
visible when viewed through a 10 x objective lens. Particles larger
than 10 um observed during the count are rejected by many industrial
hygienists as 'non-respirable.'" The only alternative approach available
prior to 1952 was gravimetric analysis of the total airborne particulate
sample. With total mass sampling there is no practical way to
discriminate against the oversized particles which tend to dominate
the sample mass.

STANDARDS AND CRITERTIA FOR RESPIRABLE DUST SAMPLERS

British Medical Research Council (BMRC)

In 1952, The British Medical Research Council adopted a definition
of "respirable dust" applicable to pneumoconiosis producing dusts. It
defined respirable dust as that reaching the alveoli. The BMRC selected
the horizontal elutriator as a practical size selector, defined respir-
able dust as that passing an ideal horizontal elutriator, and selected
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the elutriator cut-off to provide the best match to experimental lung
deposition data. The same standard was adopted by the Johannesburgh
International Conference on Pneumoconiosis in 1959 6/.

In order to implement these recommendations, it was specified that:

1. "For purposes of estimating airborne dust in its relation to
pneumoconiosis, samples for compositional analysis, or for assessment
of concentration by a bulk measurement such as that of mass or surface
area, should represent only the 'respirable' fraction of the cloud.

2. "The 'respirable' sample should be separated from the cloud
while the particles are airborne and in their original state of
dispersion.

3. "The 'respirable fraction' is to be defined in terms of the
‘ree falling speed of the particles, by the equation C/C, = 1-f/f,,
vhere C and C, are the concentrations of particles of falling speed f
in the 'respirable' fraction and in the whole cloud, respectively,
and fc is a constant equal to twice the falling speed in air of a
sphere of unit density 5 um in diameter."

U.S. Atomic Energy Commission (AEC)

A second standard, established in .January 1961 at a meeting spon-
sored by the AEC Office of Health and Safety, defined ''respirable dust"
as that portion of the inhaled dust which penetrates to the mon-ciliated
portions of the lung 7/. This applicatiou of the concepts of respirable
dust and concomitant selective sampling was intended only for '"insoluble"
particles which exhibit prolonged retention in the lung. 1t was not
intended to include dusts which have an appreciable solubility in body
fluids and those which are primarily chemical intoxicants. Within
tliese restrictions, "respirable dust” was defined as follows:

gize® 10. 5. 3.5 2.5 2
Respirable (%) 0 25 50 75 100

%o ; C s .
Sizes referred to are equivalent to an aerodynamic diameter having
the properties of a unit density sphers.

For these "insoluble'" internzl emitters, the concentration of the
respirable fraction can be compared to a modified maximum permdssible
concentration (MPC ) on a simple basis. In the procedure for calculating
MPC, values as established by the ICRP, the equation is:
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where
g = maximum permissible body burden, uCi
f2 = fraction of isotope in critical organ, relative to whole body
burden
f& = fraction of inhaled aercsol that reaches critical organ
t = period of exposure (set at 50 years)

T = effective half-life, days.

The published MPC, standards for insoluble particles were calculated
from this equation using the assumption that f; = 0.12 in all classes
where the lung is the critical organ, i.e., that 25% of the airborne is
"respirable'" and one-half of the “respirable" dust is retained. Thus,
the MPC, for insoluble "respirable" dust should be 25% of the MPC, for
total airborne dust.

American Conference of Governmental Industrial Hygienists (ACGIH)

The application of respirable dust sampling concepts to other toxic
dusts and the relations between respirable dust concentrations and
accepted standards such as the ACGIH Threshold Limit Values (TLV's) are
more complicated. Unlike the MPC,'s for radioisotopes, which are based
on calculation, most TLV's are based on animal and human exposure
experience. Thus, even if the data on which these standards were based
could be related on the particle size of the dust involved, which
unfortunately is unlikely, there would probably be a different correction
factor for each TLV, rather than a uniform factor such as 0.25.

The task of establishing alternative or revised TLV's based on
"respirable'" dust concentrations, was begun by ACGIH at its annual ts
meeting in 1968, when ACGIH announced 8/ in their "Notice of Intended
Changes' alternate mass concentration TLV's for three forms of crystal-
line free silica to supplement the TLV's based on particle count
concentrations.

‘e
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The U.S. Department of Labor 9/ adopted the ACGIH size-selector
criteria for respirable dust and extended its application to coal
dust and inert or nuisance dust.

. Discussion of Standards for Respirability

Basically, the two sampler acceptance curves described in the

preceding discussion have similar, but not identical, characteristics.

This is illustrated in Figure 1. The shapes of the curves differ
because they are based on different types of collectors. The BMRC
curve was chosen to give the best fit between the calculated character-
istics of an ideal horizontal elutriator and lung deposition data,
while the AEC curve was patterned more directly after the Brown, et

al 10/ upper respiratory tract deposition data and is simulated by the
separation characteristics of cyclone type collectors. Some of the
practical considerations and problems in using elutriator and cyclone
samplers for these applications will be discussed in a subsequent
section. In most field situations, where the geometric standard
deviation (o_ ) of the particle size distribution is greater than two,
samples colléected with instruments meeting either criterion will be
comparable. For example, Mercer calculated the predicted pulmonary
(alveolar) deposition according to the ICRP Task Group deposition
model 11/ for a tidal volume of 1450 cm® and aerosol with 1.5 < o_ < 4.
He found that a sampler meeting the BMRC acceptance curve would have
about 10% more penetration than .a sampler meeting the AEC curve 12/.
Calculations by Lynch 13/, Moss and Ettinger 14/, and Coenen 15/
indicated cyclone/elutriator penetration ratios of 0.81 to 0.83.
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tigure 1. BMRC, Los Alamos (ALC), and ACCIH sampler acceptance cnrves.
{Reprinted courtesy American Industrial Hygiwcne Association).



HISTORICAL BACKGROUND FOR SIZE~-MASS DISTRIBUTION DETERMINATIONS

For practical purposes, aerodynamic size classification of "respir-
able" aerosols began with the development of the cascade impactor by
X.R. May 16/ during World War II. Up until this time, essentially all
particle size analyses were done by optical microscopy, which was
inherently tedious. Furthermore, optical measurements cannot provide
useful data on airborne density, or the aerodynamic drag of nonspherical
particles. Cascade impactor samples could be analyzed chemically, and
therefore could not only avoid these limitations, but could also be
used to determine the size-mass distributions of multiple aerosol
constituents. The real advantages of this approach led to a
proliferation of instrument designs 17-22/. Unfortunately, the cascade
impactor has some inherent limitations which are too often not recog-
nized by the users. There is a tendency to overload the collection
surface in the small particle stages in misguided attempts to collect
measurable sample masses. Attempts to avoid this problem by the use
of adhesive layers or fibrous filters on the impaction plates have
often created other unanticipated problems, which will not be discussed
here since another paper in this morning's session will be discussing
inertial impactors.

The size-mass distributions of industrial and ambient aerosols can
also be measured using aerosol centrifuges, cascade centripeters and
multicyclone samplers 23-27/. The aerosol centrifuges, which will be
discussed in two papers later in this session, provide better resolution
and lower size limits than the other instruments. The cascade centri-
peter and multicyclone have poorer resolving power, but are least
subject to problems associated with overloading, i.e., they can be run
for relatively long intervals and collect relatively large sample masses.
The performance characteristics of small cyclones used in air sampling
will be discussed in a later section of this paper.

The criterion most often followed in applying size-mass distribution
data to hazard evaluations has been the 1966 Task Group Deposition
Model 11/. This model received the approval of ICRP in 1973, and may
be promulgated by ICRP during 1975.

The Task Group defined a model respiratory tract described as
follows:

(1) The nasopharynx, (N-P)-This begins with the anterior nares and

extends through the anterior pharynx, back and down through the posterior
pharynx (oral) to the level of the larynx or epiglottis...
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"(2) Continuing caudally, the next component, (T-B), consists of
the trachea and the bronchial tree down to and including the terminal
bronchioles...

" (3) We recommend the third compartment be entitled pulmonary
(P). This region consists of several structures, viz. respiratory
bronchioles, alveolar ducts, atria, alveoli and alveolar sacs...

. The region can be regarded as the functional area (exchange space)

of the lungs. Its surface consists of non-ciliated, moist epithelium
with none of the secretory elements found in the tracheobronchial
tree..."

Assuming all dusts to occur as log-normal distributions,
deposition calculations were made for three different ventilation
states typified by tidal volumes of 750, 1450 and 2150 cm3,
respectively, at a respiratory frequency of 15 cycles/min.

One of the more significant conclusions of the Task Group study
was that the regional deposition within the respiratory tract can be
estimated using a single aerosol parameter, i.e., the mass median
diameter. For a tidal volume of 1450 cm3, there were relatively
small differences in estimated deposition over a very wide range of
geometric standard deviations (1.2 < 0, < 4.5). Also, there were
relatively small variations associated with the substitution of 750
and 2150 cm3 tidal volumes.

Using the mass median diameter, as determined using any of the
instruments discussed in this section, and the Task Groups estimates
of regional deposition for that size, one can produce predictions of
the fractional deposition in each component region. These can be
converted to predictions of inhaled dose, using the measured value
of the overall mass concentration of the aerosol.

RELIABILITY OF BMRC, ACGIH, AND ICRP TASK GROUP DEPOSITION CRITERIA

The human in vivo deposition data base used by BMRC, ACGIH, and
the Task Group was not very strong, as was freely acknowledged by all
cencerned. Many previous reviews on deposition have called attention
to the very large differences in the reported results 11, 28-31/.

COMPARISON OF DATA USED IN CRITERIA DEVELOPMENT WITH RECENT
MEASUREMENTS

Much of the discrepancy can be attributed to uncontrclled
experimental variables and poor experimental technique. The major
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sources cf error have been described by Davies 32/. Figure 2 shows
data from studies of total respiratory tract deposition which have
been performed with good technigues and precision. None of these
data were available to BMRC. The data of Altshuler et al. 33/ and
Landahl 34, 35/ were not used by ACGIH or the Task Group, and the
others were not available. BAll were done with mouth breathing at
respiration frequencies of from 12 to 16. Tidal volumes varied from %
to 1.5 liter. All appear to show the same trend with a minimum of
deposition at v % um diameter. The four studies using di-2-ethyl
hexyl sebacate (DES) 36-40/ all appear to have somewhat lower
absolute values.

It is also apparent that in most studies involving more than one
subject, there was considerable individual variation among the
subjects. Davies et al. 37/ showed that some of this variation could
be eliminated by standardizing the expiratory reserve volume (ERV)
and thereby the size of the air spaces. They found that deposition
decreases as ERV increases. This was confirmed by Heyder et al.

38, 39/ who reported that there was little intrasubject variation
among six subjects when their deposition tests were performed at their
normal ERV's,

The DES data of Heyder et al. appear to represent deposition
minima for normal men. Their test protocols were precisely controlled.
There were no electrical charge on particles. With more natural
aerosol and respiratory parameters, higher deposition efficiencies
would be expected. The Landahl, Altshuler, Giacomelli-Maltoni, and
Martens data provide the best available estimate of total deposition
in normal humans breathing through the mouth. For nose breathing
the rate of increase in deposition with particle size above 1 lUm would
be greater.

DEPOSITION IN THE ALVEOLAR ZONE

Brown et al. 10/ studied regional deposition during nose breathing
using china clay aerosols in narrow size ranges (Og = 1.25), with the
count median diameters between 0.9 um and 6.5 um, and these data
formed the major basis for the BMRC and ACGIH criteria. They
collected the exhaled air in seven segquential components, and used
the CO2 content of each fraction as a tracer to identify the region
from which the exhaled air originated. The validity of these data
depends upon the accuracy of the association between the various
exhaled air fractions and their presumed sources. The Brown data
have been criticized 41/ on the basis that their simple two filter
model was inadequate, and that the rapid diffusion of COy caused the
measured COp values to differ significantly from the corresponding
CO2 concentration in the alveolar spaces. The resulting error in the
volume partitioning caused an underestimation of the alveolar
deposition.
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Filgure 2. Total respiratory tract deposition during mouthpiece
inhalations as a function of aerodynamic diameter, except below % um,
where deposition is plotted vs. linear diameter. Data of Lippmann 2, 3/
are plotted as individual tests, with eye-fit average line. Other data
on raultiple subjects are shown with average and range of individual
tests. Monodisperse test aerosols used were Fej03 (Lippmann), triphenyl
vhosphate (Landahl 34, 35/ and Altshuler 33/), carnuba wax (Giacomelli-~
tlaltoni 55/), polystyrene latex (Mdrtens 56/), and di-2-ethyl-hexyl-
sebacate (Muir 36/, Davies 37/, Heyder 38, 39/, and Lever 40/).
(Reprinted courtesy The American Physiology Society).
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Altshuler, Palmes and Nelson 41/ estimated regional deposition
from mouth breathing experiments on three subjects in which measure-
ments of both the concentration of a monodisperse triphenyl phosphate
aerosol and the respiratory flow were made continuously during *
individual breaths 33/. Using a tubular continuous filter bed model
as a theoretical analog for the respiratory tract, regional deposition
in the upper and lower tract components was calculated for various
values of anatomic dead space. The upper tract penetration during
inspiration, pause and expiration was derived from the expired aerosol
concentration corrected for aeroscl mixing. The alveolar deposition
estimates varied from subject to subject, and for each subject varied
with the volume of anatomic dead space. The particle size for
maximum alveolar deposition was estimated to be greater than 2 um, but
its value could not be estimated since only one particle size > 2 um
was used in the experiments. The alveolar deposition estimates of
Altshuler et al. in the 0.1 to 3.6 um range and the alveolar
deposition values for 2.5 to 12 um particles measured by Lippmann 2, 3/
using y-tagged aerosols and external in-vivo retention measurements
are in good agreement in the region of particle size overlap. The
alveolar deposition curve in Figure 3 labelled "in-vivo via mouth" is
based on the Altshuler and Lippmann data.

