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STUDIES ON FILTRATION OF MONODISPERSE AEROSOLS
By Victor K. La Mer

ABSTRACT SECTION I

The filter penetration characteristice of four filter
papers ~ Chemical Corp. No. 5, A.E.C, No, 1 (Roll 13), Whatman
Analytical No, 2, and some Glass Fiber filter pads - have been
investigated as a function of the particle radius using three mono-
disperse (uniform particle size) aerosols; namely, dioctyl phthalate

(DOP), oleic acid, and stearic acid, as representative liquid and
semi-solid emokes (Section V),

The radil of the monodispersed aerosols ranged from 0,50
micron to as small as 0.02 micron in some cases.

The particle sizes were determined by 1light scattering
methods and the extenslion of these methods to the smallest sizes
was achleved by adapting the growth method developed by La Mer,
Inn and Wilson, J. Collold Science 5, 471 (October, 1950), for
H,80y acld over master solutions of stou-water to the systems

DOP-Toluene and oleic acld-chloroform as the non-volatile aerosol
golutes ~ miscible volatile growth producing solvents.

The rellabllity of the light scattering methods of deter-
mining filter penetrations was confirmed by a photographlic method
of counting the particles before and after filtration. By inves~
tigating the effect of varying the linear face velocity of passage
of the aerosol through the filter over a tenfold range; 2,8 to
28 om/sec, 1t is possible to allocate the relative contributions
of the factors

(a) inertilal deposition on fibers,

(b) direct interception by fibers,

(¢) diffusional (Brownian movement) interceotion,

to filter efficlency and to correlate these effects with fiber
dlameter, fiber interepacing and other characteristics of the fllter.

The importance of electrostatic effects and surface coatings
of fibers merits further intensive study. A review of the factors
influencing turbulent vs. laminar flow and pregsure drop through

porous media is given, and its bearing on the "pinhole theory" is
discussed,

The maximum in the filter penetrstion vs. radius of aerosol
particles predicted by Langmuir's theory of filtration (1941-2),
which was in agreement in some special cases with early work at the
Columbia (1941§ and Toronto University Laboratories (1941-2), has
never been observed in the present more extensive investigation with
any of the liquid smokes, filters, particle radii or linear veloclties
employed in this investigation. (The maximum predicted has also
never been observed in the extensive, independent and contemporary
studles of Ramskill and Anderson of the Nsval Research Laboratory
(J. Colloid Science, in press, 1951)).
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These findings that penetration always increases monotonically
with decreasing radii down to 0,02 micron raise questions of the
adequacy and rellability of the present standardlized method of
testing gas mask filters, employed by the Armed Services. All of
these methods are based upon the use of a test smoke whose average
radius corresponds to the postulated (but unconfirmed) maximum st a

radius of 0,17 micron (so-called 29° on the polarization Owl).
(Section VII).

The linear velocity studles lead to the conclusion that the
Albrecht-Langmuir theory is qualitatively correct but quantitatively
in error since this theory seriousgly underestimates the importance of
t?ert%%%xdepoeltion at particle radii less than 0.5 miocrons (Sec-

on

The importance of inertisl deposition at the smaller particle
radil overshadowe completely the opposing diffusion effect and
obliterates any possible maximum in the radius penetration curve.

Stesric acid aerosol consists of supercooled viscous liquid
droplets which frequently crystallize in situ on contact with a
filter fiber in complete contrast to liquld smokes like DOP and
oleic acid which spread over the fiber. Pressure drop bullds up
very rapidly with stearic acld for this reason in contrast to DOP.

Alpha-web paper exhibits marked time variation in filtration
and is unrelisble for testing. The testing of alpha-web paper with
stearic acid and other solld smokes has given unreliable results,
which unfortunately have been carried over indiscriminately to
liquid smokes leading to false conclusions and questionable methods
of testing gas mask canisters and fllters.

The rellability of the growth method for determining particle
sizes in the sub~-Tyndall region has been confirmed by an extensive
series of measurements (Section IV),

The method 1s exact when correction is made for the influence
of radius of curvature uvon vapor pressure (Kelvin Effect,
Appendix A, Section IV). The correction becomes of considerable
importance below 0.1 micron when toluene or chloroform 1s the growth
producing volatile solvent.

Conversely, these data may be considered as constituting the
first convincing direct experimental verification of the validity
of the Kelvin Equation. All previous attempts to verify this
equation by direct measurement of the effect upon the vapor pressure
have foundered on the rocks of experimentsl difficulties of detecting
these minute vapor pressure differences.

The present method avolds these difficulties by equilibrating
the droplet with the flat surface of the master solution. The
resulting difference in composition of the equilibrated droplet and
the flat master solution is measured by comosring the radil of the
grown droplet measured by light scattering with the radius of the
grown droplet predicted in the absence of a Kelvin effect,




INTRODUCTION SECTION IT,
Historical

The present investigation, although an immediate continuation
of an investigation sponsored by the Office of Naval Research in
1948 at Columbia University and continued since 1949 by the Atomic
Energy Commission, really represents a revival of a research initiated
in September, 1940, by the Aerosol Section (W. H. Rodebush, Chair-
man) of the National Defense Research Committee of O.S.R.D. under
Chemical Warfare Service Directive No, 1. An bistorical review of
the subject is in order as informative and orienting to understand
the need and importance of the present research,

At the close of World War I, Freundlich (Kapillar Chemie,
Acsdemische Verlagsges, 1922, p, 1085, given also in A, W, Tromas'
COLLOID CHEMISTRY, MecGraw H1ll, 1934, p, 28) publighed some data
showing that the sternutator (sneeze gae) diphenyl dichlor srsine,
when dispersed as a solld aerosol by the lcrude) method of detonation,
showed a maximum penetration through the German Schnanpdeckel mask
for a perticle size range of 0.1 to 0,2 micron. No detalls of the
measurement of particle slze are available,

The possibility that the Germans might use this sternutator
to induce the removal of the gaes mask preparatory to a second attack
by a more lethal agent was imminent since the American gas mask at
that time was inadequate to protect agailnst this aerosol,

The Central Aerosol Laboratory at Columbia University was
assigned the problem of devising a method for the accurate and rapid
measurement of particle size of aerosols with a view to studying
the effect of particle size on penetrability.

By the Spring of 1941, Dr. David Sinclalr and the writer had
developed for this purpose

(a) A monodisperse (uniform particle size) aerosol generator,

(b) The new optical method of Higher Order Tyndall Spectra
combined with the older method of Polarizstion of Scattered Light to
serve as & rapld and accurate method of determining particle radil
by the use of the instrument known by the code name, "Owl" (Refer-
ence 6, p. 109), for the range 0,1 to 1 micron redius. A preliminary
etudy of the filter penetration of alpha-web paper impregnated with
carbon black by monodisperse stearic acid aerosol was reported using
these methods. ’

The measurements Were made by Simclair using a Luckiesch
Brightness meter to estimate the relstive amounts of light scattered
by filtered and unfiltered aerosol at 90° and by our newly developed
Forward Angle Smoke Penetrometer (Ref. 5, Section V, and Ref. 6,

p. 101). The principle employed in the latter instrument has since
become the Basis of the standard optical metbod used by the Chemical
Warfare Service (MIT.E1Rl), the Naval Research Laboratory (NRL El
and £2) and N.D.R.C. (E1R2} penetrometers (Ref. 2 and Ref. 6,
Chapter 10). These methods have been adequstely described

NY0-512 o5 7
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1,2,3,4

elgewhere and need not be repeated here.

1. D. Sinclair and V.XK, LsMer, Crem. Rev. 44, 245 (1949).

2. H.W, Knudsen snd Locke White, Naval Regesrch Laboratory Report
P-2642, 14 Sept. 1945, and ref. 6, Chavn. 10.

3. V.K. La Mer, National Air Pollution Symposium, Pasadena, (1950).
4, N.D.R.C.-0.S.R.D. Revort of July 14, 1941.(La Mer and Sinclair).

In their N,D.R.C. Report of July 14, 1941, La Mer and Sinclalr
presented data for a maximum in the filter penetration-radius curve
at about 0.16 micron. s

At the seme time, Irving Langmulr” was conducting an important

5. Revort on Filtration of Aerosols and the Develooment of Filter
Msterials - W,H. Rodebush, Irving Lengmuir and V.K. Ls Mer,
0.8.R.D. No. 865 Serial No. 353 (Sept. 4, 1942) (Part IV),

investigetion of the theory of serosol flltration. e predicted
on theoretical grounds thet a meximum should exist ag the result of
the opposing effects (in terms of radius of particle) of the factors,

(a) direct interception of particles by the fibers of a filter,

(b) canture by a fiber of particles subject to Brownian move-
?igt causing them to leave the normal streamlines of flow around the
er
" (¢) inertial devosition as developed earlier by Albrecht.
Langmuir considered this factor entire%y negligible below 0.5 micron.
His view has been accepted by Rodebush®.

6. Handbook on Aerosols, Atomic Energy Commission, Washington, D.C.
(1950), p. 120.

However, La Mer end Sinclair (1941) using the experimental
methods just described, found with the Canadisn wool resin filter

a continuously increasing penetration with decreesing radil; 1l.e.,
the curve exhibited no maximum and wae of o form thst would be
conglstent with a mechanism of purely inertial devosition. The
curve resembles those shown in the figures of Section Vc of the
present report.

This surprising finding, in the light of Freundlich's data and
Langmuir's theory, was naturally looked upon with some susplcion st
that time since the new light scattering methods developed by the
Columbia University Laboratories had not es yet been tested by others.

Meanwhile, a group working under the direction of the late
Professor Burton of the University of Toranto, was investigating
filtration and perticle size by other methods. They employed
mainly a polydisperse solid smoke of methylene blue obtained by
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evaporating to drynese a spray of aqueous methylene blue. They
measured carefully the size distribution and number of particles
before and after filtration, using both visible light and electron,
microscope techniques for counting and measuring. Little criticism
can be leveled against the methods of Burton's group for thelr
immedlate purpose. Their results as well as the previous work of
La Mer and Sinclair and of Freundlich are summarized in Greph VIII

of their report of February, 19427,

7. Renort to National Research Council of Canada by Lorne T. Newman,
Mrs. E.B. Deacon and J.H.L. Watson under direction of E.F,
Burton, Februsry, 1942.

Also Graph I of C.E. Report 42, November, 1942, shows a
maximum for A (cotton) and B (wool and csbestos) at a perticle
diameter of 0,45 microne, but no maximum for a wWool-resin
filter down to 0,1 micron diasmeter. This contrasting effect

was tentatively sscribed to electrostatic as opposed to
mechanicsl filtration,

This graph shows the predicted maximum in the filtration
curve when using methylene blue aerosol on wool-asbestos filters,
This curve is in remerkably close agreement in form of curve with
La Mer and Sinciair's alvha~web-stearic acid data and Freundlich's
older divhenyl arsine c>loride-Scrnaprdeckel results. On the
other hand, their curve for wool-resin (no maximum) wae in agreement
with that of La Mer and Sinclsir,

In view of these apvarent agreements, it is perhaps under-
standable that the Directors of the volicy of the C.W,S,-~N.D.R.C,
program consldered the fundamentals of the problem of filtration
fully solved; i.e. the resin-wool filter was eliminated on the
Brounds that it operated by electrostatic action, and the other
filters of immediate interest to the Armed Forces of the U.B.A.

ggerated in a purely mechanicsl way in accordance with Langmuir'e
eory.

The filtration program st Columbia University was accordingly
discontinued in the Spring of 1942; the Balanced Optical Photoelectric
Penetrometer working on the Principle of the Forward Angle Tyndall-
ometer, constructed by Dr. Seymore Hochberg as a more rapid and
convenient method of prosecuting further studies on theee dlscre-
pancies with existing theory, was ordered to be shipped to the
new N.D.R.C. Testing Laboratories at Northwestern Unlversity before
adequate teste of 1ts reliability could be made by its builders®.

8. O.S.R.D. No. 865, Pert Vv, p. 1,

Further experimental work on filtration of aerosols wes then concen-
trated at the Chemicsl Warfare Development Laboratory at the Mass-
achusetts Institute of Technology and the N.D.R.C. Laboratory at
Northwestern University.

Ag far as can be ascertained, all Further fundamental exper-
imental work involving the influence of particle size and the
velocity of flow through the filter wag discontinued except for
some later work at the Naval Research Leboratory. ;

7
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The emohasis at the N.D.R.C. Northwestern and the C.W.8,
Development Laborstories was apvarently concentrated upon the objec-
tive of developing and testing a more efficlent filter for mase scale
production by (s) designing an serosol generator (MIT-E1R7, ref, 6,
p. 124), which would yleld one constant size of the (aupposed)
maximum penetrability snd oresumably also reasonsbly monodisperse,
(b) improvements in the precision and sensitivity of filtration
measurements by refinements of the photoelectric techniques by
electronic metrods (ref., 6, p. 128).

The objective of producing a better filter for the gas mask
canister was ac-leved, but at the expense of testing almost exclu-
sively for one particle radius and at the one constant flow velocity
of immedlate practical importance.

In view of the possibilities inherent in Langmuir's brilliant
theoretical reports when reviewed in the light of the results of the
present inyestigation and the independent studies at the Naval Researct
Laboratory9, it becomes evident that the decision to discontinue

9. E.A. Ramekill and W.L. Anderson, J. Colloid Sci. (in press), 1951.

fundamental experimental studles on the mechanism of filtration was
premature and unwerranted. The restriction of the testing program
to one filter velocity and one particle size obscured an understanding
ofuthe availeble data which were incompatible with theory even 1in
1942,

In neither this investigetion nor that of Ramskill and Anderson
hage a single example ever been found wherein a llquid smoke and a
reproducible time indevendent filter have exhibited a meximum in the
penetration-radiue curve in accordance with Langmuir's theory.

Through the courtesy of Drs. Duncan MscRae and Saul Hormats,
Chemlcal Center, Edgewood, Maryland, a generous sample of the
originel alpha-web paver was located and made avallable to us in
February, 1951. Tests on this paper with the liquid smoke DOP
(dioctyl phthalate) are reported in Figs. 18 and 19 of Section Ve,
It will be noted that alpha-web paper shows time effects (noted
also by La Mer and Sinclair in their report of July 14, 1941) which
yield no maximum when compared after 15 seconds, but do exhibit an
aporoach to a maximum when compared at 90 seconds. It eeems a falr
presumption at the present writing that when alpha web paper 1s tested
with s0lid stearic acid smoke that the maximum observed in this
gpeclal case may yet be dunlicated experimentally.

The explanation of the meximum obsgerved by Freundlich, by La Mer
and Sinclair, and by Burton et. al., 1s not entirely clear as yet.
It should be noted, however, that in all the cases exhibiting a max-
imum, the serosol employed has been & solid - not a liguid - aerosol.
Secondly, the filter papers used were not revmroducible as compared to
CC-5 paper, and furthermore exhibit a marked time dependency 1n per-
centage penetration and a clogging effect leading to increased pres-
sure drop, Our tentative conclusion at this writing is that the max-~
imum observed by 8inclair and La Mer is due to the fortultous combina-
tion of a bad paper (alpha-web impregnated with carbon) which ylelds
different results depending upon the time of passage of the aerosol -
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. 15 seconds, 90 seconds or longer -~ and a s0lid or seml-solid smoke of
steeric acid which clogs the filters and ralses the pressure drop
unduly. All in all, stearic acid smoke is difficult to use because of
1ts precipitation on the walls snd bende of the tubing.

The 1importance of continuing these investigations in the light of
Atogio Bomb tests, etc., are too obvious to require any detalled state-~
ment,

Plan of Work

The present investigation was planned to meet the following
requirements:

(a) Rigld adherence to monodisperse aerosols of accurately
known slze controlled over a wide range and extended to as small a
slze as possible, viz, 0,02 mioron to at least 0,5 micron.

(b) Voriation of the linear velocity over a wide range —
tenfold.

(c) Selection of declassified papers which exhibit as
different types of fibers, fiber sizes and methods of preparation
a8 possible,

(d) Improvement in the precision, accuracy and reproducibility
of the measurements of particle size and rilter penetration

(Sections IV and V).

(e) Investigation of the theoretical aspects of turbulent
and laminer flow as acquired in the construction of fllter apparatus
and the interpretation of the filtration results in terms of latent
developments in the field of hydrodynamics (Section VI).



PRODUCTION OF AEROSOL SECTION III

Source of Nuclel.

DOP (dioctyl phthalate), Oleic Acid and Stearic Acid aerosols
were used in the present study of filtration. Sources of sodium
chloride nuclel were obtalined by melting ahd solidifying sodium
chloride on a nichrome coll, These colle were used in most of the
experiments since they provided a steady, easlly controlled source
of nuclei of sodium chloride. In most cases, a current »f 3 amp,
was passed through the wire, an inorease of 0,1 amp. in the current
causing approximately 0,2 micron decrease in radius of aerosol,
Uniform emission was obtained in the 2.9 - 3.1 amp. range.

In a few experiments with DOP, the vapor of concentrated
sulfuric acid yas ueed as a source of nuclel as described by Ls Mer

and CGordleyeff—, The DOP aerosol nroduced with sulfurlc acld was

1. La Mer, V,K. and Gordieyeff, V., Sclence 112, 20 (Octob;;'o?O,
' 1 .

very monodispersed, and for large particles all of the Hlgher Order
Tyndall Spectra (H#O,T.8.) were sharp and could be easily measured
with the Owl, The control by this nucleil source is difficult
because of the effeot of humidity on the vapor pressure of the
sulfuric acid.,

Flow Rat €.

It was found experimentally that a total flow of 2 liters/min
(half of thie flow i1s sent through the nucleil source) is most
aporopriate for the oroduction of monodisperse aerosol, With a
total flow of 1 liter/min, condensation on the walls of the chimney
takes place. A flow higher than 5 liters/min reeults in formation
of polydisperse aerosol.

Control of Equilibrium Conditions.

It was essentlial in the present study of filtration to use a
highly monodieperse aerosol of constant radius, To achieve thils,
the generator was in operation at least 6 hours before the beginning
of an experiment, The equilibrium temperatures of the boller and
reheater were reached slowly. During the experimeat a frequent check
on the flow and temperatures was made, The thermoregulator in the
boiler compartment provides a control of boiler temperature within
+ 0,2°C of equilibrium temperature, If any deviation from equilibriwu
conditions ocoure during an experiment, the thermoregulator and the
nuclel source provide an easy means of restoring these conditions.

12 NY0-512 R 10




NYO-512 13
Sec. III

‘ Once equilibrium hae been reached, the generator reacte
quickly and is sensitive to changes in nuclel source and thermo-
regulator control, For example, a generator producing a monodisperse
aerosol of 0,26 micron of DOP aerosol reacted within 10 minutes
to a change from 3 amp. to 2.95 amp. in the current, through the -
gugéeiisource, and produced a highly monodisperse aerosol of

. mieron,

However, the variac settings and the flow rate should remain

constant during the experiment am the generator reacts slowly to
these changes, both of which affect the equilibrium temperature,

Reheater and Boiler Temperature Relation.