Figure 3 also shows an estimate of the alveolar depos .tion which
could be expected when the aerosol is inhaled via the nose It is
based on the difference in experimental in vivo head reten :ion data
during both nose breathing and mouth breathing tests 2, 3/. It can be
seen that for mouth breathing the size for maximum deposition is
~ 3 um, and that v % of the inhaled aerosol at this size deposits in
this region. For nose breathing, there is a much less prornounced
maximum of Vv 25% at 2.5 pm, with a nearly constant alveolar deposition

averaging about 20% for all sizes between 0.1 and 4 um.

The sampler acceptance criteris of ACGIH, BMRC, and the alveolar
deposition according to the in vivo data of Figure 3 and the ICRP
Task Group Model are illustrated on Figure 4. It can be seen that
the Task Group's model, which is based on nose breathing, over-
estimates alveolar deposition at all particle sizes. It should be
noted that some of the difference is due to the fact that the Task
Group's model is based on the MMD of a polydisperse aerosol rather
than a monodisperse aerosol. The overestimates would tend to be *q
somewhat lower if the Task Group calculations were repeated for
monodisperse aerosols.

Samplers meeting the BMRC and ACGIH criteria would collect the
larger airborne particles with very similar efficiencies as the
conductive airways of normal mouth breathing humans. However, they
would remove less of the large particles than most nose breathing
humans, and "respirable" dust samples as defined by these criteria

t
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except below % um, where linear diameter was used. Individual data
points and eye-fit solid line are for the same Fep03 aerosol tests
plotted in Figure 2. The dashed line is an eye-fit through the redian
best estimates of Altshuler 41/ on 3 subjects who varied as shown by the
vertical lines. The lower curve is based on the additional head

" correction resulting from inhalation via the nose. (Reprinted courtesy

The American Physiology Society).
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would provide conservative estimates of the pneumoconiosis hazard.
It should also be noted that for nose breathing, the deposited dust
will most likely be about 20% of the "respirable" dust.

PERFORMANCE CHARACTERISTICS OF "RESPIRABLE" DUST SAMPLERS

This discussion will emphasize data developed since 1969, when
an earlier review of the literature was prevared as a background
document 30/ for the AIHA's Guide for Respirable Mass Sampling 42/.

- At that time, the field performance was not fully satisfactory for

either the elutriator samplers designed to meet the BMRC criteria,
or for the cyclone samplers selected on the basis that they followed

- the AEC-ACGIH criteria.

The chief advantage of the horizontal elutriator over the cyclone
as a pre~-collector is that its performance can be predicted on the
basis of gravitational sedimentation thecry and the phyrical
dimensicns of the device. Thus, it was sometimes claimed that
laboratory calibrations with carefully characterized test aerosols
were not needed. This generalization was true, at least in a relative
sense, in comparison to cyclone collectors where no adeguate
predictive relations exist for collection efficiency. Howcver, in a
absolute sense, the prediction of performance of actual elutriator
samplers is not completely reliable, as discussed in the earlier
review 30/. Some of the discrepancies observed in elutriator
performance have been attributed 43/ to technical shortcomings in the
manufacture of the elutriators, especially in the non-uniformity of
the plate spacings.

One of the major limitations of all elutriator pre-collectors is
that it is difficult if not impossible to recover the collected
material for analysis. 1In many cases, it is even difficult to
periodically clean out the collected dust to minimize contaminatcics» of
the second stage collection by reentrained dust. ror ressarch s~udies
and other situations where the concertrations of both fractions are to
be determined, cyclone pre-collectors are generally used.

Another limitation of the elutriator type of zampler is that it
must be operated in a fixed horizontal posi*ion. Cyclones, on the
other hand, can be operated in any orientati»a without significant
change in their collection characteristics géngg/. This independence
of orientation, combined with their smaller physical size at
comparable flowrates, are among the reasoans that most of the r-cent
two-stage personal sampler designs have been bujlt around miniature
cyclones as the pre-collectors. These samplers, combined with filter
collectors as the second stage and miniature battery powered air
pumps are small and light enough to be worn thrcughocut a work shift.
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Most of the miniature battery powered pumps are diaphragm or
piston type air movers and therefore produce a pulsating flow, which
is basically incompatible with their usage with pre-collectors whose
collection characteristics are flowrate dependent. Reports by
Anderson, Seta, and Vining 45/, Lamonica and Treaftis 46/, Caplan
et al. 47/ and Blachman and Lippmann 26/ have demonstrated that the
instantaneous flow can be as much as four times the average. Since
there is a greater increase in collection efficiency at flows above
the average than there is a decrease for flows below it, the net
effect is to produce reduced cyclone penetration in pulsating flow as
compared to a constant flow at the average rate. Earlier field
samplers with pulsating flows underestimated the respirable mass, and
more recent models have been equipped with pulsation dampers in order
to overcome this problem.

-

Small variations in steady-state flowrate in cyclone collectors
may not be a severe problem, at least for those applications when the
parameter of interest is the "respirable" mass measured on the second
stage. Knight and Lichti 48/ demonstrated that variations in airflow
are corrected to some extent by changes in cyclone collection
efficiency. For nonfibrous test aerosocls, including mica and silica,
there was essentially no change in the mass collected on the filter
for flowrates between 1.3 and 2.65 lpm. As the flowrate increases,
the aerosol mass entering the cyclone increases proporticnally, but so
apparently does the collection efficiency. In an elutriator, the
effect would be the opposite; an increase in sampling rate would
result in an increase in penetration to the filter.

Despite all of their practical advantages as pre-collectors,
cyclones have not met with universal favor. Their major limitation is
the continuing uncertainty about their efficiency calibrations. There
are no predictive equations capable of providing useful calibration
estimates for the small cyclones used as pre-collectors 49/. Further-
more, for most cyclones, there is insufficient and/or conflicting
empiric data. The greatest amount of attention has been directed
twoard the Dorr-Oliver 10 mm nylon cyclone used extensively in under-
ground coal mines, and most recent studies géiu£ZL_§9/ confirm the AIHA
Guide 42/ which indicated that it comes closest to matching the ACGIH
criteria when operated at a 1.7 lpm flowrate. However, the developing
consensus does not include MESA, and they continue to require the 2.0
lpm flowrate indicated by their own laboratory calibration 51/ for
samplers used in the mines.

The recent calibrations of the 10 mm cyclone have also clearly
established that this cyclone cannot really match the ACGIH criteria at
any flowrate, because it has a cut-off characteristic which is much
sharper than that of the criteria. In other words, when the cyclone is
operated at a flowrate which produces a 50% cut at 3.5 um, it collects

L
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more than 75% of 5 um particles, and less than 25% of 2.5 pym particles.
This relatively sharp cut-off characteristic makes this cyclone useful
in a multicyclone sampler which is used to determine aerodynamic size
distributions 26/.

One other problem with the nylon cyclone is that, being an
insulator, it can accumulate a static charge. When sampling aerosols
with very high charge levels, this can significantly affect collecticn
efficiency. Blachman and Lippmann 26/ showed that highly charged
aerosols with aerodynamic diameters below ~ 4 um were collected with
higher efficiencies than charge neutralized aerosols of the same
aerodynamic diameter. Almich and Carson 52/ reported that the average
collection efficiency for 4 to 5 pm charged particles was not signifi-
cantly increased, but that the variability in collection efficiency in
replicate runs was increased. This variability was absent when using
16 mm cyclones of the same design which were constructed of stainless
steel.

While the 10 mm cyclones are injection molded and virtually
identical to each other, all of the larger cyclones used as pre-
collectors are hand assembled, and the quality control exercised by
their manufacturers has frequently been quite poor 53/. On the other
hand, the larger cyclones have the advantage, at least for their
application as respirable dust pre-collectors, of much less sharp cut-
off characteristics. Their cut-offs turn out, probably fortuitously, to
closely match the ACGIH criteria, as illustrated in Figure 5. The flow-
rates at which these cyclones most closely match the ACGIH sampler
acceptance criteria are 9, 25, 75 and 430 lpm for the 3-inch HASL,
Aerotec 3/4, 1-inch HASL, and Aerotec 2 respectively. For still higher
flowrates, Battelle 54/has developed whai they are calling a massive
volume air sampler. It includes an impactor collector which was designed
to match the ACGIH criteria at 1.3 x 10° ft3/day (21.2 w3/min). This
qmultistage series sampler also includes an entry section with a cut-off
at 20 pm, an impactor with a 1.7 um cut-off, and an electrostatic
collector to remove the particles penetrating the 1.7 um impactor. This
sampler is currently being evaluated by EPA, and its ability te avoid
the characteristic limitation of impactors, i.e., particle bounce and
reentrainment, remains to be demonstrated.

SUMMARY AND CONCLUSTUNS

Inhalation hazards are dependent upon the aerodynamic size distri-
butions of the airborne particles, and the size-selective deposition
characteristics of the human airways. Realistic hazard evaluations must
therefore be based either on the determination of the aerosol's
aerodynamic size-mass distribution, or on concentrations determined from
samples collected with devices which simulate the human airway's
deposition characteristics. The latter approach is more direct and
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economlical, but requires an accurate quantitative knowledge of human
regional particle deposition.

Recent human in vivo deposition data have helped to resolve some
of the long-standing confusion concerning regional deposition in man,
and provide an improved basis for the utilization of size-selective
gampling for inhalation hazard evaluations. Samplers which satisfy
the BMRC or ACGIH sampler acceptance criteria simulate the collection
characteristics of the conductive airways of normal mouth breathing
humans. For particles between ~ 13 um and the samplers'upper cut~-off,
the alveolar zone deposition is about twice as high for mouth breathers
as compared to nose breathers. For particles between 0.1 &nd 1.5 um,
the route of entry has little effect on alveolar deposition. For nose
breathing, the fraction deposited in the alveolar zone remains neariy
constant at ~ 20% for all sizes between 0.1 and 3.5 ym. The ICRP Task
Group Model overestimates alveolar zone deposition at all particle sirzes,
with the greatest discrepancies for particles > 5 um and < §.5 um.

A large number of elutriators which can satisfy the BMRC criteria
are available, as are a large number of cyclones which can satisfy the
ACGIH criteria. In most cases, elutriator performance can be predicted
from physical theory, but the samplers are large in comparison to their
sampling rate, and must operate in a horizontal position. Cyclones are
much more convenient and compact field instruments, but must be
calibrated empirically. Unfortunately, the quality control in small
cyclone manufacture has frequently been poor, and the calibration data
needed to verify adequate performance have frequently been lacking or
of questionable reliability.

Despite the somewhat unhappy past history cf cyclone usage in
inhalation hazard evaluations, their practical advantages are considerable
and there are no fundamental limitations to their proper usage. With
better quality control and the use of reliable calibration precedures,
they should continue to be widely used.
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DICHOTOMOUS VIRTUAL IMPACTORS FOR LARGE SCALE
MONITORING OF AIRBORNE PARTICULATE MATTER *

Billy W. Loo, Joseph M. Jaklevic, and Fred S. Goulding

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT

The bimodal particle size distribution in the urban aerosol sug-
gests the use of a dichotomous sampling method with a cut point near
two microns. The collection of the two size fractions separately
should aid the identification of pollutant sources and the evaluation
of fine particle-related health hazards. We have constructed such a
sampler in which size segregation is effected by inertial impaction
across a virtual surface into a volume of relatively stagnant air.
Following a two stage separation, the particle size fractions are
deposited on membrane filters. One filter collects 95% of uncontam-
inated fine particles while the other collects all of the coarse par-
ticles along with 5% of the fine fraction.

The sampling scheme is tailored to match the requirements of ele-
mental analysis by X-ray fluorescence and total mass measurecments by
beta gauging. The design parameters of the virtual impactor have been
optimized for minimum loss and sharp cut characteristics. A servo flow
controller is utilized to maintain a constant sampling rate of 50 2/min
with a particle size cut at 2.4 um Stokes' diameter. Fully automated
units have been developed for a computer controlled monitoring network.

The compatibility of the virtual impactor with other analytical
instrument and its adaptibility to automation suggest that it may be
suited for wider use.