The relative temperatures of the reheater and boller influence
the monodispersity of the aerosol. The boiler temperature of the
generator was allowed to come to equilibrium and the reheater
temperature was set at a high value - say 20-~30° higher than the
boller temperature. The reheater temperature was then lowered by
slowly reducing the heat supplied. The boller temperature remalned
constant. The aerosol was observed in the Owl at S-minute intervals.
The gharpness and the angular positions of the orders (H,0.T.S,)
were noted, In general, a difference between reheater and boller
temperature of 3 -~ 10°C is the most appropriate for production of
monodisperse serosol with radii range between 0,3 ~ 0,6 microns and
e difference of 15 - 25°C for particle radili smaller than 0.3 micron,
A few experimental results are listed below:

« Difference be-
Radius Boiler Temp, Rebheater tween Reheater
microns °C Temp. ©C and Boiler Temr
Oleioc acid 0.39 103 112 9
0.4s 113 120 7
0.50 ‘ 116 123 7
Stesrio acid 0.22 116 140 24

Flow rate -~ 2 liters/mih.
“Temperaturee noted are those at which sgharpest orders were obtained.

It was observed that for sersols of large size, the orders remalned
sharp for a reheater temperature even s%ightly lower than the boller
temperature; also that the reheater temperature had almost no effect
‘ on the size of such particles,
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These experiments were not very accurate as they were per-
formed under thenon-equllibrium conditions of continuous lowering

of the reheater temperature,

above~mentioned reason,

The relation between reheater and boliler temperature might be

The experiments were limited to
partjicle radii larger than 0.2 micron as the growth method for
determination of smaller particles could not be applied due to the

of importance in improving the degree of monodispersity and merits
In future experiments, the reheater temper~
ature should be allowed to reach its equilibrium value for a given
variac setting before making a reading.

further investigation.

Concentration of Aerosol.

The concentration of aerosol was found to be of the order
of 106 particles/cc for a nuclei source setting of 3 amp.

of valueg obtalned for DOP aerosol by the optical transmiesion method

1s given below:

Concentration X

Radius

microns
0.21 1,6
0.23 1.0
0.26 2,1
0.28 L4
0.28 1.7

106 particles/co.

A table

The concentration varies greatly with small changes in

nuclei source,

A table 1listing the mase concentrajion for various DOP and Olelc

Acld aerosol particle radiil for 10

Particle radius

Mass Concentration
in micrograma/liter.

in microns
DOP__

0,03 0.11
0,06 0.89
0,10 L, 10
0.20 32,82
0.30 110, 75
0. 40 262,53
0.50 512. 75
0. 60 886.

0.70 1407,

Oleic Acid

0.10
0.81
3.8
30.0
101,
20,
L68.
809.
1285.

particles/cc 1e given below:

Y
1N
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The mass concentration in micrograms per liter (mc) is calculated
from the following formula:

3 3
my, = 10 * (4/3T] 1) ¢ Q ‘n
where »r 1is the particle radius

n , number of particles per cc (assumed to be = 105 part./cc)

?’the density of the substance (,9796 g/cc for DOP)
(,895 " " Oleic Acid).

Compsarison of Aerosols.

DOP -~ Most of the experiments were performed with DOP

aerosol. This aerosol is most appropriste for filtration studies
for ranges of particle redii from 0,03 to 0,50 microns, Even
aerosole of radius less than 1 mlcron give a scattered light beam
of gufficient intensity for 90° Penetrometer measurements, The
index of refraction of DOP is 1,49, DOP ig a liquid aerosol and
shows no clogging effect with filters 1like CC-~5, A.E.C, No. 1 and
W-2, which show no time effeots within at least two hours, Master
solutions of DOP and Toluene were used for the determination of
small particle radil by the growth method. For a nuclel source
current of 3 amp., a change in boller temperature from 93° to 126°C
produces an increase in particle radius from 0,03 to 0.3 microns
(see Fig. ».1). Particle radii from 0.3 to 0.5 microns are
obtained for & boiler temperature of approximately 126°C and

for different nucleli source current vaelues ranging from 3A to 2.9A.
(See Fig. 5.1) The reheater temperature cannot be raised above
130°C as decomposition eppears at this temperaturs,

Olei¢ Acid ~ The filtration characteristics of tris liquid

aerosol were limited to the particle radiil from 0.12 to 0,6 miorone.
The beam scattered from aerosols of particle size smaller than 0,12
1s too weak for the filtration measurements with the 90¢ Penetrometer,
Oleic acid aerosol like DOP does not clog the filters, Master
golutions of Oleic Acid in Chloroform were used for the growth
method, The flow rates used for the study of variation of penetra~
tion with particle radius were 2 liters/min and 1,5 liters/min
respectively. The latter was used for study of penetration for
smallzlinear velocity (1.9 cm/sec for the filter holder of area=to
13 om“), For a nucleil source current of 3 amp., a change of boiler
temperature from 90°to 116°C produced an increase in particle radius
from 0.12 to 0,36 microns approximately. Particle radii from 0.36
to 0.6 microns were obtained for nuclei source currents of 2,92 amp.
and by gradual increase of the boiler temperature from 116 to 126°C,
(See Fig. 3.1).
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Steariec Acid -~ This 1s a semi-s0lid aerosol. By this term

we mean that the serosol exists as suvercooled viscous liquid drop~-
lets which spontaneously crystallize after a lapse of time or on
contact with the fibers of a filter. For a given particle radius,
the penetrgtion and the pressure drop are functions of time,

(See Fig. 6, 7, 8, 9. Sec. Vo).

It 1s difficult to prevent losses of this aerosol as it precipitates
resdily on the inner walls of the rubber tubing and on constrictions
of the aerosol circult, becoming especially imnortant for the

larger particle slzes., The study of filtration characteristics of
this aerosol was restricted to the radii ranging from 0.18 to

0.64 microns. The index of refraction of Stearic Acid 1s 1,43,

For nuclel source current of 3 amp,, & change in boller temperature
from 108 to 133°C produced an increase in particle radius from 0,18
to 0.50 microns. Larger particles are obtained with a boller
temperature of 133,and nuclel source current smaller than 3 amp.}
0.64 radius was obtained for nuclei source current of 2,92 amp,

(See Fig. 3.1).

Fig. 3.1 shows the varistion of particle radius with boiler
temperature for s constant nuclel source current for DOP, Oleic Acid
and Stearic Acid aserosols, These curves were obtained for a flow
of 2 liters/min. For the region of 3 amp, nuclei source, the curves
are practically straight lines of nearly the same slope (See solid
portion of the curves in Fig. 3.1). Notice thet in order to obtain
a particle of given radius, the boiler temperature setting for DOP
18 bigher than that for Stearic Acid and the latter higher than for
Oleic Acid, as a result of the differences in vavor pressures of the
three substances,

The large particle sizes were obtained by lowering the nuclel
source current to values renging from 2.90 to 2,99 amp., (See broken
part of curves in Fig.3.1), for a high boller temperature instead of
ralsing the temperature, A higher boller temperature and a corres-
pondingly bhigh reheater temperature could ceuse decomposition of
the substance,

For all the three types of serosols, the reheater temperature
wag higher than the boller temperature. The difference between these
two temperestures wag around 20°C for pesrticle radius smaller than
0.3 microns and around 5°C for particle radius of approximately
0.5 microns.

The relation between boiler temperature and particle radiue
1s affected by several factors; the curves in Fig, 3.1 give only
approximate data. The individual nuclei sources differ among them-
selves and the same current sent through different sources will
cause an emission of different numbers of nuclel per cc. Fluctua-
tions of current in & given nuclei source affect the particle size.
The flow rate changes and the time of usage of a given sample of
substance for production of aerosol might also alter the boiler
temperature vs. particle radius relation.

o114
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GROWTH METHOD FOR DETERMINING SECTION IV
PARTICLE SIZE

1. INTRODUCTION

Until very recent times the smallest liquid aerosol particle
which could be accurately measured by any of the various available
methods was one of approximately 0.08 micron in radius. To over-
come the limitations inherent in known methods of measurement, it
was sought to develop a practicable, optical means of determining
the slze of particles whose radli were appreciably smaller than the
value above stated. With this objective in view the so-called
“growth" method was conceived by La Mer, Inn and Wilson (1,2)

1. La Mer, V.K., Inn, Edward C.Y., and Wilson, I., Flnal Report
on Navy contract N6onr-27116, June 6, 1949,

2, La Mer, V.K., Inn, Edward C.Y., and Wilson, I., J. Coll. Sci.,
5, 471 (19505. (for sulfuric-acid-water systems),

and its merits examined in this laboratory.

Since it 1s impossible to detect by direct optlcal techniques
aerosol particles of radii smaller than 0.08 micron, it is necessary
to "grow" smaller particles until theilr size is at least equal to
this value. In order to asccomplish thls, aerosol droplets of a
non-volatile substance, such as dioctyl phthalate (D.0.P.), having
radii ry, are exposed to the vapors of & "master solution,” composed
of a known amount of thils non-volatile substance in a volatile
solvent, such as toluene. The process for the D,0,P.-toluene case
will be described with the understanding that the principle may be
applied to any similar system. The spherical aerosol particles
increase in slze as toluene vapor diffuses to the droplets while
liquid D.O.P. by the same process passes into the growing shells.
Growth is complete when an equilibrium condition has been established;
that 1s, when the partial pressure of each droplet is equal to that
of the master solution. Since the vapor pressure of D.0.P, is
negligible compared to that of toluene (v.p. of D,0.P,= 10-7 mm.Hg;
v.p. of toluene = 33 mm., Hg), the vapor pressure of the master
solution is really the vapor pressure of the toluene component alone.
The equllibrium state is reached almost instantaneously (See
Appendix B). Since the initial D.0.P. droplet is surrounded by
D.0.P., vapor, saturated with respect to the droplet and supersaturated
with respect to the master solution, this D.0.P. vapor distills toward
the solution. The composition of the master solution 1s not
affected perceptibly by this process since the amount of D,0.P.
going into solution is negligible because of its minute vapor
pressure. As a first approximation, any effect of the radius of
curvature upon the vapor pressure of the droplet will be neglected
in this discussion. Since the composition of the droplet must be
identical with that of the master solution at the equillbrium state,
we may write rgyp krik where rgig 1s the radius of the particle
grown k times, rik is the radius of the initial particle under
consideration, and k is the growth factor used in the calculation.