* This work was supported by the Environmental Protection Agency
under Interagency Agreement with the U. S. Energy Research and
Development Administration.
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DICHOTOMOUS VIRTUAL IMPACTORS FOR LARGE SCALE
MONITORING OF AIRBORNE PARTICULATE MATTER

Billy W. Loo, Joseph M. Jaklevic, and Fred S. Goulding

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

INTRODUCTION

Airborne particulate matter consists primarily of natural aerosols
such as soil dust, pollens and sea spray as well as a multitude of man
made pollutants in the form of hydrocarbons, sulphates, nitrates and a
broad spectrum of trace elements, many of which are considered poten-
tially toxic. Any effective air quality control strategy must be based
on detailed knowledge of the generation, transformation, dispersion
and depletion of those undesirable substances. Since gas-particle

interaction is recognized to play a key role in forming secondary
aerosol from primary pollutants, the study of particulate pollutant
is an important facet of the total problem.

Unfortunately the problem is made unwieldy by the complex meteoro-
logical, geographical conditions and anthropogenic processes. The sys-
tem under study has no steady state. Any comprehensive air pollution
study will require the large scale deployment of instruments to pro-
vide both time and position data on the concentrations of the polluting
species so that practical models of the systems might be developed.

Energy dispersive X-ray fluorescence analysis has now emerged as
a potent and versatile technique for trace element analysis due to its
capability for simultaneous rapid multi-element analysis. Quantita-
tive non-destructive analysis on a large and economical scale is pos-
sible for most elements of interest!. A fully automated analysis sys-
tem can measure 35 elements ranging from Al to Pb collected on two-
hour air filter samples through a sequence of three five-minute runs
with a detection limit on the order of 10 ng/m® 2. Such a system can
comfortably analyze some 20,000 samples a year.
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In understanding the evolution of pollutants and in assessing
potential hazards, it is desirable to obtain particle size information
in addition to elemental concentrations. It has been observed that
urban aerosols tend to have a bimodal size distribution with a minimum
at about 2 um, Whitby, et al®. The fine particle fraction peaks at
about 0.3 um and is considered primarily to be the accumulation of com-
bustion products by condensation and coagulation. The coarse particle
fraction consists mainly of mechanically produced aerosol with particle
size peaking around 10 um, although this is subject to large fluctua-
tions caused by gravitational settling and impaction losses. There
appears to be little mass transfer between the two modes*. The occur-
ance of a fairly distinct minimum may correspond to a natural phyvsical
effect since the creation of larger surface areas by mechanical means
becomes energetically unfavorable at sub-micron sizes. Further inter-
est in separating particles whose sizes lie on cither side of the 2 um
point arises because the deposition and retention of acroscls in the
human respiratory system is such that particles smaller than Z or 3
microns are not efficiently removed in the nasal-pharyngeal region and
penetrate to the tracheo-bronchial and pulmonary regions~. The large
surface area (some 60 m?) in the lungs renders the human body vulner-
able to sub-micron pollutants. The coincidence of the size transition
at 2 um in both the particle production and the health effects is a
prime motivation for developing a dichotomous sampler to collect size-
segregated fractions from each size range for subsequent X-ray fluores-
cence analysis.

OBJECTIVE

As part of the St. Louis Regional Air Pollution Study (RAPS), a
network of 25 monitoring stations (RAMS) has been set up to collect
meteorological, gaseous and particulate pollutant data. The initial
plan called for the installation of automated dichotomous air samplers
(ADAS) in ten of these stations to be operated under the control of a
central computer. Figure 1 illustrates an integrated program of sampl-
ing and analyzing some 20,000 samples per year. To facilitate data
handling, each filter carries a computer readable digital label. Total
mass loading on filters will be detemmined by beta-gauge measurements
before and after exposure and elemental analysis will be performed by
X-ray fluorescence analysis. These results will then be merged with
meteorological and other relevent data for inclusion in the main data
bank.
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Our objective was to develop a dichotomous sampler that matches
the requirements of analysis systems. It should collect uniform
depositions on a thin substrate of low atomic number and should exhi-
bit a sharp particle size cut with very small or zero particle losses
in the apparatus. It should provide a high sampling rate to pemmit
adequate sample collection in a reasonably short time. Ease of sample
handling and reliable operation are also very important considerations
for large scale monitoring. The desired sampling rate and particle
size cut point have been chosen to be 50 2/min and 2 um respectively.

APPROACH

One of the prime considerations in particle sizing is the selec-
tion of a physical mechanism by which size separation can be accom-
plished. Since the shape, density and dielectric properties of the
atmospheric aerosols cannot be predicted, the interpretation of the
term "particle size' depends largely on the method of measurement.
Since effects of particulates depend on their transport processes in
the atmosphere and on their uptake and retention through respiration,
inertial methods of separation should provide more relevant data than
electrical, thermal or optical methods. We shall therefore regard the
size of a particle as being the diameter of an aerodynamically equiva-
lent unit density sphere (i.e., the Stokes' diameter).

Conventional methods of inertial separation in the Z um range
often uses an impactor which is an air jet impinging on a collection
plate as shown in Fig. 2. The jet size, velocity and geometry are
controlled so that the inertia of particles above a certain size
causes them to overcome the drag force as they leave their deflected
stream lines and to impact onto the plate. A useful concept in impac-
tor studies is the Stokes' number Stk defined as

2

T
o) CVO n

Stk = L. O P (1)
9 u D1
where pp = particle density
C = Cunningham slip correction for the discontinuous nature

of fluid interaction when the pressure is low or when
the particle size is small compared with the molecular
mean free path in air



Vb = mean fluid velocity of the jet
Dp = particle diameter
u = viscosity of air -
D1 = a characteristic size usually taken as the jet diameter.
At low Reynolds' numbers, the drag force on a particle is 3 mu as

given by the Stokes' law, where V is the relative velocity between the
fluid and the particle. The Stokes' number is a measure of the ratio
of inertial force (in this case centrifugal force) to the drag force.
It is also equal to the stopping distance of a particle in stagnant air
divided by the jet diameter. Under a given set of flow conditions,
particles with a Stokes' number higher than a critical value are impac-
ted onto the collection plate. It can therefore be regarded as useful
for scaling purposes.

NBL 74185 H

Fig. 2 Schematic of a conventional impactor
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Impactors with one or more size cuts have been widely used for
collecting size-segregated particulate samples. However, the inher-
ent difficulties with particle bounce, reentrainment, non-uniform
deposition and cumbersome sample handling have limited their potential
for large scale applications. A virtual impactor uses the principle
of inertial separation, but the impaction plate is replaced by a
region of relatively stagnant air (receiving tube in Fig. 3 and 4).
The virtual surface formed by the deflected streamlines realizes
similar boundary conditions to those in real impactors. Large par-
ticles will pass into the forward low-flow region while small particles
will remain mostly in the high-flow air stream deflected radially
around the receiving tube. Both size fractions can subsequently be

deposited onto separate filters.

/

o e

© -

Fig. 3 Critical parameters of a virtual impactor
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Fig. 4  Schematic of a single-stage
dichotomous virtual impactor

A virtual impactor possesses several distinct advantages:

1

2)

3)

4)

Particle depositions on the filters can be made quite unifomm,
which is ideal for photon excited X-ray fluorescence analysis
and total mass measurement using a beta gauge.

The size and pattern of deposition can be controlled to match
the optimum requirement of the analysis system.

Since the object is to avoid collection within the apparatus,

particle bounce is a favorable phenomenon. In fact it is

desirable to shape streamlines as nearly tangential to the

surfaces as possible to encourage bounce and thereby reducing ~a
losses.

Reentrainment of particles in the air stream is a second order
effect since only particles lost in the apparatus are sub-
ject to blow off.

'
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5) Collecting samples external to the apparatus not only facili-
tates automatic sample handling but also pemmits the design
of the impaction geometry to concentrate on maintaining pre-
cise and consistant separation characteristics.

6) The virtual impactor can serve as an input stage for any down-
stream instrument.

VIRTUAL IMPACTOR DESIGN CONSIDERATIONS

An early study of a virtual impactor was done by William Conner®,
who utilized ideas from the cascade centripeter’. Although the
measurements and analysis were inaccurate, it Jid demcnstrate the size
separating power of the virtual impaction principte. A more sophisca-
ted version using two cascade separation stages was developed by Carl
Peterson of the Environmental Research Corporation. We have made a
detailed evaluation on the ERC unit to assess the feasibility of the
virtual impaction scheme for large scale sampling®. IDmphasis in our
work has been placed on improving the sharpness ot the particle size
cut characteristics and reducing losses. The vesult of this and other
related studies revealed the importance of several factors which govern
the performance:

1) Jet Reynolds' number - The Reynolds' number is defined as
oVD/u, where p and y are the density and viscosity of air
and V is the mean air velocity and D is the diameter of the
jet. Excessive turbulence which tends to occur at high
Reynolds' numbers sets an upper limit to the maximm flow
in a jet for a given size cut.

2) Flow symmetry and alignment - The sharpness of the cut char-
acteristic is degraded by the azimuthal flow asymmetry about
the axis of each jet. 1In our design this ef{fect is minimized.
It is clear that rectangular jets have inferior performance
in this regard and stable symnetrical rlow configurations are
difficult to maintain. The coaxizl alignment of jet and
receiving tube is obviously essential.

3) Flow control - A feedback system is necded to maintain a con-
stant operating point independent of variations in the fil-
ter impedance (including changes due to particle loading).

4) Particle bounce - Taking advantage of the non-sticking proba-
bility of solid particles, streamlines are designed to be as
nearly tangential to the physical surfaces of the impactor as
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is possible. Contours of parts are shaped to reduce impac-
tion losses.

5) Critical parameters - Referring to the notations in Fig. 3
on the relevant parameters of a simple jet and impaction tube, -
it is necessary to determine an optimum set of parameters
Qo> D1, Q1/Qg,> Dp/Dy and S/D; for minimum loss at a given size
cut. A fundamental study of conventional impactors has been
done by Marple®. However, the theoretical analysis is not
readily applicable to the case of the virtual impactor due to
the much more complex boundary conditions. We have adopted
an empirical approach, first measuring the range and sensitiv-
ity of each parameter then converging onto a region where the
cut point is relatively definitive and stable and where re-
maining parameters are optimized.

METHODS OF MEASUREMENT

Due to the close approximation of their geometric diameters to
unit density Stokes' diameters, dioctyl phthalate (DOP) droplets are
well suited as test particles. Particles between 1 to 10 um in size
can very readily be produced in a Berglund-Liu monodisperse aerosol
generator with uranine (fluorescein sodium) used as a tracer for
quantitative measurements. The generator utilizes the uniform breakup
of a liquid jet into droplets as it passes through a vibrating orifice.
The final size of a liquid or solid particle is calculated from the
initial solvent concentration, jet flow rate and vibration frequency.
The monodisperse aerosol output is then used to test a particular
impactor configuration. Particle depositions can be dissolved in water
and the uranine content of the solution detemined by UV fluorescence

techniques. Such §rocedures to determlne deposits on parts have been
described in detail in an earlier report®.

The Stokes' diameters of solid particles are less well defined
because of uncertainties in the final density of the particles.
Figure 5 is a picture of an '8.8'" um NaCl particle as viewed by a
scanning electron microscope at 7000 magnification. The void fraction
after the solvent is evaporated is estimated at 50%. The sizes of ~
solid particles (uranine) used in our final evaluation were assigned
using the size cut characteristics of the virtual impactor as measured
with liquid DOP particles in order to compensate for such uncertainties.

LR
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Fig. 5 A "8.8" ym NaCl particle as viewed
by a scanning electron microscope.

Flow measurements were made with pressure-corrected rotameters
and cross checked with a temperature-compensated integrating flow meter.
All calibrations were performed at 20°C and 735 mm Hg pressure.

We shall now digress to a problem of special interest which is
the measurement of the flow division within a two-stage virtual impac-
tor where the internal flows are not directly assessable. Referring to
the schematics of a two-stage virtual impactor (Fig. 15), the flow
conditions may be closely approximated by the equivalent circuit shown
in Fig. 6. Ry, R; and Ry represent the non-linear flow impedances
associated with the inlet orifice, and the orifices in the coarse and
fine particle streams respectively. The flow division Q;/Qy may be
derived from the measurement of the total external flow as a function
of a single static differential pressure P, between the inlet and the
second stage of the impactor as shown in Fig. 7. Curve A is the char-
acteristic when Ry and R, are made zero by removing the inner section
of the virtual impactor. Curve B is the characteristic with all the
parts in place and Curve C is similar to B except that Ry is made
infinite by temporarily sealing the orifice such that RO and Ry are in



series. Under normal operation, the total flow is Qp and XY is the
pressure differential across Ry,. Hence, Q; is determined graphically
by locating UV = XY. In this case Q;/Qq is measured to be 24.9%.