18 NYO0-512
216
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The growth factor k may be exoregsed as

Vl + '2 1/3

k = v where v, = volume of toluene in master solution

v, = volume of D.0.P. in master solution.

Thus, in order to %row four times an aerosol particle of radius
0.06 micron, a master solution of 63 parts toluene, 1 part D.O.P.
is used and Tk = 0,24 micron,

Once the droplet has increased in size beyond 0.08 mieron, it
may be measured by any of several standard methods, such as
Polarization and Higher Order Tyndall Spectra (H.0.T.S.) (Ref, 2).

2. OBJECTIVES

The prinocipal objective of this research was to investigate the
reliability of the growth method for the measurement of very small
aerosol particles. The varticular aim of this investigation was
the application of this method to P,0.P, and oleic acid aerosols
and the extension of filtration measurements with thege aerosols
to regione of particle radius smaller than ever examined previously
by the usual techniques,
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3, SUMMARY AND CONCLUSIONS ‘

The results and conclusions of the various asvects of this
problem are listed below and any pertinent discussion ineluded under
the particulsr tovic considered.

(a) Time Dependence of Radlius (rg) of Grown Aerosol Particle. L

The time devendence of the radius (r_) of the grown aerosol
particle for a particular ungrown serosol®was investigated in
34 experiments, using s number of growth factors (See Fig. 1l,a,b,c).
1t was found on examination of the position of *the red orders of
the H,0,T.S. with time that s steady state is resached almost
instantaneougly and that the angular position oscillates about thils
value for at least 15 minutes. In other words, the wvalue of r
1s independent of time. It was algc obsgerved that the time g
and method of mixing does not sffect Tge

An Avvendix (A) dealing with errors arising from the curvature
of the droplet (Kelvin effect) snd an Apoendix %B) dealing with a
rossible time lag effect on growth due to diffusion in the liquid
droplet during growth are attached.

{(b) Oleic Acid vs. D.0.P. Aerosol,

These two aerosols behave identically when grown over thelr
respective master solutions and oroves that the growth method 1s
not epecific to a particular aerosol,

(¢) Regults of and Conclusione from the Growth Experiments,
Surveying a Wide Range of Radil of Initial Aerosol,

The 139 experiments verformed were distributed, with respect
to the radius of the ungrown aerosol particle, as follows:

Range 1: 36 cases (35 D.O.P., 1 oleilc acld)....rlﬁo. 100microns

Range 2: 80 cases (72 D.O,P., 8 olelc acid)....0.100 microns (r <
0.180 microns i

Range 3: 23 cases (13 D.O,P., 10 oleic acid)....g1:> 0,180 microns

(1) Conslstency of the Growth Method,

In order to investigete the consistency of this method,
the various Ty values, obtained for each initisl ungrown aerosol,

were exsmined for all 139 experiments and tested by the Abik

+ 100

distribution, where ryx 1s the mean of the Ty values\\r1k
and Ary, 1s the average deviation from the T, for each original

eerosol. This is 1llustrated in Fig. 2a for all sizes of r, used.
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It may be noted that the curve has a very steep slope and that most
of the cases lie within an intervel of 10% aversge devistion. The
ungrown aerosol as 1t comes from the generator hae a 10% average
deviation from the mean radius.

As another means of avvraisal of the growth method, the
meximum separatlon between sny two ry veluee for & perticulrr
ungrown aerosol wag tabulated {g; e?cg of the 139 cases snd the

k

ver cent maximum separation / -—_lK max.|.100 distribution made,
T1k
This curve (gee Fig. 2b) also has s fairly steep slove snd most of
the cases 1lie within a 25% maximum sevaration. In other words, the
growth method vesses even this severe test, The results obtalned
from these two anslyses indicate that the growth metrod offers an
2xcellent means of messuring the size of small serosol particles,

To estimate the value of tris technique for verious sizes
of the original ungrown aerosol particle, these distributions were
reveated, classifying the experiments according to the average size
(rlk) of the ungrown varticle. Three ranges were consldered; nsmely,

0.03 micron  Tyy £ 0,10 micron, 0,10 micron <~r1k £ 0,18 micron,

and 0.18 micron <;r1k < 0,30 micron, These distributions are shown

in Figs. 3 and 4, The method seems to be excellent for all the
slzes examined, but of the cases shown, it would seem best for the
intermedlste range, 0,10 mlcronv<’FI; £ 0.18 micron. Of course,
this curve 1s the most reliable since the majority of experiments
covered this particular range. 1In Figs, 3 and U4, the smallest
initial size range would seem to yleld the poorest results, but
this 1s understendable since the monodispersity of the original
angrown aerosol becomes doubtful, Also corrections arising from
Kelvin effect assume more importence as the size of the particle
diminishes (Aopendix A).

(2) The Investigation of r,, ve. k.

A glight tendency for Ty to decrease with increasing k

“wag observed, rut in the mejority of exverimentg this decrease fell
within the 1imit of precision of the spneratus (0,02 micron for

the "Owl"), and can be corrected at leasgt in mejor paert by consider-
etion of the Kelvin effect,

(3) Comparison of Calculated Ty, with the Resdius of the Initial
Ungrown Aerosol Psrticle, As Measured Directly.
r

To test the validity of the mesn radius 1k) of the
inltlal ungrown serosol vnarticle, calculated for different growths,
the ryjx values within the prover size limits were compsred with
trose r4 wvalues, obtsined directly by the polsrization or H,0.T.S,
techniques, In Fig, 5 the variation of T,,, obtsined by the growth
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method, from the r,, observed directly by H.0.T.S. vs., the radius
ry, is plotted. M%st of the variations lie between zero and

0,020 micron, the lstter being the 1imit of precision of the "Owl,"
(Ref. 3,4)., There is excellent agreement between the results of
the two methods.

3. Sincleir, D. and La Mer, V.XK,, Chem. Rev, Lk, 6 245 (19L49),
4, Johnson, F, and La Mer, V.K,, J, Am. Chem. Soc. 69, 1184 (1947),

A simllar plot is made for the comparison of the growth
and polarization techniques (3), (see Fig. 6), Precisely the
same conclusions as before may be drawn here; nsmely, the two

nethods agree within the 1limits of precision of the instruments
involved.

(d) Test of Value of First Red Order of Y,0,T.S. as Measure of

A —— ——  s———— ——

Radius of an Aerosol Particle.

In each of the 139 exveriments performed, the ryy Values,

obtained from a use of the first red order of the H.O,T,S. alone,
were compared with thoseobtained from an average of the results
from all the red orders. The maximum separstion between any two
Ty values wes found and with thie as a criterion it was concluded

that the first red order is not as relisble as the entire red

spectrum for use in the determination of the resdlus of an aerosol
particle,
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4, PROPOSED PROGRAM FOR FUTURE WORK

There sre several vhases of this vert of the investigation which
warrant further study. This list, by no means complete or final,
represents the most obvious aspects to be considered:

(a). The lowest size range of the lnitial aerosol (r, < 0.1
aleron) should be investigated further since it is felt th%t an
insufficient number of csses in thig category was chosen. By far
the lergest vercentage of the initial serosols vossessed radii

in the 0.11 ~ 0,18 micron range. The boiler~reheater temperature
ratio 1n the generstor should be crrefully regulated for ootimum

overating conditions.

(b). The growth factor, k, me ® function of temversture should
be studled for the D,0.P,~toluene and oleic soid~-chloroform systems.
This relation wes explored only for the case of sulfuric acid and
water, (Ref. 1),

(c). ©Experiments, emnhaslzing the Kelvin effect, should be
performed in the region of very small rsdli where large growth
faoctors are mandatory. Thris would lend better experimentsl confirma-~
tion of the theoretlical considerstions.

(d). The grown aerosol particles should be observed in the
differentisl gettling avnsrstus to make uee of an inderendent method
for their size determination snd to investigste any inhomogeneltles
which may be present, and perbhsvs slso by a direct photographic method
of observing aerosols which ie being developed presently in this
laboratory under an Alr Force contrsacw,

i
o
[
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5. EXPTRIMENTAL DETAILS

The general procedure employed in the growth method wlll be
described below, whereas a describtion of the experimentsl apparatus
will be included in a separate section to follow,

Notation
1, k growth factor
2. ry radius of the initial ungrown aerosol particle
produced in the generator.
3. r8 radius of the grown particle
L Y radiue of the psrticle grown k-fold (over a
g master solution of k growth factor)
S5¢ T4y radius of the ungrown varticle calculated from
the k-fold grown particle (r1k= rgk/k)
6. r the arithrmetic mean of all the r,, for differ-
ik 1k
ent k.
7. EFik the aversge i;viation of Tix from the Tk
( Ar,, = Jik
1k . N is the number of growth
N moster solutions used).
80 E 1k
— +100 1s the vercentage average deviation.
ik

9. (Arik)m x 1e the maximum sevaration between two ry, for
8 the same initisl ungrown particle ry.

10, (Aryy) ooy

+100 18 the percentage maximum separation.
r
ik

D.0,P. or oleic acid aerosols of uniform slze are prepsred
in the LaMer~Sinclair uniform particle size generstor (5)

5. La Mer, V,K,, Proc. First National Ailr Pollution Symposi%m,us
19

in the usual way. A stresm of serosol is passed through a 100 co,
Erlenmeyer flask, containing sbout 15 cc of a msster solution of
known composition of golute in volstile solvent (for examnle, D.O.P.
in toluene), The flask 1s stoppered and contents swirled, It is
important that care be teken not to shake the flask and thereby
produce a spray., The aerosol psrticles grow to threir final size
slmost 1netantaneously in the vepor atmosphere. The flagk 1s then
placed in a modified "Owl" to measure the angulsr positions of the

D22
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red orders of the W,0,T.S., exhibited by the grown varticles, The
radius of the grown particle 1s then determined from the © vs. r
curves (1,2,3,4,5) and the results averaged over all the values
obtained from the various sngulsr nositions, Thls average value lsg
defined as the radius (r k) of the grown particle for one psrticulsar
growth fsotor, k. The radius (r,, ) of the original ungrown aerosol
particle is then cealculsated by digidlng the rodlus of the grown
serogol psrticle by the growth factor,

The 1nitisl aerosol is exposed to the vapors of master solutions
of D.O.P, in toluene, ylelding 2-, 3-, U~, 5~, and 7-fold growth in
redius. The exact growth fsctors used are determined by the
requirement thet the value of r ., lie in the 0,18 - 0,70 micron

k
range for observation of U.O.T.g. In other words, the growth
factor, k = Tg/ri , where Te and r, represent the radil of the

grown and initial aerosol vpasrticles, respectively, 1s fixed by the
ultimate size of the grown particle necessary for determinstion
by the method of ¥.0,T.S, Thue sn original aerosol particle,
having & radius of 0,06 micron must be grown at least 3-fold.