A

Q
Ro
P
(o]
Q) Q,
Ry R

| %

T

Fig. 6 An equivalent circuit of fluid
flow in a virtual impactor. -
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distribution problem in a two-stage
virtual impactor.
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RESULTS AND DISCUSSION ON DESIGN STUDIES

A series of measurements have been made to probe the behavior of
a single-jet virtual impactor. The coarse and fine particles were
collected on filters A and B corresponding to greater and less than
2 um respectively. For each set of measurement, the collection effi-
ciency, defined as E = A/(A+B), and/or particle losses were observed
as a function of the parameter being varied. Starting with a set of
parameters near the 2 um cut point, the objective was to develop an
optimum set of parameters with a minimum number of excursions in the
multiparameter space. The selection of 2 and 10 um test particles
were used as fiducial sizes in this regard.

The results of such measurements are shown in Figs. 8 through 14.
Table 1 is a summary of the conditions under which each profile is
observed, using the symbols of Fig. 3.
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Fig. 8 Behavior of E vs. Dl
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Figure 8 shows the variation of E with Dj. This strong dependence
on jet velocity is expected to be the dominant factor governing the cut
point. Figure 9 shows the variation of E with the flow division Qp/Qg.
The corrected values of E, after contamination of fine particles in
the coarse particle stream has been subtracted, indicate the need for
a significant amount of flow in the forward direction, particularly
for the particles near the cut point. At a given Q1/Qq there will al-
ways be the same fractional contamination of fine particles in the
large particle stream but more than one stage of separation can be
used to reduce this below the amount desired. The results in Fig. 10
were taken with a single-stage virtual impactor with three jets in
parallel. The cross-contamination of 10 um particles in the fine par-
ticle stream is taken as a measure of turbulent mixing. It is obvi-
ously desirable to use a value of Q;/Q; greater than 15% for each
stage of separation.

The dependence of E on the spacing S between the inlet jet and
the receiving tube is shown in Fig. 11. It is seen that E is about
constant for S/D; greater than 0.5.

Figure 12 shows both E and the losses as a function of Dy/Dj.
Note that E has a flat region for 1.1 < (D2/Dj)< 1.5 and the impaction
loss on the 1lip of the receiving tube has a pronounced minimum at
N2/Dp = 1.3 and increased rapidly beyond 1.5. The same sharp increase
in losses at Dp/Dy = 1.5 is also observed (Fig. 13) for 10 um parti-
cles, suggesting that this extreme sensitivity is related to flow
geometry rather than to particle size. This may explain the poor per-
formance of virtual impactors with a rectangular slit geometry.

All these measurements were taken with the assumption that a total
flow rate of 50 £/min will be drawn through three inlet jets in paral-
lel to achieve a cut point at 2 um and the jet Reynolds' number will
typically be in excess of 5000. For best performance Marple has shown
that the optimum jet Reynolds' number is about 3000 for a conventional
impactor. Figure 14 illustrates the effect of particle losses as Qg
1s increased. It appears that the wall losses are the result of the
increase in stopping distance of the very large particles as they leave
the diverging streamlines at the region of separation, although a small
component due to turbulence losses has not been ruled out. It might be
possible to overcome this impaction loss by using a more complex design
of the receiving tube.

The considerations of jet Reynolds' number, flow symmetries, tur-
bulent mixing, stability of the cut characteristic and flow geometry
for minimum loss have led to the conclusion that sampling 50 &/min with
a 2 ym cut point with a tolerable fine particle contamination in the
coarse particle stream requires two series stages of separation with
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three parallel jets for the inlet stage and a single jet for the
second stage. The appropriate parameters will be Q1/Qg = 15%,
Dy/Dy = 1.3 and S = 1.

DESCRIPTION OF VIRTUAL IMPACTOR

The schematic of the complete virtual impactor design is shown
in Fig. 15. It consists of the following main components:

PARTICLE SIZE FRACTIONATOR

Details of this component are illustrated in Fig. 16 with the
key parts numbered. Air is drawn through three inlet jets (part 1)
in parallel. Their protrusion into the first stage cavity is neces-
sary to eliminate the "backwall" losses on part 2 due to the spatial
oscillation of streamlines as found in the ERC design, as well as in
some conventional impactors. Part 3 forms the first stage cavity.
The three small holes in this part are symmetrically located about the
central axis but are offset 60° azimuthally with respect to the coarse
particle receiving tubes (parts 4) to minimize flow interference.
These holes, in combination to the one in part 7, alsc govern the
internal flow distribution. The Q1/Qy for the first stage was adjust-
ed to be 25% to minimize wall losses in the cavity. The tapered lips
on the tubes have no significant effect on the cut point although they
do tend to defocus the streamlines and reduce cavity losses.

The three coarse particle jets are then converged by a 15° cone
(part 6) onto the second stage of separation after passing through the
drift tube (part 5). Parts 8 are three positioning rods which forms
an open cavity for the second stage jets. The ratio Q/Qq here is
chosen to be 20%. Thus 2.5 &/min of air will pass through filter A
carrying all the coarse particles along with 5% of the fine parti-
cles. The fine particle stream of the second stage will merge with
that from the first stage and be deposited on filter B. In analysis,
a correction for the 5% contamination on filter A can be made based on
the amount of the uncontaminated 95% of the fine particles on filter B.
Table 2 summarizes the actual parameters used.
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PARAMETLRS Q0 0/ | M D, S
wmin | 1) | ow | om | m .
First Stage »
Each of 3 Jets 16.7 25 3.86 5.05 3.81
Second Stage
Single Jet 12.5 20 2.87 3.86 3.18

Table 2  Final choice of virtual impactor parameters

The overall construction utilizes all stainless steel parts
(excepting part 6) for mechanical integrity and corrosion resistance,
compression O-ring seals and tie rods (parts 13) with thumb nuts
(part 12) for easy disassembly. Strategic corners are shaped to
minimize losses. Figure 17 shows the actual components of a virtual
impactor.

FLOW CONTROLLER

Flow regulation 1s essential for precise measurement of the air
volume sampled and the maintenance of a fixed particle-size cut point.
This is accomplished as shown in Fig. 15 by sensing (through part 15)
the pressure differential P, between the inlet and the second stage
of the impactor with a diaphram operated null switch (Dwyer Model
1640-5) which, in turn, causes the opening in a motor driven valve to
be increased or decreased to maintain the preset null condition. The
valve is simply a 5.1 mm diameter orifice pierced by a travelling
micrometer shaft with a 2° taper. A fixed orifice limits the flow
through filter A to 2.5 &/min. The variable orifice and the null
switch thus form a feedback loop to compensate any impedance change
in filter B. The carbon-vane vacuum pump used (Gast Model 0522-103-
G18D) has adequate pumping power to overcome an increase of about 70%
in impedance from a typical initial value of 26.2 torr-cm?/%/min
(1.2 um cellulose membrane filter manufactured by Nuclepore Corporation).

n
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AUTOMATED SAMPLING SYSTEM »

Our objective has been to develop a fully automated sampling
system for extended continuous operation. It is designed to cycle
samples with the minimum amount of handling and preparation. A net-
work of such samplers is to be controlled by a remote computer which
also monitors the system status and possible failure modes. Key com-
ponents include:

FILTERS

The filters used are 37 mm discs of cellulose membrane filters
supplied and mounted in 5.1 am x 5.1 cm plastic frames by the Nuclepore
Corporation. Up to 36 of these slides are carried in a linear array in
standard 35 mm projector cartridges (Argus Camera). Figure 18 shows
such a pair of cartridges containing the digitally labeled filter
holders.

SAMPLE CHANGER

The function of the slide changer is to extract a matched pair of
filters from side by side slide trays corresponding to the A and B fil-
ter stacks, (only one stack is illustrated in Fig. 15). A horizontal
shuttle manipulates the slides into their sampling positions where they
are clamped in the output tubes of the virtual impactor. Upon the com-
pletion of the sampling interval, they are unclamped and withdrawn back
into the slide trays. The over-travel of the shuttle actuates a ''Geneva
wheel' which advances the stack by one vertical increment to be ready
for the next insertion. A single motor drives the shuttle which per-
forms the function of transporting, clamping and unclamping slides
together with advancing the trays with a single forward and return
stroke.
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FLOW MONITOR

Several types of out-of-range conditions in the flow circuit are
detected and indicated by the system. Excessive travel of the microm-
eter valve due to the presencc of leaks or broken filters causes out-
of-range switches to be activated. An auxiliary pressure sensing snap
switch Py (Fig. 15) is used to detect improper clamping or a broken
filter. Since the vacuum needed for the fixed limiting orifice results
from the proper flow condition in the fine particle stream, Py actually
monitors the conditions at filter B even before the micrometer valve
reaches its limits.

ELECTRONIC CONTROLLER

The selection of sampling intervals, execution of the sequential
steps, regulation of flow, detection of errors, monitoring and display
of the system status and communication to an optilonal remote computer
are performed via the control module shown in Fig. 19.

In order to maintain the synchronism of the samplers with the
clock, ten seconds are allowed for a sample insertion or withdrawal
cycle, which normally requires about seven seconds, to complete.

Figure 20 illustrates the time sequence of a typical sampling period.
While the vacuum pump is turned on continuously, actual sampling starts
at the twenty second mark when a solenoid valve is opened. Another ten
seconds are allowed for steady flow conditions to be established before
the flow controller is enabled. The right hand colum of the figure
indicates the sequence in which error conditions are checked. The maxi-
mum times allowed to complete a sample transport and flow adjustment are
10 seconds and 12 minutes respectively.

To ensure synchronization ir the event of short ac power failures
(< 10 min) the elapsed time clccr and logic control circuits are auto-
matically switched to a rechargeable battery.

Figure 21 shows a complete sampler. 1t is contained in a portable
soundproofed electronic rack with a plastic dust cover and a special
inlet pipe designed to draw an isokinetic sample from a larger rooftop
sampling port. Figure 22 is a closer view of a sampler with the dust
cover removed. It shows the final modification of adding a 7.6 cm
section to the height of the virtual impactor to reduce losses in the
drift tube.
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Fig. 21  Obligue view of a conpleted ADAS.



Fig. 22

A close view of the ADAS with
dust cover removed.
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RESULTS AND DISCUSSION

Thirteen sampling units of the type described have been built. A
high degree of uniformity has been achieved particularly on the
critical virtual impactor parameters. For example, the spread of the
pressure differentials P] required to draw 50.1 2/min of air is less
than 1% among all the samplers. The difference in cut point between
two different units was measured to be less than 0.1 um.

SIZE SEPARATION AND LOSSES

The results of an evaluation of a typical sampler are summarized
in Table 3 and 4 and the overall results are plotted in Fig. 23. Loss
measurements are tabulated for specific regions. Region 1 losses in-
clude those washed from parts 1 and 2 of Fig. 16, region 2 from parts
3 and 4, region 3 from parts 5 and 6, and regions 4 and 5 are from
parts 7 and 9 respectively. There are two obvious components of losses.
A loss peak near the size cut point reflects the intrinsic tendency for
particles of the cut point size to be intercepted by the physical sur-
face which deflects the streamlines (in this case the inner rim of the
receiving tubes). The observed fact that there is no deposition on the
top of the tubes suggests that the virtual impaction surface is some-
what below the opening to the tubes. The coarse particles loss compon-
ent is mostly gravitational settling on the cone (part 6) in the drift
tube. In the specific design shown in Fig. 16, impaction losses were
found for large particles on part 6. A later modification added
7.6 cm to the length of the drift tube to eliminate this component.

The tabulated measurements reflect this medification.

The high sticking probability of the liquid DOP particles to the
wall and to each other leads to the exaggerated loss condition. A pro-
nounced reduction in losses is observed for solid uranine particles.

: The E vs. plot shows a very sharp cut characteristic. Its long temm

stability (months) enables us to define the aerodynamic size of solid
particles whose final density is less well known. The slight down
shift of the solid particle loss peak compared with that of the liquid
is consistent with the expectation that large solid particles are more
likely to bounce.
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FLOW CONTROL

The null switch for the pressure sensor is set to reduce hys-
teresis errors to less than 0.5%. The repeatability in flow rate is
typically better than 0.2%. If constant pressure drop is maintained
across a set of fixed orifices, the mass flow, to a first approxima-
tion, is inversely proportional to the square root of the absolute
temperature. Aerosol concentrations are conventionally expressed in
units of mass per unit volume. Thus, the volume flow needed is direct-
ly proportional to the square root of the absolute temperature.

As the in-take air is cooled from 20°C to -35°C, the automatic
micrometer valve shows 1little adjustment as long as clean filters are
used in the device. When heavily-ioaded filters are in place, a
slight closing of the micrometer vavle is observed as the temperature
is lowered, suggesting the larger viscosity contribution to the pres-
sure drop across the loaded filter.

STABILITY AND RELIABILITY

The flow calibration drift over a three month period was measured
to be under 0.5%. The almost continuous sampling over the same. period
produced no detectable change in the 2.5 £/min limiting orifice behind
filter A.

The samplers have been extensively tested under laboratory condi-
tions by continuously recycling filters over an extended period. An
equivalent of 15,000 samples have been run as part of this study.
After eliminating obvious problems in the initial debugging period,
the average failure probability has been reduced to less than 0.1%

per sample.

LIMITATIONS

' A real instrument often falls short of ideal performance due to
compromises made to satisfy practical boundary conditions. The phys-
ical size of the apparatus sets an upper limit on the largest marticle
that may be efficiently sampled. For example, the 10 um part..ie loss
is less than 1.5% for liquid particles, but there is a sharp rise to
70% at 20 pm caused by impaction on sidewalls and by gravitational
settling.
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Some of the limitations arise from the properties of the filter
medium selected. An ideal filter should exhibit high filtration effi-
ciency, homogeneity, mass loading capability, and mechanical strength,
and should exhibit low trace impurity content, flow impedance, mass
thickness and moisture uptake, as required by beta gauge and X-ray
fluorescence measurements. Some of these requirements are obviously
mutually exclusive. The 1.2 ym cellulose membrane filter used is con-
sidered a good compromise. The power and weight considerations on the
vacuum pump lead to the choice of a pump that will maintain the desired
sampling rate of 50 &/min for up to a70o increase in filter impedance
over its nominal value of 26.2 torr-cm’/4/min. The correspondlng load-
ing on the fine particle filter, which bears the main flow, is about
200 ug/cm This leads to the llmltatlon that in heavily polluted air
with 100 ug/m of fine particles, the maximum sampling time will be
limited to approximately 4.5 hours.

As presently packaged in the sound insulated chamber, the pump
requires cooling air at a temperature below 35°C to avoid accelerated
wear.

*e

CONCLUSION

Of the thirteen samplers, ten are installed and operating in the
St. Louis RAMS network. It has been demonstrated that the virtual
impactor, with its distinct advantages over its conventional countei-
part, has fulfilled the need for an instrument to collect aerosols in
two strategic size ranges. The adaptability of the virtual impactor
to automation and its compatibility to other analytical instruments
suggests that it may be suited for wider use. Refinements on the
range of acceptable particle size, filter impedance and filter mass
loading should further improve its potential for large scale deployment.
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DESIGN, PERFORMANCE AND APPLICATIONS OF SPIRAL DUCT AEROSOL CENTRIFUGES

- Werner Stober

Fraunhofer-Gesellschaft zur Forderung der angewandten Forschung
Institut flir Aerobiologie
59L8 Schmallenberg, Germany

ABSTRACT

This paper gives a review of the design, the performance and the appli-
cations of spiral duct aerosol centrifuges as they are increasingly
used in aerosol particle size spectrometry and related aerosol research.
Background, advantages and limitations of this type of instrument and
1ts modifications will be discussed. Precision measurements of dynamic
shape factors on certain types of nonspherical particles as well as
applications to high-resolution size éistribution analysis will be
reported. Comparative studies of different authcrs on the possibility
of using the spiral duct aeroscl centrifuge as an absclute instrument
for aerodynemic size distribution measurements are complled from litera-
ture. Data on aerosol particle densities obtained with spiral duct cen-—
trifuges are reported and problems of measuring cigarette smoke and
dense aeroscls are discussed. An adaptations of a short spiral duct
centrifuge for applications to ambient particulate air pollution is
described and a recent feasibility stady of developing the instrument
into an aserosol mass distribution monitor by way of using piezo-ele~tric
quartz crystals as size-selective mass sensors is reported.
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DESIGN, PERFORMAINCE AND APPLICATIONS OF SPIRAL DUCT AEROSOL CENTRIFUGES

Werner Stéber .

Fraunhofer-Gesellschaft zur Férderung der angewandten Forschung
Institut flr Aerobiologie
5948 Schmallenberg, Germany

INTRODUCTION

Experimental research projects on airborne particulate matter generally
necessitate the analysis of aerosol particle size distributions at some
point along the course of the investigations. To serve this purpose,
various analytical methods, procedures and instruments have been devised
and used in the past. Most of these techniques involve a straightforward
precipitation of samples of the aerosol and a subsequent statistical
analysis by microscopic evaluation. During the last 30 years, however,
beginning with the development of cascade impaction by May 33 in 1945,

a size-related dynamic separation of particles prior to their precipita-
tion became of increasing interest to aerosol scientists. An obvious
reason for this was, of course, the simplification of the distributicn
analysis by the preceding experimental size fractionation, but there was
also the additional advantage that the forces effecting the dynamic size
separation were directly related to the stopping distance and the aero-
dynamic diameter of the particles, both of which parameters are of
fundamental importance in aerosol dynamics and in health hazard evalua-
tions of inhaled industrial aerosols. Thus, dynamic size separation for
distribution analyses was very desirable.

The first real aerocsol particle size spectrometer actually providing a
continuous size spectrum in terms of aerodynamic diameters was built ir
1950 by Sawyer and Walton“3. Their centrifugal device, called a coni-
fuge, deposited the particles according to their aerodynamic diameter in
a size range between 0.5 and 30 um on the outer wall of a rotatlng coni-
cal annular duct. Figure 1 shows a schematic diagram. The size separa-
tion was achieved by a iaminar stream of clean air enveloping the aero-
sol entrance at the apex of the cone and flowing down toward the base.
The aerosol particles, when entrained and leaving the apex, were subject
to the centrifugal forces and, thus, traversed the clean air layer in a
radial direction at a velocity determined by their aerodyramic size. Due
to this effect, a continuous size separation was obtained and particles
of egual aserodynamic diameter were collected in concentric rings on the

outer wall of the duct. At 3000 rpm, the instrument would permit an
aerosol sampling rate of 25 cm3 min~1.
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Figure 1: Schematic Diagram of the Conifuge Rotor and Housing

In spite of the promising aspects of this decigr concept, *the cenlfuge

did not receive much recognition for ~ure than £ ai’
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In reviewing the situation of certrifral aeinsel size o - tr ometry and
after assessing the limitations ! a ~-.oL-dlroersive S
‘duct aerosol centrifuge (Goetz, Stevercon and Yreinirg'-), iv way sug-
Ee%ted in 1965 (Stdter ana 7 ssack” Y hat the perlormence of tne coni-
fuge type size spectrometers could be imnroved by empocving rng alit
serosol entrarnces in medified designo frotoo - slamier g!
drical anaular ducts. It vas anticipatcd thet ring
would permit increased sampling rates =3 degized 1 Tras
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did, in fact, follow the theorenical wridi-tinas (Ltdua &
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In addition to the suggested conifuge modifications, the review also
conceived an entirely different cenirifuge design by combining elements
of the semi-dispersive Kast centrifuge!® with the winnowing air flow
arrangements of gravitational size spectrometers: On a disk-shaped
rotor, a duct of rectangular cross cection was to be wound into a spiral
in such a way that the aerosol inlet could be located at the axis of
rotation.

During the following years, a variety of ring slit centrifuges of the
conifuge concept as well as the first spiral duct centrifuge were built
and tested (Stbberb5; Berner and Reichelt?; Hochrainer and Brown'3;
Stéber and Flachsbartu8,h9). A comparison of the performence tests of
these devices indicated that from almost all practical points of view
the concept of the spinning spiral duct was superior to the other
designs.

The most important drawback of the ring slit instruments was the diffi-
culty of introducing the aerosol into the rotating duct without risking
substantial particle losses or significant flow disturbances. In addi-
tion, a desirable increase of the aerosol sampling rate of a conifuge
required a design of big instrument dimensions. Maximum rates reported
in such a case (Stéber and Flachsbart“8) were 1.2 liters min~! with a
range of deposited sizes about one order of magnitude (0.3 to 3.0 um).
Miniature designs suffered from greatly reduced sampling rates down to
12 em3 min™? (Hochrainer and Brown'3) and the gain in size resolution
was practically offset by increases in particle losses, In contrast, the
original spiral duct centrifuge (Stéber and Flachsbarth9) permitted
sampling rates of several liters per minute. Furthermore, the particles
were deposited cver a size range of almost two orders of magnitude,
while losses could be kept very low with suitable aerosol inlets. In
reducing the sampling rate to some 400 cm3 min~!, an excellent size
resolution not surpassed by any other dynamic spectrometer design could
be obtained.

LONG-SPIRAL-DUCT DESTGHS

The first spiral duct centrifuge was built at the University of Rochester
(Stéber and Flachsbart!9) with a total duct length of about 180 em. Al-
though it was not a perfect instrument from the engineering point of
view and comprised certain elements of overdesign, the new device could
immediately be applied to the research problems it was intended for.

Figure 2 shows a photograpn of the instrument with the rotor 1id removed.
The disk-shaped rotor has a diameter of 26.2 cm. The essential part of
it, the spiral duct, is of rectangular cross section and begins off-
center. Then, with the inner wall touching the axis of rotation, the
duct leads in a narrow semicircle from the center toward and parallel to
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Figure 2: Original Spirel Duct Centrifige (Rotor Housing Opened and
Rotor Lid Removed)
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Figure 3: Original Spiral Duct Rotor (View of the Top of the Rotor Disk:
Potor Lid Removed, Laminatcr Block and Aerosol Inlet Section
Inserted)

duct at the off-center inlet and passes first through an inserted lami-
nator which subdivicdes the flow ty five thin parallel foils extending in
the coaxial direction. In this way, the clean air is quickly stabilized
and emerges as a laminar flow from the down stream end of the inserted
section. A new simplified laminator will be described later in this
paper. The air then spproachec an exchangable aerosol inlet at the cen-—
ter of the rotor, where the aercsol enters ccaxially through a non-
rotating center becre of 0.L8 cm. The aerosol is released into the duct

as a thin layer parallel to the inner wall. Subsequently, it is entrained
into the laminar air flow.

-y

Different aercsol inlets may te used for different purposes. For high
size resolution, where reduced flow rates must be employed, a narrow
slit design adjacent to the inner wall is very useful. For minimum par-
ticle losses, an open cut-away design of the rotating section of the

od'Y
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center bore extending into the duct

is the best solution. Such an inlet
secticn is shown in Figure 4. A syste-
metic investigation of the influernce
of dlpperﬁrt inlet arrangement° was
made by Moss, Ettinger and CoulteL35.

ize separation in the spiral duct
simple process., Cn leaving the
r of rotation, the serosol par-
g are subjected to centrliuga¢
forces and start movi,5 in a radial
lLreet.on soress the alr etream. Their
Jeotories depend upcn the operating
con@iltione of the centrifusce and the
2670¢y netn e Size of v“he particlss
Thua, while the air is drawn dcown the
spirsl duct foward the outle%, the
particles sre deposited, according to
their size, ir. different locations on
the chromium~plated foll or some other
msertea ocilecting surface along the
outer wall, The deposit represents a
zontinucus size speztrin in terms of
decrearing aercdynamic diameters be-
ginning near the aerosol inlet and o fﬁ;olng to the end of the spiral.
To facilitate the analysis, tre ecljizcting foll can easily Le removed
{rom the instrument.

*

Figure 4: "Cut-away" Type of
Aeroscl Injet Section
for Minimum Aerosol
Losses at Entrance

The original arrangement for the flcw controis of the spirasl centrifuge
wus essentially an open system rel  irg on a source of compressed cliesan
air and a suction line. In principle. ihe suctior line valve controlie
the total flow through the spiral duet and the cless. alr prescurs had

to be adjusted in such a way thet only the desired small “~action of the
wetal flow was drawn in through the sorosol inle®, This a”*“ngement re-
I ires extremely stable pressures and sutpressures but it ig not very
serngitive to small leakages which cceour particularly whe +1c sealed
bearings of the shaft housing are w.rrn.

Ln more recent spiral centrifuge Jesigns, moAsrn V~v*“gs repleced ox
rightened the sealed bearings (e.g. Ceseburg and Reos37 ; Stérer, Franzes
and oteinhanse557) so that a simple zicsed alr circulation system could
be devised where the total flow ig set by a valve while the ¢ . rolled
tleeding from the pressure line dsiermines the agercsol sampl.w . rate.

Die %o the complexity of the geomestiy and the physirrl condl
spinning spiral duct, no quantit t*vo tneoretical model for

vattern was devised. Instead, empiricel calidraiicns ware mu
aifferert operating conditions. Typical results for the original design
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Figure 5: Calibration Curves of the Original Spiral Duct Centrifuge for
Different Operating Conditions

as obtained with monodisperse latex test aerosols are shown in Figure 5.
The curves indicate a maximum range of deposited particle sizes from
below 0.09 um to above 5 pm, thus covering almost two orders of magni-
tude.

The graph also reveals another significant feature of the long-spiral-
duct centrifuge: For small particle sizes around O.1 um, the deposit
location of the particles is no longer strongly dependent upon the cen-
trifugal forces acting on the particles. The upper two curves of Figure 5
show this quite clearly. They indicate that near the end of the spirsl
duct the motion of the particles toward the collecting surface is pre-
dominantly controlled by factors other than the centrifugel forges.