The same apvrosch 1s followed for the oleic acid aerosol. Here
chloroform 1s a convenient voletile solvent. The valuee of rqy
found for the verious growth fasctors are then compsred by

the usual statistical methods,

In some cages 1t 18 vossible to compare the average value
radius (Fyy) of the initlal nerticle, calcu}sged in this fashion,
with the %1 from nolarization measurements , (0,12 micron<r ¢
0,16 micron), or from observation of the H,0.T.S. (r > 0,18 micron)
on the initisl serosol,

In this study 139 experiments were performed, in which aerosol

gfrticles of initisl radii 0.030 to 0.30 micron were grown 2-, 3-,

y 5=, and 7~fold. Of these cases 19 were made with oleic acld
aerosol grown over master solutions of olelc a¢id in chloroform
while 120 were carried out on the D,0,P.~toluene system, These
experiments were conducted with no intentional emphasis on a
particular size but rather as a survey of the normal working range;
however, a lsrge proportion of the ry lay in the 0,110 - 0,180 micron
range for filtration etudles.

Table I liste revresentative data obtained in this analysis and
shows:

1, Growth of particles with varlous initial redii,
2, Experiments with different growth factors on a given un-
grown aerosol to investigete consistency of method,

3. Tyve of analysis made on data obtained,
L4, Comperison of results with those by other metrode (¥W,0,T.S.
and Polarization),

5. Comparison of reesults obtained with D,0.P. and olelc acid
aerosols,

2123
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In this compilation veolues of the calculated rsdius of the initial
particle sre tsabulated although 1% is the radius of the grown
psrticle which is actually observed. The value of k 1s known from
the comvosition of the master solution,

The values of r,, obtained by using different growth factors
for a glven ungrown serosol are averaged. This mean value is called
ryxe The aversge deviation (a.d, = ’dJ,k where k = growth

factor and N = number of growth exveriments of each r,, from the
mean Iy ) 18 cslculated and then thre percentage error Arik *100
found, A frequency distribution of the Ty
percentage average deviation for all 139 cases

is made and the results plotted in the error curves, shown in

Fig., 2a. The distribution for three ranges of ryy appears in

Figs, 3 and 4, The maximum separation (Arik)max between any

two 1, values for a gilven ungrown saserosol are tabulated for each
of the 139 cases and the distribution of the percentage maximum
separation (Aryy). .. examined (see Fig, 2b and 4), In Flg. §

+100
Tix
a compvarison of the values of Py and the ry from direct H,0.T.8,

observation 1s made, A similar analysis avvears in Fig, 6 for the
growth metrod vs, direct measurement by the polerization technique.

For a perticulsr aerosol grown by a given amount, the
reliability of the Tyx’ calculated by using the angulsr vosition of

the first red order of the W.0.T.S., 1ls tested againet that found
by aversging the values of the radius obtsined from all the red
orders,

The following orocedure wss used to investigate the time
dependence of the angulsr vositions of the red orders of the higher
order Tyndall spectrs of the grown D.0,P. serosol:

D.0.P, aerosols were nroduced which showed no H.,0,T.S.
but rether a bluish cast, indicating a particle size just
above the Rayleigh region, These aerosols were exposed
to the vapors of master solutions of D,0O.P. in toluene,
each flask swirled and the position of each red order of
the 4,0,T.8., observed simultsneously for a period of

7 minutes, at 30 second intervals, as o rule,

In Fige., la and 1b, the time aversge mean angulsr position vs.
time (in minutes) is plotted for the first order for the cesse of
tWwo and three growth respectively, with a 20 second swirling time.
Fig. lc shows the results of t+ird order observetions for 5-fold
growth, In Fig, lc a 30 second swirling time wes employed. These
represent typloal resulte obtsined out of the 3L guch experiments
rverformed. The fluctuations of the reedings about the average were

24 '(:'
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found to 1lie within + 3°,

The first reading, recorded by the operator, deviasted most
from the averasge and in some cases had to be diescsrded entirely.
The time elapsed between agitation and observsation did not affect
this result, indicating that the naked eye requires a finlte time
to adapt itself to its messuring task and is inaccurate for the
firet observation,

Laboratory Apparatug Used in Connection with Growth Method for the
Measurement of Aerosol Particle Size,

1, Generator,

The monodisperse aerosol is produced in the La Mer-Sinclalr
generator (3),

2. Eleotronic Photometer.

An electronic photometer (Model No., 512 oroduced by the
Photovolt Corporation) and s set of optical filters (Corning
No, 2-61 and 1-57) were used to measure the angular position of the
red orders of the H.0.T.S, The particular filters were chosen to
isolate a narrow band around 6290A°, This avparatus was tested
in an effort to find a device to eliminate the error introduced
by ueing the naked eye to observe the red spectrum. Thrls model
of the photometer proved of little value for the purpose at hand
since the photocurrent decressed graduslly with increesing angle
with no maximum st the vosition of s red order., In other words,
1t was sensitive only to a decrease in light intensity without
detecting the position of any red order, Thls decresse in intensity
18 80 acute that s variation of 10° in sngle covers the full scale
of the meter, which means that the sprroximste position of the
red bsnd hed to be located with the neked eye, The intenslty effect
of the incoming light is so grest that the posltions of the second
and third orders are completely masked, It 1s not vossible to
record their anglesg even with a maximum sensitivity of the photo~-
meter. A light intensity ratio meter, which messures the ratio
of red to green light, 1s needed to eliminate this intensity effect.

3. The "Owl",

For a complete description of thle optical device, see (6).

6. Handbook on Aerosols, Atomic Energy Commission, 1950, p. 106.
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6., DISCUSSION OF ERRORS

The sources of errors will be classified in three groups:
those originating in the nroduction of &erosol In the generator,
trose introduced in the growth of the aerosol particles, and throse
arieing in the determination of the psrticle radii.

1, Errors in Origingl Aerosol.

Since a moderately polydisverse serogol exhibits broad )
and diffuse Yigher Order Tyndall Svectra, making difficult the <
recording of their angulsr nositions, it was deemed necessary to
investigate the matter of polydismersity in the generator and its
effect on the growth method ae far as we could with presently
available techniques.,

The generator produces under normal opersting conditions
a bighly monodisperse aerosol with only a 10% everage deviation from
the mean radius (See ref. (4), and ref. (6), p. 77).

I7 this distribution were preserved in the growth vrocess, the width
of the red orders should increase with increasling growth factor
until no W,0,T.S. can be seen, For examole, an original aerosol,
having an ry of 0,120 * 0.012 microns should yleld a grown aerosol

of radius 0,240 + 0,024 microns for k = 2; for k = 3; re = 0.360 +
0.036 microns, ete. -

Although 1t 1s recognized that the intensity of scattered light
increases with increasing narticle size, inhomogeneities in radilus
present in the original serosol did not affect the grown particles
to the point where their H,0.T.S, could not be seen.

2, Errors in the Growth Process.

Since the growth factor, k, 1s such a vitsl quantity in
the calculation of particle radius by the growth method, 1t i1s most
important that its accurete value be known, which is determined
directly from a knowledge of the comnosition of the master solution.
It 18 possible for the master solution to chance in composition if
the proper precsutions sre not taken, Passsage of aerosol over the
master solution for a long veriod of time csuges an increase in
solute concentration as some serosol vasses into solution and a
decrease in solvent concentrstion with the sweeping out of wvspor
by the aerosol stream. 8Similsrly, s frequent or lengthy exposure ,
of the flask containing the master solution may result in loss of .
the more volstile compoonent., If the master solution is replaced
often by a fresh sample, all of these errors can be avolded.
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The errors in k, attributed to the Kelvin effect, will be
discussed in the Appendix (4).

The effect of temperature variations is important in thils case
as 1n all processes dealing with aerosol particles. It 1s necessary
that the temperatures of the flask, containing the master solution,
and of the generator outlet be equal and constant to prevent changes
in the 1nitial aerosol radius. Care should also be taken that the
flask, containing the grown aerosol and the master solution, and the
measuring instruments or study of this aerosol be at the same con-
stant temperature to maintain constant grown particle radii. This
is particularly important for the sulfuric acid-water system (2).
For this case, the sensitivity of the grown aerosol to temperature
variations increases with increasing growth factor, The mere pre-
caution of keeping the flask at room temperature is sufficient to
reduce the errors due to temperature gradients. Theoretlical calcula-
tions for the D.,0.P.-toluene system show that the heat, liberated in
the condensation of solvent on the solute aerosol particle in the
growth process does not raise the temperature of the droplet by
more than 0.02°C and cannot be observed,

3, Method of Observation of Aerosol.
{a) krrors in H.0.T.,3.

The angular positlions of the red orders of the grown
aerosol, as estimated by the naked eye, are precise to within *20°,
due to the operator's location of the "red" band and to its finite
width. This uncertalnty in angle introduces an error of about
#0,02 micron in the determination of radius from the "r vs, o"
curves of the Mle theory. This error in the measurement of the
red orders could be reduced by using a Photoelectric Ratio Intensity
Meter (8) for detecting the angular positions of the red orders

8. Progress Report No. 3, Air Force Contract AF-19(122)-164,
This Laboratory, Columbia University, August 31, 1950, p. 15).

by measuring the red/green intensity of scattered light.