There is, indeed, experimental evidence (Stdber and Flachsbart ° ) that
the deposition of particles at long distances down the duct is primarily
due to an entrainment and transport of the particles by a slow secondary

o
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. tex flow. Figure 7 shows the stresmiine patters of a fully deve¢op d

double vortex flow in the cross sectio-—
nal plane of the duct. In g spinning
concentrical duct, Tillery®! succeeded
to obtain a visible track of the double
vortex flow by collecting a fluorescein
aerosol on a filter placed into the
cross section near the end of the duct.
Figure © shows a photograph of the fil-
ter deposit. This double vortex flow
can be expected to exist because of the
on & Filter in & cufvapure of the duct (Dean;) and, on &
Curved Duct antrl— ffanilng r?uor, even ﬁore so because of
fuge ( Tllleryg vhe gcrlplis forces. ;h?se for?es are

created by the motion of the air rels-
tive to the spinning rotor. Under the
standard direction of rotation of the spiral duct ~entrifuge they act
perpendicularly toward the outer wall cf the duct and, ex;ep+ for a
slight reduction at the center of the rotor where the duct is wider and
the flow velocity reduced, they remain at constant strength throughout
the Entire duct. A different assessment made earlier (Stdber and Flachs-
bart was incorrect because it accounted only for the circular compo-
nent of the Coriolis force.

Figure 6: Secondary Double
Vortex Flow as Imaged
by an Aerosol Deposit

Theoretical attempts of computing the secondarg flow by assuming steady-
state conditions (Stdber, Hederer and Horvath?0) were made according to

a solution from boundary layer theory (Ludw1ng3o) and by deriving a
numericel solution of the simplified Nevier-Stokes eguations for crosp-
ing flow. In both cases, however, the results were guertitatively net in
keeping with experimental evidence. Insteed, the Tndwieg apgroach con—
fined the secondary flow to the boundary lsyer while tne craeping flow
solution gave flow velocities for thz dou:le vortex which were higher
than compatible with the undisputediy proper function of the spiral duct
centrifuge a&s a size spectrometer. This suggests strcngly that the actual
secondary flow situation in the duct is a case of deveioping doutle vor-
double vortex flow in the cross scctional plane of the duct as il ated
under creeping flow conditions.

Apparently, a full development of the secondary double vortex flow will
ve detrimental to the instrument pesformance end has to be avoided. As
¥nowr. from experimental and theoreticsl evidence, the veortices can be
confined to areas adjecent to thz small sides of the cross section if
the duct approaches the shape of & slot. In cther words & high aspect
ratio of height to width of the duct is desirable. Thus, tae Twrelopment
of the double vortex will become less influential by either ilucreasing
the depth or reducing the width of the cuct. The former was dcne ir rhe
modified designs mentioned earlier ir this paper. Figure 8 shows & com—
parison of two calibration curves otrtained under compareble oueratirg
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Figure T
Theoretical Pattern of
a Fully Developed Secon—
dary Double Vortex Flow
under Creeping Flow Con-
ditions

conditions for the original design and
for the 5.08 cm deep duct modification
(Moss, Ettinger and Coulter35), respec-—
tively. Evidently, the development of
the double vortex in the latter design
(aspect ratio 5.1 : 1) is less pro-
nounced so that the deposition of small
particles around 0.1 uym diameter re-
quires greater distances down the duct
than in the original instrument. The
improvement is gradual only. Since tech-
nical reasons practically inhibit sub-
stantial further deepening of the duct,
a reduction of the width would be the
method of choice for more effective
vortex suppression.

LIS

In all performance tests and applica-
tions of the original spiral duct cen—
trifuge at ambient temperature, it be-
came apparent that the thermostat ar-
rangement for the rotor housing was
actually not needed and the housing
itself was a source of additional air
friction and heat generation (Moss,
Ettinger and Coulter3°). Thus, in sub-
sequent models intended for work at
ambient temperature, the rotor housing
was omitted and cooling arrangements
were confined to the shaft bearin%s
(StBber, Franzes and Steinhanses?®').
Without the rotor housing, a modified
design of the non-rotating aerosol in-
let tube as introduced by Moss, Ettin-
ger and Coulter3> became necessary.
Figure 9 is a schematic drawing of a
nore recent design.

-
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PERFORMANCE AND APPL[.CATIONS OF LONG-SPIRAL-DUCT CENTRIFUGES

§

In the paper describing the first spiral duct centrifuge (Stdber and
Flachsbart“9), the instrument was applied to the determination of rela-—
tive aerodynamic diameters of clusters and chains of latex spheres of
uniform size. By exploiting the unprecedentedly high size resolution of
the instrument at low sampling rates around 1% of the total flow, it was
possible to discriminate clusters of up to 23 primary latex spheres. Thus,
their aerodynamic size could be measured directly by the location of their
discrete deposits on the collection foil as shown in Figure lo. Electron
microscopic work was merely required to confirm the identity of the clust-
ers making up the particular deposits. Other electron micrographs further
revealed that chain aggregates of more than three spheres, which were

less frequent and not found as discrete deposits, were interspersed

among the clusters and could be identified in specific locations by elec-—
tron microscopic screening. Figure 11 shows a deposit of quintuplet

chains interspersed with other aggregates of various forms.

ta

Figure 10: Photograph of Deposits of an Aerosol of Uniform Latex Spheres
of 0.71 um Diameter and their Aggregates on the Foil Strip of
the Original Spiral Duct Centrifuge as Obtained under high
Size Resolution Conditions

Tables 1 and 2 give a summary of the data obtained (Stéberh6). The se-
cgnd columns show the relative aerodynamic diameter fh, which is the ra-
tlg between the aerodynamic diameters of an aggregate and its n uniform
primary spheres. The third columns give the parameter ¥, defined as the
square of the ratio between the equivalent volume diemeter and the Sto-~
kes diameter of the aggregate, thus being equivalent to the dynamic sha-
pe factor k except for the influence of the slip correction.

The most interesting experimental result for the aggregate particles

was the fact t@at fyn and k were practically independent of the absolute
size of the primary spheres. The mean error of the mean values of the
measurements with primary latex spheres of sizes between 3.5 and O 13 um
ranged from 0.2 to 0,8%. Systematic changes due to th beon

. : : e decreasin -
lute sizes must have remained within these limits. § abso
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Table 1

Dynamic Data of Cluster Aggregates
(0.13 ym < Dy < 3.5 m)

n £y 3 Dy Dy
1.0 ym 0.1 um
2 1.189 1.123  1.115 1.080
3 1.343 1.153  1.1Lk 1,102
Lo1.471 1.165  1.15 1.113
5 1.568 1.i8¢ 1.180 1.120
6 1.676 1.175 1.167 1.123
7 1.748 1.198  1.189 1.140
8 1.812 1.218 1.209 1.155
9 1.887 1.21 1.206 1.155
10 1.936 1.238  1.228 1.172
11 1.996 1.2U41 1.231 1.175
12 2.043 1.256 1.2L46 1.187
13 2.107 1.246  1.237 1.187
1y 2,159 1.246  1.237 1.182
15 2.211 1.24h  1.235 1.182
16 2.25h 1,250 1.235 1.187
17 2.297 1.253 1.244 1.190
18 2.328 1.267 1.258 1.201
19 2.370 1.267 1.258 1.201
20 2.428 1.250  1.2h42 1.190
21 2.L87 1.230 1.223 1.176
22 2.537 1.220  1.213 1.169
23 2.577 1.217 1.210 1.167
Table 2

Dynamic Data of Chain Aggregates

> 0.3 um}
(Dy > 0.3 um;

n £, '3 Dy Dy
1.0 um .1 um
2 1.189 1.123 1.115 1.080
3 1.280 1.270 1.25k 1.177
4 1,380 1.323 1.30% 1.214
5 1.h2C 1.450  1.42s 1.297
6 1.450 1.570 1.538 1.276
7 1.480 1.671 1.634 1.4k
8 1.520 1.731 1.691 1.1483

363



4
.

Figure 11: Electron Micrograph of a Deposit of Quintuplet Chain Aggre-
gates Interspersed Among Other Aggregates of Uniform Latex
Spheres of 0.71 ym Diameter as Obtained under High Size Re-
solution Conditions on the Foil Strip of the Original Spiral
Duct Centrifuge

This finding has an important consequence. Since ¥ is practically con-
stant for an aggregate of given shape regardless of the absolute size

within the slip regime, it is acceptable to calculate the actual dynamic
shape factor by

C(nl/?’ Dl)
K = —_
C(anl)
where
_ b
2
¢cd) = 14— (a+aqe 22

is the Knudsen-Weber slip correction with empirical constants

(A =1.246 , @ = 0.42 , b = 0.87) and the mean free molecular path
length of air molecules (A = 6.53x107® cm). Values of « at primary
sphere sizes D; of 1.0 and 0.1 um are included in Tables 1 and 2.
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Investigations on several shape factors of irregular particles and
aggregates were made with the original long-spiral-duct centrifuge by
Kotrappa20,21, Particles of a low grade coal, uranium dioxide, thorium
dioxide and quartz in a range of respiratle sizes between 0.2 and 5 um
were deposited and gnalyzed. Table 3 summarizes the results, which were
discussed by Davies®. It was argued that the shape factors ¥ and a,
which both depend upon the particle mass, were too high for coal and
quartz to be consistent with other data. This suggests that the mass
determinations by beta-activity measurements of the activated ash con-
tent of the coal and by colorimetric chemical analysis of the gquartz
may have been in error. In contrast, the mass—independent ratio between
‘the projected diameter as observed in the electron microscope and the
Stokes diameter as obtained with the spiral duct centrifuge showed re-
gular values.

Table 3

Shape Factors of Respirable Particles of Low
Grade Coal, Uranium Dioxide, Thorium Dioxide

and Quartz
Size range K a D
p/
D_ (um) Dgt,
D
Low Grade Coal 0.56 + L.2T 1.80 (O.38 ) 1.42
1.0 1.95 ‘+0.02° 1.53
Uranium Dioxide 0.21 + 1.68 1.22 (0.33 ) 1.39
1.0 1.28 Y20.03" 1.k42
Thorium Dioxide 0.23 <+ 3.38 1.06 ,0.22 ) 1.67
1.0 0.99 ‘+0.02° 1.57
Quartz 0.7 + 2.0 1.90 0.35 1.55
0.2 + 2.0 - ~ 1.53
1.0 1.82 0.34 1.53

D, ¢ Projected diameter in the electron microscope
p e,

Dgt: Stokes' diameter

¢ : Dynamic shape factor (average of

o ! Volume shape factor size range stated

Another study on dynamic shape factors focussed on elongated particles
like asbestos fibers (Stdber, Flachsbart and Hochrainer56). The results,
. when compared to theoretically aveilable dynamic shape factors of pro-
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late spheroids, favored the assumption that, in laminar duct flow, the
Pibers are predominantly orienting their polar axis parallel to the
streamlines. The study also showed that the aerodynamic size of a fiber
is closely related to the actual diameter of the fiber while the length
is almost immaterial. Figure 12 is an electron micrograph of & spiral
duct deposit of amosite asbestos fibers, all of which have an aerodyna-
mic diameter of 1.675 um as indicated by the black sphere in the graph.
By extrapolating the empirical findings with chain aggregates of uni-
form latex spheres to long fibers, a semi-theoretical model permitted
the derivation of a relationship

Dye = <%>1/3(;§;)1/2<2/D>1/GD

between the aserodynamic diameter Dge, the actual diameter D, the length
2 and the density p of the fiber. With pyg representing unit density, the
empirical factor k can be calculated from experimental data obtained
with the spiral duct centrlfuge. For amosite and crocidolite, a value
of k = 1.08 was found assuming p = 3 grams cm —3. This compares reason-

Figure 12: Electron Micrograph of a Deposit of Asbestos Fibers (Amosite)
of 1.675 ym Aerodynamic Diameter as Obtained under High Size

Resolution Conditions on the Foil Strip of the Originel Spi-
ral Duct Centrifuge
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ably withk = 0.86 for chain aggregates, although the asbestos data
showed considerable scatter around the regression line as indicated
by Figure 13.

Recently, a study by Kops, Dibbets et al.'® indicated that the empi-
rical relations obtained for the aerodynamic dismeters of chain and
tluster aggregates of uniform spheres can be extended to aggregates of
e large number of small spheres as produced by the exploding wire tech-
nique. The authors measured the aerodynamic diameters of aggregates of
six labeled iron oxides (59Fe) and two gold aerosols (198Au) of diffe-
rent primary particle size distribution in a long-spiral-duct centri-
fuge. Subsequently, they evaluated the electron micrographs taken of
the deposits. For the primary particle sizes, log-normal distributions
were obtained from the micrographs while the pattern of the logarithms
of the equivalent volume diameters, ac represented by the logarithms of
the primary particle numbers n of the aggregates, versus the logarithms
of the aerodynamic diameters had two apparent regimes divided at a va-
lue of n ¢ 10%. Within these regimes, the log-log size pattern followed
distinct relationships correspondig to those which were respectively
derived for chain and cluster a%gregates of a few uniform spheres (Std-
ber, Flachsbart and Hochrainer>®). Figure 14 gives an example for iron
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Figure 13: Regression Line of Experimental Data of Asbestos Finers
(Crocidolite) Arranged According to a Semi-Theoretical
Aerodynamic Diameter Model
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T T T T T T T TT1T7 Figure 14: Relationship

N between die Number n
of Primary Particles
and the Aerodynamic
Diameter Dg. (in um)
of Iron Oxide Aggre-
gates Generated by an
Exploding-Wire Techni-
que (Kops et al.18)

1 ] | 1111 1 b p1i

0.2 0.5 1.0

oxide aggregates of primary particles of a median size of 51 = 0.027 um
and a geometric standard deviation of o, = 1.8. In the lower regime, the
aggregates, shown in the left half of Pigure 15, resemble chain aggre-
gates. The regression line corresponds here to

P 1/2 - 2(lno,)?
Dae = (m) rll/6 Dy e g

In contrast, the aggregates in the upper regime as shown in the right
half of Figure 15 are closer to a cluster shape and follow a relation-—
ship
2
3(10 0g)®

pp1_)1/2 nl/3 518 2
O.rx

jw]
t

ae

With these designations, the values of k and k, the latter representing
the dynamic shape factors of the aggregates except for the influence

of particle slip, can be calculated in both regimes and, by comparison,
a value of n for the transitional range can be found. Table 4 gives the
data.
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Figure 15: Electron Micrographs of Iron Oxide Aggregates Generated by
an Exploding-Wire Technigue and Deposited in the Spiral Duct
Centrifuge; left side: Strand Shapes (Low Number of Primary
Particles, Dge = 0.259 um); right side: Cluster Shapes (High
Number of Primary Particles, Dge = 0.925 um); (Kops et al.

Table L

Dynamic Shape Factors x for Aggregates of Iron
Oxide spheres from an Exploded Wire

primary size chain shape cluster shape  ‘transition
(Lower regime) (upper regime) range
D1 - -
g k K K n
um g
0.020 1.8 0.842 0.596 n'/3 7.63 2100
0.02h 1.8 0.939 0.665 n”3 13.13 7700
0.027 1.8 1.050 0.743 n'/3 10,46 7400
0.041 1.8 1.294 0.916 n'/3 15,74 5100
0.043 1.8 1.349 0.955 n7/3 15.50 4300
0.047 1.8 1.459 1.033 n'/3 15.02 3100

369



The high size resolution capability of the long-spiral-duct centrituge,
which was successfully exploited for dynamic shape factor studies and
similar investigations, can also be utilized for dynamical measurements
of the particle size distribution of nearly monodisperse aerosols. This
was done in a study of the parameters which influence and limit the si-
ze resolution of the long-spiral-duct centrifuge (St&ber and Flachs-
bart?0). The study showed that the size resolution is directly proport-
ional to the absolute value of the slope of the calibration curves as
plotted in Figure 5. Thus, for the favorable range between 18 and 70 cm
along the sampling foil, it could be shown that the size resolution pri-
marily depends upon the ratio of the aerosol sampling rate F,  to the
total flow F, and a relationship

ap | Fae
D - F

was derived. This was confirmed experimentally by the fact that the
area covered by the deposits of uniform latex spheres could be reduced
with decreasing aerosol sampling rates. However, no further reduction
was obtained for aerosol sampling rates below 2 %. At this rate, the si-
ze resolution seemed to be better than 0.5 %, which can be concluded
from the fact that very small relative standard deviations of 1.4 to
2.4 % as obtained for latex spheres in the electron microscope (Heard,
Wells and Wiffen!!) were redetermined with the long-spiral-duct centri-
fuge within 0.4 % or better. Figure 16 gives the number distribution of
quasi-monodisperse latex spheres of 0.357 pm diameter as obtained by
electron micrographic count evaluation of a spiral duct deposit.

Similarly, in an investigation by Oeseburg, Benschop and Roos38, the
narrow size distributions of dioctyl phthalate (DOP) aerosols from a
condensation generator (Lassen®?) were studied with a long-spiral-duct
centrifuge. The authors found relative standard deviations of about 10 %
in the micron size range and felt that small experimental deviations
from a theoretically expected log-normal distributilon could be attritu-
ted to coagulation processes in the generating system. Figure 17 shows
some of their normalized data and the curves of the log-normal distri-
butions they approximate.

When utilizing the long-spiral-duct centrifuge as an absolute instrument
for sampling and analyzing polydisperse aerosols, two adverse influences
have to be considered: With increasing size, the particle losses in the
aerosol inlet will become increasingly significant, and, for small sizes
precipitated way down the duct, the deposit concentrations may be distor-
ted by the secondary double vortex flow discussed earlier. To assess the-
se effects, a comparative study was made (Stober, Flachsbart and Boose55)
to detect systematic deviations between the spiral duct centrifuge, an
electrostatic and two thermal precipitators as well as a cascade impac—
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Figure 16: Size Distribu-
tion of Quasi-Monodis-
perse Latex Spheres of
0.357 um Nominal Diame-
ter as Obtained by Eva-~
luating the Deposit
Concentrations of an
Aerosol Sampled under
High Size Resolution
Conditions in the Spi-
ral Duct Centrifuge
{Data Points and
Approximated Normal
Size Distribution
Curve)

0 :
30 35
D (10° cm)

tor by analyzing model aerosols of fluorescein deposited simultaneous-
1y in these instruments. For three different test aerosols, it appeared
that practically no corrections were necessary because of the random na-
ture of the deviations between the instruments. The data of the long-
gpiral-duct centrlfuge were quite consistent but, possibly, somewhat
insensitive for sizes near 0.1 um. Figure 18 gives a typical result for
the size distribution analyses to be compared. Furthermore, a compari-
son of the cumulative data of the centrifuge and the cascade 1mpactor
tfevealed that, with the particular aerosol inlet system employed in

the centrifuge for this study, there was an upper size limit around

2 um for partlcle sizes actually sampled on the centrifuge foil. This
cut-off size was lower than theoretlca%ly expected, a result which was
also observed by Ferron and Bierhuizen®. Figure 19 gives the probabili-
ty plots of the cumulative mass distributions to be compared.

In a very careful absolute calibration study which was made by Xops,
Hermans and van de Vate'® with regard to the deposition along the cen-
ter line of the sampling f01l of a long-spiral-duct centrifuge with a
duct of L.5 cm depth, thq authors did find systematic deviations be-
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Figure 17: Size Distribu-
tions of Dioctyl Phtha-
late Aerosols and Their
Approximations by Loga-
rithmic Normal Distribu-
tion Curves (Median Dia-
meters of 0.64 ym, 1.07
um and 1.33 um, respec-
tively; relative stan-
dard deviations 10 to
12 %); Oeseburg et al.3B

Figure 18: Particle Size
Distribution of a
Fluorescein Aerosol
Measured with the Spi-
ral Duct Centrifuge
(Open Circles and Cur-
ve), a Thermal Preci-
pitator (Closed Cir-

i cles) and an Electro-
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Figure 19: Logarithmic Probability Plots of the Cumulative Mass Distri-
bution Data of a Fluorescein Aeroscl M:asured with the Spi~
ral Duct Centrifuge (Circies) and a Cascade Impacior (Tri-
angles)

tween the size distribution analyses of the cent rlfugo and an elzctro-
static point-to-plane precipitator. Instead of using the Jderivative of
the calibration curve & = t(Dge) for the conversion of deposgit concern-—
trations into size frequencies as required by & simple mathematical mo-
del (Stober and Flachsbart®0), they determined a special experimental
correction function for the actual operating ccnditi.ns employed in the
study. Figure 20 shows the correspouding graphs. The experimental data
show good reproducibility and although the validity of +the correction
function hinges somewhat on the assumpticn that samp ling with che elec-
trostatic sampler was not size-selective (van de Vat eb ), the relative

ttern of the correction factor P applicable +2 =he derivative of the
cd¢1bra ion curve is physically meaningful. Figure 21 is rescaled from
the data by Kops and coworkers to bring P closc to unity in the almost
size-independent range between 0.2 and O.L um. Tnen, for smaller sizes
the increase of P > 1 indicates the compounding of particles a's .. the
center line of the collecting foil due to secondary double vort.: flow,
while the decrease P < 1 for larger sizes may be due to particle losses
in the aeroscl inlet system used in the study.

R
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-~ Figure 20: An Experimentgl.:
Correction Function
fo(Dge) by Kops et a1.19
Replacing the Derivative
of the Size Calibration
Curve (3%(Dae)/dDae, up-
per curve) in Computing
Size Distribution Data
- from Deposit Concentra-
tions in the Spiral Duct
Centrifuge

5 1 1 FE
O o2 05 -0
Dge (10™“cm)

Kops and coworkersl9 also investigated the influence of temperature im-
balances of the rotor housing on the deposition patterns of aerosols of
uniform latex spheres and their aggregates. They found that the deposit
location remained unchanged but that the regular shape and the symmetry
of the deposits could be distorted by thermal forces. Figure 22 shows
typical results.

The influence of the curved contours of the deposits obtained under re-
gular operating conditions and the changes of the deposit concentration
across the foil at given foil lengths have been investigated by Ferron
and BierhuizenB. These authors used radiosctive NaCl aerosols in their
study and found that, for given strip widths of 2.4 and 0.8 cm around
the center line of the foil, the deposit concentration was representa-
tive for mass distribution measurements within the first half of the
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Flgure 27: selative Correction
Pactor P for Transforming
the Experimental Correction
Function £a{Dgye) into the

2 : ] Derivative of the Size Cali-

| Yeatlon Curve {vescaled

aftar Lovs et al.19)

|
05 +
01 02 05 10

Dge (10 4cm)

length of the loil. PFurther down the duct, there coci-rad -rratic depo-—
sits along the edges of the downstream half ¢ ftno inis effect is
apparently due to the double vortex sccoranzy .04 r.on and hag
been found for other polydisperse aerosols 10 (Timre 23}, A typical

result obtained by Ferron and Bierhuizen” at 1500 total flow

of 10 liters min™! is shown in Figure 2L 7=p < - ~o oo aicng the
foil. The authors gave no correction functior. ali~io .z uld be
worthwhile to establish such function by disr=gariire the peracsitic de-
posits within about 5 mm of the edges of the foll cr utiliziig ~nly the

center line area as done for number dictributicn.s oy ¥Fous and - - orkers!9
(Fig. 217).

An interesting study of the size distributicon of ciivn d cigarette smcke,
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Figure 22: Deposit Patterns of a Latex Aerosol (Primary Particle Size
0.357 um) at Different Thermal Gradients Maintained at the
Centrifuge Rotor; (Temperatures T4 at the Rotor Top, Tp at
the Rotor Housing, T3 at the Bearings) from Top to Bottom:
a) Ty= 359C, T, = 250C, T3 = 15°C;
Cs

LIl

b) Tq= 150C, Tp = T3 = 25
c) Ty= 15°C, Tp = 25°C, T3 = 359C;
d) Ty= Tp = Ty = 259C

(Kops et al.19)

undiluted particulate car exhaust and atmospheric aerosolﬁ by means of
the long-spiral-duct centrifuge was made by Porstenddrfer O, The author
labeled the particles by attaching 220Rn decay products to the aerosol
particles. Then he used a multi-channel analyzer for the number distri-
bution analysis of the deposit. Depending upon the age and the dilution
of the cigarette smoke, he found mean particle sizes from 0.21 to O.hlhym
diameter. For the particulate matter in Diesel and gas engine exhaust,
mean diameters of O.14 and 0.18 um, respectively, were determined. The
atmospheric aerosol had a distribution similar to the Dae“u—distribution
postulated by Junge15.

In his measurements with cigarette smoke, Porstenddrfer used a maximum
aerosol flow of abcut 2 % of the total flow through the centrifuge. The
aerosol sample consisted of at least 10-fold diluted cigarette smoke so
that the smoke flow in the centrifuge was only 0.2 % or less. This ar-
rangement gave apparently reasconable results for the mean diameters of
the smoke particles. In contrast, long-spiral-duct centrifuge experi-
ments with undiluted cigarette smoke at a high relative aerosol flow ra-
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Figure 23: "Parasitic" Deposits of Folydisperse Aerosols along the Edges
of the FoilStrip of the Spiral Duct Centrifuge;
Top: Cigarette Smoke with Heavy Edge Deposits beyond 30 to
40 em Foil Length;
Botiom: Fluorescein Aeroscl with Significant
beyond 80 em Foil Length;
(unpublished University of Rochester Photographs, L. Schwartz
and H. Flachsbart, 1970)

&)

dge Deposits

te of 10 % (Stdber and Osborne®?) gave rather irregular results. A rou-
tine evaluation of the surprisingly short deposit obbained under this
condition indicated an improbably high minimum size of 0.88 pm for the
diameter of the smoke particles. On the other hand, running the instru-
ment as a semi-dispersive device by using no clean air and, abt a compa-
rable total flow rate, filling the whole crose secticn of the duct with
cigarette smoke through the zserosol inlet, a minimum diameter of 0.26 um
or less could be observed. This suggested that either the deposition pat-
tern in the spectrometric test involved a cloud settling effect of the
dense cigarette smoke or a different density of the gas phase caused a
distortion, i1f not both effects contributed.