The value of the grown particle radius 1s also affected by the
1imit of precision of the "r vs »" curves and their use for master
solutions of varying indices of refraction, For example, these
curves for an index of refraction, m, of 1.5 vwere applied to the
following cases: D,0.P, with m==1.4é59 and toluene with m=1.4978;
the oleic acid-chloroform system the indices of refraction of which
are 1.463 and 1.498, respectively.

It was found that the value of a particle radius as averaged
from those of all the red orders is certainly more reliable than the
radius, estimated from the first order alone., The maximum separation
between any two rii was larger for those calculated with the first
order exclusively.

(b) Errors in Polarization Method.

A two per cent average error is introduced in the
estimation of the extinction angle in the determination of the
ungrown particle radius by polarization method.
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TABLE 1

Characterietic Data of Some Representative Experiments
On D.0.Pi~Toluene Aerosols Obtained by the Growth Method.
Radli in microns.

—_ ffzi-1oo Polari-
e Ty3 T g Ty T o grewen G

0.260 0.250 0,255 2,0 0.280 (H)

.230% 0, 210% . 220% L6 . 220 (H)

. 220% . 220% . 220% 0 .220 (H)

. 215 210 .212 2.4 .210 (H)

. 200 . 200 200 0 . 200 (H)

.178 .173 <176 1.1 +180 (H)
.185% J157% L171% 8.2
. 185 . 195 .165 0,140 171 10,6

. 185 .170 . 150 . 168 7.1 ,160 (P)
. 165 .168 . 167 s 167 0.7

.158 ,158 158 . 158 )

. 150 ,170 150 157 L, 5 .160 (P)

v162 153 ,150 155 2.6 157 (P)

.158 o147 S « 149 40 +158 (P)
. 1L0% . 140% .120% . 140% .135* 5.9
<150 .140 .110 <133 12,1

<140 +125 «133 .133 3,8 . 146 (P)
+150% .130% .120% . 133* 8.9

. 130 130 130 + 130 )

2115 .110 .119 .115 2.6
105 .110 .105 .108 1.8
. 090 .080 . 070 . 080 8.8
. 085 . 083 .080 . 080 . 082 2. b
. 075 .070 +070 . 064 . 070 4,3
.073 . 068 . 060 067 7.5
«063 . 060 + 053 058 6.9
. 050 . 052 . 052 . 051 2.0
+0k0 }2;§ .ouz; + k3 1.0
000 e 0

* refers to oleic aclid-chloroform system, <y

28
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Section IV
APPENDIX A

Correction to Growth Factor Arising from Curvature of Small Droplets
Kelvin Effect
by
Victor K, La Mer and Ruth Gruen

Whenever equilibrium is established between an aerosol droplet
and 1ts master solution, the vapor prescures of the volatile com—
ponent of the dronlet and of the mester solution must always be
exactly equal; otherwise, the droplet will continue to grow (or
contract) until thig condition is met,

Since pp, the vapor_pressure of the solute, 1s negligible in
the case of DOP (p,°"¥ 10™' mm H@) as compared to that of the vola-

tile component Toluene (p1®~ 30 mm Hg at room temperature), the

total vapor vressure of the droplet P(p) 18 senglbly that of the
Polatile component P1(r).

In the main report, we have also assumed that the composition
of the grown droplet and the master solution are identical at
equilibrium. This assumption, while very convenlient and satisfactory
for a first approximation calculation, 18 no longer valid when the
droplets become small enough that thelincrease in vapor pressure
arising from the curvature of the droplet as compared to that of the
flat surface of the master solution can no longer be ignored. It 1is
the purpose of Appendix A to investigate the magnitude of this effect.

For a one component system, W. Thomson {Lord Kelvin) (1871 -
not 1881 as referenced by Freundlich, G, W, Lewls and others - this
mlstake of a decade 1s significant as Willard Gibbs offered a
superior derivetion in 1876-79), developed the following equation
fo; ghe relative increase of vavnor pressure arising from curvature

1/r) as

Pr/, = exp g%%! . ‘% = exp (y/r) (1)

Here p, 18 the vavor pressure of the droplet of radius r; py, the

vapor pressure of the flat surfasce of infinite radius of curvature;
1%’ 1s the surface tension and V the molecular volume of the pure
quid.

Although this equation forms the fundamental basis of much of
colloid sclience and in varticulsr, i1s involved in the rate equatione
o0f the Volmer-Becker-Doering theories of aerosol formstion, it has
never been verified by direct experimental tests.

36 NYO0-512
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1l

Bikerman~ states "The pressure differences predicted by

1, J.U. Bikerman, SURFACE CHEMISTRY, Academic Preee, 1947,(p. 581).

W. Thomson's theory are so small that a direct experimental confirma-
tion has not yet been carried out in a convincing manner."

zge direct proofs attempted by Shereshevekyz and by Woodland
and Mac ylelded results which deviated considerably from the

2. J.L. Shereshevsky, J. Am. Chem. Sooc. 50, 2966, 2980 (1928).
3. D, Woodland and Ed. Mack, ibid. 55, 3149 (1933).

theoretical predictions and are not considered valid tests by thelr
authors,

Inairect tests have been made by Lyakilovu and by K.V. Chmuto 5.

4. K,8. Lyalikov, Acta. Physicochem, U.R.8.8. 12, 48 (1940).
5. X.V. Chmutov, Kolloid Thur. 11, 44 (1949); c.a. 43, 6882,

The general acceptance which Eq. (1) enjoys really rests on
the cogency of the Gibbs-Poynting thermodynamic derivation®,

6. E,A. Guggenhein THERMODYNAMICS, AN ADVANCED TREATMENT FOR
HEMISTS AND PHYSTCISTS, Interscience (1949), p. bb=5,

p. 166.

and the success of further theorlies based upon 1it,

As a by-product of the present development, 1t will appear
later that we have obtained for the first time a direct quantitative
confirmation of Eq. (1).

No one appears to have extended Eqs (1) to a binury system
composed of two volatile liquids, but in the present case of interest
where one of the components 1s senslbly non-volatile, it 1s obvious
from the derivation just cited, that V in Eaq. (1) should be replaced
by the partial molal volume of the volatile component in the 1liquiad
state and that 8’ is the surface tension of the mixture,

In Table I, we give some preliminary measurements by Miss Joan
Kruger of the surface tensions of DOP-Toluene mixtures using the
capillary rise method. Apparently, X' is practically indevendent
of the DOP-Toluene composition and eaual to about 27.5 dynes/cm,

Footnote: No one appears to have extended Eq. (1) etc. except for
a bgief statement by Volmer ~ XKinetik der Phasenbildung,
p. 89.

K
J5
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Table I
Mole fraction

DOP Density hicm) 5 (dynes/cm)

1 0.980 2,2 + .05 26. 4

Lol . 880 2,55 27.5

.01 ,870 2.62 28.0

. 004 . 868 2.6 27.7

0 . 866 2.6 27.6

No appreciable error should be introduced 1f we set the
partial molal volume of toluene as equal to its molal volume in
the preemnt system., Accordingly, y= 2¥V/RT = 2,42 10"7,
a value considerebly greater than that for water; namely,

y = 1,05 ° 10"7. A plot of pr/paa as a function of r for the
liquids of interest in this research are vlotted in Fig.#?.

The calculation of the effect of curvature upon the
co?pgsitigg of the droplet in equilibrium with the flat surface
ollows:

At equllibriunp,
Pe = Pi(aroplet) = Pi(mester) = 9MP1°® (2)

Here N, 1s the mol fraction of the volatile component (1) 1in the

master solution and ay 18 the rational activity coefficient
correcting for all deviations from Raoult's Law, The effect.of
curvature 1s to produce an increase in vapor pressure of the
volatile component equal to (p, - Puo ), so that mol fraction of

this component in the droplet must be reduced from Nl' its value
in the master solution, to an actual lower value Ny'!'“in order to
conserve equilibrium,

Thus for the grown droplet designated by the subscript g
prg = ql' Nli p,° + (prg - poog)’ (3)

where pT,g 1s the vapor pressure of a flat surface whose compesition
u]

is equa the comvosition of the droplet. The primes refer to
values corrected for curvature, 36
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Solving Eq. (2) and (3) for Ppg and Ppg respectively
and substituting in (1), we obtain

N, /Nyt = exp (y/rg) (u)

when we recognize that the ration a'/a is almost exactly unity

for these small differences in comnosition regardless of the
character of the solutlon,

For the system DOP-toluene

Exp (y/pg) = Exp ( ngiﬁg ) (5)

when rg 1s expressed in microns,

When r, = ,05 miorons, y/rg = 0,048 or 4,8%; hence,
Exp (X/rg) can be replaced by 1 + y/rg without sl gnificant
error, ylelding the working equation

Y/rg = M /gt = 1. (6)

To express k', the actual radius growth factor in terme of the
corrected mol fractions, we proceed as follows:

!
Bz Arg/ry!) = (_______"1 * vy |3 (7)
v2
ny! + n, Yo + Vy° vl' ’ (8)
- 7

where vy', nj' are the volume and the number of molecules of toluene,
respectively, in the droplet. vs, no are the volume and the number

of molecules of DOP, respectively, in the droplet.
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Combining (7) and (8) we get
v \1/3
k= rg /e =1+ Ao SO (9)
V2° Ng'
and similarly
° 1/3
k = 1+ Xl_ El
Vv, N, (10)

For Toluene: Ve = 106,84 cc.

Table IT gives a set of values for the mol fresctlon of
toluene (N;) for various growth factors.

Table IT
2 3 b 5 6 8 10

N, 0,962 »9902 «9958 .9978 « 9988 « 9995 +99973

Table III contailns values of (y/r_ ) for Ty the observed
radius of the grown droplet in microns.

Table TII
Tg 0.06 .08 .10 .16 « 20 .30 7] .60
y/rg 0.040 . 030 024 . 015 012 ,008 ,006 004
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In Table IV are given some tynical calculations for growth
factors of 2 and 10 respectively. The last column gives

'
loo(r1k - rik)/rik » or the percentage correction to r,, s the radius

of the initial droplet caloulated from ry, = ;E , arlsing from the

effect of curvature, It is avparent thet the ocorrection is of
considerable magnitude for large growth factors and cannot be
neglected even for k = 2 at the smaller sizes.

Teble IV for k = 2

'
T Ny X' (rikr:krik)o1oo
0.10 .940 1. 73 15.6
.20 .951 1,84 8.7
. 40 « 957 1,91 b,7
. 60 . 959 1,94 3.1
for k = 10

.20 .988 2.85 251,
.30, .992 3.25 208,
40 .99 3.57 180,
.50 «995 3. 79 164,
.60 .996 4, 08 145,
.70 .997 b, 32 132,
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System DOP-Toluene.

growth factor corrected for Kelvin effect to be employed

NY0-512

Table V

Sec. 1V

Values of &', the actual radius

in ocslculating initial radii (in microns) for verious

values of the final measured radius r_ when edquilibrated

g

against master solutions ylelding a calculated growth

factor k valid asymptotically for

sufficiently large

droplets.
Te /5 3 b 5 7 10
0.08 1,67 1,95
.16 1,81 2.25 2, b6
«20 1,84 2.35 2,60 2, 71 2. 77 2,85
.30 1,88 2,50 2.85 3.02 3,13 3,25
. 4o 1.91 2.59 3,02 3,25 3,39 3.57
.50 1,92 2.65 3.13 3.39 3.57 3.79
.60 1,94 2,71 3.25 3.57 3. 79 4,08
.70 1,95 2,77 3, 40 3.79 L, 08 b, 32

The results for Table V are plotted in Figure 4.8.

In Table VI are given the results of two sets of experiments,
18 the radius of aerosols grown over master solu-

tlons of the growth factor k of column 2, measured by light scatter—
The caloulated initlal radii ry,

progressive decrease with increasing values of k.
hand, the values of ry;, of column 5, the initial radil calculated

by using k' {(column 4), the growth factor corrected for Kelvin effect
is remarkably constant and well within the limit of experimental

In column 1, r

ing methods.

error of the measured values of r..

g

of column 3 ehow a
On the other
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The correct initial rsdii of the aserosols are therefore
0,099 and 0,161 microns respectively. The data are plotted in
Fig' )4'9'
Teable VI

Aerosol No, 1

T o k Ty k! r!

k

(observead) (calc.) (corrécted)
0,18 2 0,090 1,81 . 099
.2k 3 . 080 2. 42 + 099
028 u [ ] 070 2. 80 [ 100

Aerogol No. 2

0,30 2 0.150 1,88 .160
. b2 3 <140 2,59 «162
v 52 b «130 3.17 . 164
«55 5 »110 3,50 157

Although we have presented these data to 1llustrate (a) how
a reliable value of the radlus of a given aerosol can be. computed
by averaging the reesulte obtalned when this aerosol 1s grown
simultaneously over master solutions of different compositions
(growth factore) and, (b) the constancy >f the results when cor-
rected for ourvature of the final grown droplets, it would be
equally logical to reverse theprocedure, In other words, assume
the validity of the growth method since it depends only upon the
well~established principle that at equilibrium the partial pressures
of the droplet and master solution must be equal and to coneider
that bringing the decreasing values of ryy Wwith increaeing k to a

constant value rik by employing the Kelvin correction as shown

in Table VI and Fig. 4.9, is a direct experimental verification of
Kelvin's equation,
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A statistical analysis of all of the 115 growth experiments
which were of verying degrees of preclsion of measurement, shows
that in 57 of the 115 experiments, intyoduction of the Kelvin
correction improved the constancy of Ty &8 compared to ryy, by

reducing the corresponding a.d. values by a factor of {wo and
often considerably more. In some cases, the a.d, of Ty ¥as

greater than that of ryy values, However, we believe these results
should be disregarded as the experiments were made at a time when
the technique of measurement had not been adequately developed.

The dsta in Teble VI were especially planned for the purpose and
merit the most welght,

The previoug attempts to confirm the Kelvin equation have
foundered on the diffiocult problem of measuring the minute variation
in vapor pressure with radius, The present avprosch circumvents
this difficult experimental tssk by making the significant experi-
mental measurement one of messuring the radll of the grown droplets
by the newer optical methods ~ a much easlier tesk since equilibrium
is relatively easy to achieve,

Ve believe thege data furnish for the first time a con~
vincing experimental test of the validity of Kelvin's equation.

The method merite further investigation particularly with
solvents of lar%e molecular volumes (V 3200 cc?, and 1f possible
larger surface tansions, whereby the magnitude of the correction 1is
inoreased over the customary small values encountered with water
(v=18)., If possible, the method should be extended to still
smaller radii to investigate the moot question of the constancy

of the surface tension with decreasing radius, See discuesidén by
V.X, La Mer and G.M. Pound, J. Chem. Phys. 17, 1337 (1949) and

F.P. Buff and J.G, Kirkwood, ibid. 18, 991 T1950).

A second objective for further investigstion would be to
ascertain the effect of impurities by surface film action in re-
ducing the rate of attainment of equilibrium in the growth process.
In particular, how rapidly does a grown serosol whose droplet
surfaces have been contaminated by an added impurity, decrease in
slze when transferred to a master solution of lower k value,

Finally, 1t should be emphasized that the agreement with
Kelvin equation which we now present rests upon starting with a
monodieperese serosol, If the ungrown aerosol is polydisperse,
the differentisl growth resulting from the Kelvin effect will
l1adirectly tend to incresse tre polydiepersity and thereby render
measurement of the radius of the grown particle ambiguous.
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APPENDIX B sec. IV

Liquid Diffusion as a Possible Cause for Time Lag
in the Growth of DOP-Toluene Drovlets
by
Howard Relss.

I. Introduction

This report contains a mathematical investigation of the
possibility that the growth of DOP droplets in an atmosphere of
Toluene vavor can be delayed because the diffusion of DOP molecules
to the surface of the growing droplet is a time consuming process.
The term “delay" implies a temporal perlod of at least several
minutes, 8o that 1f it can be shown that the droo grows to completion
in a fraction of a second, even when the growth is diffusion con-
trolled, 1t will not be possible to blame a time lag on liquid
diffusion,

In tris revort this fact will be demonstrated, and consequently
no time delay can be ascribed to the liquid diffusion »rocess.

II., Mathematics

At first, the problem of calculating the growth rate of DOP
drope in Toluene vapor seems difficult, because of the need to take
Raoult's law into account, the need for the simultsneous solution
of connected liquid and gaseous diffusion problems, and, finally,
the complications arising from the existence of a moving boundary.
However, all of these difficulties can be removed.

Consider Figure 1. The growing drop recelves material
essentially from the control mixture of DOP and toluene, The
fransfer of materlal takes place through the medium of the vapor
phase. However, the process of vapor diffuslion occurs on the
average, 100,000 times as rapidly as the 1liquid diffusion process.
As a result, the adjustment in the vapor phase occure instantane-
ougly, relative to a variation in the 1liquid phese. For all practi~
cal purvoses, the sltuation 1s identical with that in which the
DOP drop is actually immersed in the control mixture (see Figure 2).
The toluene from the mixture can therefore be considered to diffuse
by means of a liquid-liquid process into the drop. The need for
considering a gaseous diffusion process has therefore been obviated,
and with 1t the need for taking Raoult'!s law into account,

If the dlstance from the center of the drop, immersed in the
control mixture, ie denoted by r, and the time by t, then clr,t),
the concentration of DOP, plotted versus r for various values of t,
will resemble the curves of Figure 3, At the zero of time the curve
will be discontinuous, corresponding to a droplet of pure DOP of
initlal radius, X, immersed in a 1/9 th by volume mixture of DOP
in Toluene. As time passes the curves for %3, ta, t3, ty and t5

48 NY0-512
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will result, the boundary of the drop being defined by the values
of X1, X5, Xzy Xy and X5, corresponding to the points at which the
concentration of DOP is reduced, effectively, to zero;(i.e., to that
of the master solution,V.K.L.). In this way the moving boundary
can be handled, 1.e. 1t 1s merely necessary to follow the points

X1, X5, X3, etc. to follow c¢he growth of the drop.

If the curve corresponding to t. where the distance, h, is a
very small fraction of the 8/9 ths DBP esoncentration, avallable as
the initial diffusionsl driving force, occurs for t very small,
the growth process 1s completed in a very small period of time.

In fact, 1t 1s virtually complete at ts.

In order to evaluate c(r,t), the following boundary value
problem must be solved,

2%  27de¢ . 1

'3;;2‘4b‘ rdr D dt

e{r,0) = Cpyp for ogr<x (1)
1/9 Cpgp for x<r ©0

Here, D 1s the coeffilcient of diffusion, CDOP is the concentration of

DOP molecules in pure DOP at room tempmerature. We will assume that
the control mixture is 1/9 DOP by volume. The solution of this
problem 1is

‘LE:LLIE -(r ~ x}z
¢ = 1/9 Cpop + 8/9 Cpop ’ Dt (;; Dt —-—e Dt T:)
w r

r+x T
Q§DE
2
1 - v
4+ W— e dv (2)
r~ X
2Dt
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The integral on the right can be evsluated using a table of
probability functions (see Lange's handbook, U4th edifion), This
golution assumes the validity of Fick'!'s law, Obviously this law
does not hold accurately for the system in question, but as long as

an order of magnitude only 1s required, equation (2) will be very
useful.

Assuming:

D = §5x 10"'6 cmz/sec.
(almost certainly a lower 1imit, snd not more than
2 x 1076 cm?/gec.

t = 0,01 sec.