The possibility of deunsity influences was systematically investigated
(Martonen and Stéber32) by testing a variety of clean winnowing gases
against latex aerosols with gas phases other than air. The .-ver pho-
tograph in Figure 25 shows an impressive case of Jeposit di-t-rtion cau-
sed by a relatively heavy aerosol gas phase concisting of carbon dioxide
entrained by air as the clean winnowing gas. This result indicates that
precise measurements with the spiral duct centrifuge should not involve
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the confluence of gas phases of significantly different density. The

gas phase of cigarette smoke is about 6 % denser than air (Martonend')
which certainly accounts for some of the distortions of an undiluted re-
lative smoke flow rate of 10 % in the spiral duct centrifuge. The magni-
tude of the cloud settling effect of undiluted cigarette smoke is still
under investigation.

For all aerosol particles of known dynamic shape factor, the spiral

duct centrifuge can be used to determine the density of the particles.
To achieve this, a suitable electron microscopic inspection of the de-—
posited particles permitting the determination of the particle volumes
must be performed. Such measurements can actually be made on single, se~
lected particles, but there is the disadvantage that only the square
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Figure 25: Foil Deposits of a Latex Aerosol; Top and Bottom at Same
“rale in cm (Primary Particle Size 0.48 um)
.~ "Top: Regular Deposit (Aerosol Gas Phase: Air; Winnowing Gas:
’ Air)
- Bottom: Irregular Deposit (Aerosol Gas Phase: Carbon Dioxide;
Winnowing Gas: Air)

root of the density is obtained experimentally and the precision is li-
mited to the accuracy of the determination of the aerodynamic diameter

of the particle. For this diameter, the absolute accuracy of the spiral
duct aerosol centrifuge is estimated as 5 % so that an error of some

10 % for the density value of a single particle is not unusual. However,
when a large number of chemically identical particles of different size
is investigated, the data may become quite consistent. In the simple case
of spheres, such investigations are reported. Moss, Ettinger and Coul-
ter35 used a long-spiral-duct centrifuge for measuring the density of
submicron iron oxide spheres (0.12 to 0.8 um in diameter) and obtained

a mean value of 2.53 grams em™3, which is within one per cent of the va-
lue found for largﬁr iron oxide spheres with independent methods by Sper-
tell and Lippmann . This indicated that there was no significant change
in the density of iron oxide particles over a wide range of sizes. Si-
milar conclusions could be drawn from other measurements vy Moss and co-
workers concerning spherical f}% ash particles in the 0.4 to 2.9 um dia-
meter range (p = 3.83 grams cm ~) and a laboratory aerosol (L4 : 1 methy-
leng blue: uranine) between diameters of 0.6 and 2.2 ym (p = 1.37 grams
cm™2).

Aerodynamic particle density determinations of this kind can reveal syste-—
matic errors of the calibration of the spiral duct centrifuge if it is
safe to exclude density variations. This is shown in a study o: “ne den-
sity of laboratory aerosols nebulized from diluted ammonium fluorescein
solutions (Stdber and Flachsbart”'). Whea these polydisperse aerosols of
spherical particles were sampled under high size resolution conditions,

a correction of the calibration curve became necessary to obtain consist-
ent density data for the different particle sizes.
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Figure 26 : Relative Standard Deviations of Local Deposits on Electron
Microscoplc Grids along the Foil Strip of a Spiral Duct Cen-~
trifuge after Drying and Sampling Polydisperse Fluorescein
Aerosols Generated from Ammonium Fluorescein Solutions of
1 % (open circles) and 2.5 % (crossmarks)

In the same study, the evaluation of the electron micrographs further re-
vealed that in all locations along the foil strip of the centrifuge, the
local deposits had narrow Gaussian normal distributions whose standard
deviations reflected the size resolution in that location. Figure 26 pre-
sents the results in terms of relative standard deviations for the lower
end of the'size range of a long-spiral-duct centrifuge where the size re-
solution deteriorates for reasons discussed earlier. Nevertheless, even
at the small aerodynamic diameter of 0.08 um, the standard deviation of
the sizes found in that location is still less than 12 %. This is a value
which, by several definitions, still permits the term "monodisperse' to
be used for the size dispersity of such local deposits (Fuchs and Sutu-
gin?, VDI Guidelines®%).

The occurrence of Lighly uniform sizes at any given location along the
foil strip of the long-spiral—-duct centrifuge was exploited by Kotrappa
and Moss?® for preparing monodisperse samples from polydisperse aerosols
of insoluble, almost spherical fused clay particles, After deposition,
the size-selected samples were resuspended in air, thus forming the de-
sired monodisperse aerosols of the clay material as needed for inhalation
studies.
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In many other applications of the long~spiral-duct centrifuge, the in-
strument has been used as a convenient laboratory tool to characterize
the aerodynamic size distribution of test aerosols. An example of this
kind is the study by Blachman and Lippmann3, who investigated the per-
formance of multicyclone aerosol samplers. Similarly, van Buitenen and
Oeseburg®3 used a long-spiral-duct centrifuge for comparing "light scat-
tering diameters" of aerosol particles with aerodynamic data. Heyder and
Porstenddrferl? also reported optical and aerodynamic aerosol measure-
ments involving a long-spiral-duct centrifuge. The literature on appli-
cations of the long-spiral-duct centrifuge in the laboratory seems to be
expanding. However, no field applications have been reported so far, al-
though there is a potential for this kind of work in view of the feasi-
bility of sampling rates of some 3 liters min ! at size resolutions
around 15 % .

SHORT SPIRAL DUCT DESIGNS

For many applied research problems, particularly in dust control or
health hazard evaluations of aerosols in industrial hygiene, 1t would be
sufficient to obtain simply a gross value of the total mass concentration
of all particles of less than about 0.3 um aerodynamic diameter rather
than the actual mass distribution below this size. Thus, it would be
worthwhile to replace the corresponding far—end section of the long spi-
ral duect by a suitable aerosol filter and to confine the aserodynamic di-
stribution analyses to the larger sizes. For gravitational spectrometers,
Walkenhorst6® introduced such filter arrangement in 1965 at the end of
his horizontal duct and actually obtained filter deposits with a conti-
nuous size separation.

The first short-spiral-duct centrifuge with an exit filter was built by
Kotrappa and Light?3. By leaving the range of smaller sizes to a back-up
filter, they reduced the length of the collection foil to 46.2 cm and
coiled it into a rotor of less than 18 cm diameter. Unfortunately, the
authors misconceived their design called the Lovelace Aerosol Particle
Separator (LAPS) by employing a duct of expanding radial width which can-
not possibly bring an improvement of the instrument characteristics (Std-
ter*7) because of reasons of secondary flow discussed earlier ir lhis pa-
per. The expanding spiral was supposed to deposit a given particle size
at a shorter distance from the aerosol inlet than in a duct of constant
width. According to Kotrappa and Light?"“, an increase of the ratio of ex-
pansion of the duct would increase the range of deposited sizes. It ap-
pears obvious and could be shown though*?, that Lhese expectations are
clearly unfounded.
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Figure 27 : Expanding Spiral Duct of the Lovelace Aerosol Particle Sepa-
rator without Aerosol Inlet System and Laminator (Photograph
by Lovelace Foundation, Albuquerque, N.M.)

Figure 27 shows a photograph of the expanding spiral duct of the LAPS.
The increasingly unfavorable aspect ratio of the cross section of the
duct (2.1 :1 to 0.8 : 1) must necessarily increase the detrimental influ-
ence of the secondary double vortex flow so that a successful operation
may be expected to be more stringently limited for the LAPS than for
ducts with more favorable aspect ratios (3.3 :1 to 5.1 :1 for long-spiral
duct centrifuges). From all this, it would appear that the LAPS is a
lapse. However, Kotrappa and Light?? claimed an excellent size resolution
over the entire length of deposition at rotor speeds of 6 000 rpm for the
LAPS and they mentioned operating characteristics at 4 500 rpm and total
flow rates up to 15 liters min™!.

These surprisingly favorable performance data triggered the construction
of two experimental rotors with short spiral ducts of constant width (Sto-
ber, Hochrainer and Flachsbart®?). The rotor diameters (17.5 cm) were al-
most the same as for the LAPS rotor (17.78 cm) and the dimensions of the
ducts were chosen so that one rotcr would have a duct of the same cross
section and aspect ratio as the upstream end of the expanding spiral of
the LAPS, while the other rotor would have the same constant duct width
but a better aspect ratio and 2 cross section close to that at the down-
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Figure 28 :
Short-3piral-Duct De-
sign with a Wide Duct
of Constant Width for
an Experimental Aero-
sol Centrifuge (Aero-
sol Inlet System Re-
moved, Laminator in
Place)

stream end of the duct of the LAPS. Thus, with a width of 1.07 cm for the
spiral duct, the rotor top geometry was the same Por both versions (Fi-
gure 28) but the duct depths of 3.3 and 6.0 cm provided different aspect
ratios of 2.0: 1 and 3.6 : 1, respectively. It was anticipated that these
rotors would outperform the LAPS.

A comparison between the calibration curves of the LAPS and the two expe-
rimental short -spiral-duct centrifuges st 3000 rpm and a total flow rate

of 5 liters min~! is presented in Figure 29. As shown for the long-spiral
version"’, this comparison reveals again that the constant-width spirals

do deposit szmaller sizes al shorter distances from the aerosol inlet than
the LAP3. This result 1s contrary to the stated purpose of the expanding

spiral duct design?¥, notwithstanding an suthor's incorrect denial?? <ra®
such erroneous assumption was made.

The calibration tests of the constant-width spiral duct rotors at increas-
ed total flow rates were disappointing. Apparcntly, the relatively wide
radial dimensions of these ducts, although generally smaller than in the

P53 d=sign (1.5 to 3.9 ecm) impaired a proper size spectrometer operation
of the centrifuges at total flow rates ss low as 10 liters mi..~'. In view
of this, 1t is very difficult to accept the statement by Koti-vpa and
Light?3 that thoy were able to establish operating characteristics of the
LAPS at 4 000 rpm and 10 or 15 liters min~!

it
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Figure 29 :

Comparison of the Ca-
libration Curves of
the Lovelace Aerosol
Particle Separator
and two Experimental
Short-Spiral-Duct
Centrifuges of Diffe-
rent Duct Depth under
Equal Operating Con-
ditions (3000 rpm,
total flow rate of

5 liters min~!)

There was also a limit to the rotor speeds applicable to the experimen-
tal constant width short-spiral-duct centrifuges. Only the version with
the favorable aspect ratio of 3.6 : 1 could be operated at 6 000 rpm with-
out showing excessive turbulent deposition (Figure 30). Thus, for a de-
sirable increase of the total flow rate as well as for an extension of
the range of deposited small sizes, a widening of the spiral duct beyond
the width of the original long-duct design does not seem advisable. The
contradicting results with the LAPS appear to be questionable.

Figure 30

" g - .

: Slightly Distorted Deposit of a Latex Aggregate Aerosol of
Uniform Primary Particles of 0.234 uym Diameter in an Experi-
mental Short-~Spiral Deep-Duct Rotor Operated at 6 000 rpm
and a Total Flow Rate of 5 liters min~!
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Figure 31

Short-Spiral-Duct—-Cen-—
trifuge Rotor with a
Narrow Duct (Aerosol
Inlet System, Lamina—
tor and Back-up Filter
Removed)

As concluded earlier by considering thc recondary double vortex flow in

the spiral ducl, a practical improvemen! of the characteristics of a

short—-spiral-duct rotor can oniy b exprciad from a reduction rather

than an expansion of the width of the spiral duct. Thus, an instrument

of corresponding design was bullt recently (Stdber et 4l.60) While the
p

Figure 32 :

New Aerosol Inlet Section
and Laminator for Spiral
Duct Centrifuges

rotor diamet. r of this device remained at
17.9 cem, it spiral duct narrows down from
1.6 em at the center of rotation to 0.8 cm
along the concentric part of the spiral.
The 4u~t is 3.4 em desp and, thus, che
spect raliocs range Crom 2.1 : 1 to L.,3: 1,
he sarpling o1l along Lhe ouver wall of
he duct has a length of 52.3 cm. At the
end of the duclt, a new cylindrical back-up
filter may be inserted. Figure 31 shows

the geometlry <i the rotor. Like the preced-
ding experimental models with wide ducts of
constant width, the rotor has a new and
simple laminator consisting of . ivass
plat~ of 0.7 cm thickness with & narrow
array o C.0t cm holes as shown in Pigure
3¢, Thic arrangement can also replace the
spacious laminator block of the original
long-spirst—duct design.
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Calibration curves for a few selected operating conditions of the new
short-spiral-duct centrifuge are given in Figure 33. The graph shows an
obvious improvement over the experimental rotor designs. The narrow-width
spiral duct permits now total flow rates of 10 liters min~! at 3000 r