21

Chop = 1.51 x 10°" molecules/cc.

x = 2x 1077 om

c(r,t) wee computed. This plot is too flat for convenient graphing.
The values for c(r,.0l1) at different values of r are given in
Table 1.

Table 1

r e(r,,01) Y

0 s 1/9 Cpop * 8/9 Cppp(l.7 x 21077)
.2x10 7 cm "
Ju oo "

-4

.6 " 1/9 Cpop + B/9 Cpop(1.6 x 107 7)
.8 L L
1.0 " "
1.2 n L

It 1s seen that the h of Figure 3 is in this case 1,7 x 10~h
of 8/9 Cpops the availsble driving gradient, at a value of time so

small as .01l sec, In other words, the growth is complete in less
than ,01 sec.; for all practical purposes, 1t is probably over in
a much smaller time than thls.

Any error introduced by a possible 50%Z error in the value of D,
or by assuming the validity of Fick's law, cannot poesibly change
the meaning of this result. No time lag can be sssoclated with the
liquid diffusion process.
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SECTION V,a.

FILTRATION OF FINE MONODISPERSE AEROSOLS
by

Ruth Gruen, Guy Goyer and Mary L. Young

Experimental Detalls

In this investigation, the following tyves of various fillters
were considered! Chemical Corps No. 5 (CC—?), Whatman No. 2 (W-2),
a~-web carbon-impregnated paper, glass ("Gl"), a hand-made glass
filter, a rayon type, and A.E,C, No. 1 (otherwige known as "Roll 13"),
The majority of experiments were performed with the reproducible
CC~5 filter since aerosols filtered through this paper offer a
penetration percentage in all cases in a range convenient for optical
examination, The behsavior of other filters was compared to this as
a standard, The performance of these filters was checked with three
different aerosols; namely, dloctyl phthalate (DOP), oleic acid and
golld stearic acid.

1. Géneral Remarks Regarding the Aerosols Under Conslderation.

a. Preparation

The aerosols were prevared in the usual manner in the
LaMer-Sinclalr generator (1). The boller end reheater temperatures,

1. L»s Mer, V.X, and Sincleir, D. Chem. Rev. Lk, 245 (1949),

the current through the nuclei-nroducing coll, snd the rate of alr
flow are adjusted to velues approvriate for the desired size and
concentration of the aerosol varticles to be studled. 1In order to
obtaln congtant operating conditions during the filtration measure-
ments, 1t 1s essential to allow the boller sand rekeater to reach
their final temveratures gradually over a period of a few hours.

The use of a thermoregulator enables a boller temperature with

a + 0,2°C variation to be maintained. A flow rate of 2 liters

per minute, of which one lilter/minute is applied to the nuclei source,
was utlilized.

For the majority of measurements, a current of 3.0 amps,
through the sodilum chloride~costed wire coil was used for the vproduc~
tion of nuclei, With D,O,P. ss aerosol, it is necessary to apply
a current of 2,90 or 2,95 amps, to produce particles of radil greater
than 0,3 microns. This 18 an experimental value and must be deter-
m%ngg for gach individual nuclei source and may change with the age
o] e coil.

52 NYO-512
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A variation of linear velocity of the aerosol was made by
changing the area of the filter, For this purpose four fillter holders
of areas 1.19, 2,56, 7.05 and 13,00 em? (later revplaced by a holder of
13.25 em? crose-section) were constructed to oroduce for a flow
of 2 liters/min. linear velocities of 28,0, 13.0, 4,7 and 2.6 cm/sec.,
respectively, For the "G1" filter, an aluminum ring was used in the
filter holder to decrease the effective filter area and thereby
increase the aerosol linear velocity to 31.2 cm/sec. This prcéedure
18 not recommended,

b. Measurement of Particle Rsdius

Since the methods available for the measurement of the
radius of serosol particles vary in the range of slze to which they
may be appllied, 1t is necessary to employ three sevarate types for
particles in the 0.03-0,% micron interval. For a detailed descrip-
tion of each, see(1,2,3)(also Section IV).

2. V.K.La Mer, Edward C.Y. Inn, Irwin Wilson, J, Coll. 501.(2653 1
1 .

3. I, Johnson and V,K, La Mer, J.Am. Chem. Soc. 69, 1184 (1947),

As a check upon the relisbility of the values obtained by these
different techniques, the radii of varticles in overlavping ranges
are obtained by the various methods available., The specific tech~
niques are listed bdlow, together with the range of particle radlus
‘n which they sre effective;

Growth Method: 0,03 micron L 1y \<' 0,35 micron, where ry
represents the redius of initial particle

Polarization: 0,12 micron < r K 0.16 micron

Higher Order Tyndsll Spectrs: r » 0,18 micron

The slze of the aserosol particles under examination is
determined prior to, during and subsedquent to a filtration experiment
as another check upon the steady conditions of operation. The aerosol
particles remained constant in size on passage through the fllters,

¢, Measurement of Aerosol Particle Concentration
The concentration of particles (no. of psrticles/cc) in
the unfiltered aerosol 1s messured by the standard transmission
technique, (For a thorough discussion of this method see (1)).
The concentration used throughout this analysis is of the order of 10
particles/co,

The photographic method, applied to filtered aerosols of

7£20 5
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very low concentrations, 1s described in (L),

b, P.X, Lee and V,X, La Mer, Progress Remort No., 5, Air Force
contract AF-19(122)-164, (1951).

2. Filtration Analysis.

The remaining part of this discussion concerns itself with
the actual filtration measurements and all detalls related directly
thereto,

a. Preparation of Samples for Filtration Measurements

A disc of the diameter of the filter holder i1s cut from
the sample to be examined. This disc 18 then placed within the holder
and the screws of the latter fastened securely to prevent leakage,

No other vrecsutions are necessary in the case of the CC-5
filter since this filter is avparently unaffected by humidity varia-
tions., The W-2 paper, however, exhibits poor reproducibility, which
may be due to a ninhole effect (See Sections VI and VII of this
report). To eliminate a possible veriation of behavior with
humidity this filter was dried 36 hours at 110°C and 72 hours in
a desiccator at room temverature, No noticeable chenge was found.

b, Measurement of Percentage Penetration
Three methods are used to measure the percentege penetra-

tion of an aerosol through a §1ven filter; namely, the 90° Scsttering
Penetrometer, the Forward Angle Penetrometer (5) and the photographic

5. Handbook on Aerosols, Atomic Energy Commission, (1950),

technique, The first is anplied to the majority of experiments
where an appreclable concentration of filtered aerosol exists. For
the very efficlent filters where only a few particles pass through
the materlial, the photographic method offers particular sdvantages.
The application of the Forward Angle Penetrometer to this filtration
study is discussed in Section_V,aq,

The 90° Scattering Penetrometer

A schematic diagram of this apparatus 1s shown in Fig, 1,
The unfiltered aerosol from the generator enters the glass call, A,
from which 1t 1is sent through the brass filter holder into the glass
cell, B, and then to the exhaust, The cells A and B are identical
in construction, each having a volume of 40 cc, The light scattered
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in each chamber from a beam of varallel monochromatic light 1is
obgerved at right angles to the beam by two 1P21 multiplier photo-
tubes, The circuitse involving these tubes are shown in Fig. 2.

In this way, 1t 1s possible to compare the light scattered by
filtered and unfiltered aerosole and thereby obtain a measure of the
concentration of each in their respective chambers, The intensity
of sgcattered light, falling uvon the photosensitive surface of each
tube 1s actually measured by the amount of bucking current necessary
to balance exactly the photocurrent of the tubes. When this equili~
brium has been attained, the millismmeter in the plate circult of the
6SN7 twin triode tube willl register zero. The reading of the
votentiometer in this plate circuilt is a direct measure of thils
bucking current,

Throughout this dilscussion the following symbols willl be

useg:

: Ny = the potentiometer reading for unfiltered aerosol
in cell A and dry, dust-free alr in cell B;

N2 = the potentiometer reading for unfiltered aerosol
in cell A and filtered aerosol in cell B.

Thus, the percentage penetration of an aerosol through a filter is
defined as Ny - N,

—x—— X 100.
1

<

Preliminary to any measurement with this penetrometer, the
plate circults of the prototubes must be balanced for identical
light sources to eliminate the effect of tube varlations. To
achieve this, the circults are adjusted when the scattered 1light
from the same monochromatic beam in each chamber contslning
unfiltered aerosol is observed. The sensitivity of tube A 1s set
at a minimum since this tube will receive at all times the light
scattered by unfiltered aerosol, wheress the sensitivity of tube B
is chosen arbltrarily. As a first step, the multiple switch 18 set
so that both grids of, the 6SN7 tube are grounded ("P" position)
and the plate current adjusted to zero. This 1s for zero signal at
this twin triode, Next, with a signsl on one grid (i.e., with the
signal from one vphototube apnlied to the corresponding grid of the
triode) and the other grid grounded (setting "A", for example), the
plate currsnt of the triode 1s again brought to zero., This 1is
repeated in reverse for the other prototube (setting "B", for
instance), With signals on both grids (i.e., both phototubes con-
nected in the circuit), corresponding to vosition "N" of the switch,
the reading on the millismmeter in the plate circult of the trlode
18 recorded as the "zero position.'

To ascertain whether the sensitivity of the tube B is
aprropriate, the potentiometer réading 1e taken for the case of
unfiltered aerosol in cell A and dry, dust-free air in cell B, A
read1n§ of 100~200 divisions on the potentiometer is desired,

a smaller deviation rendering the apparatus insensitive and a larger

o 51
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one leading to unstable operating conditions, The sensitivity of
tube B must fall within this working range; if not, it must be
readjusted and the circuit rebalanced,

The following procedure 1s recommended for all cases where
the percentage penetration ie invariant with time (i.e,, for a
period of 10 minutes):

1, The zero position is determined by the method out-
lined above,

2. The reading N, 1s recorded (for filtered aerosol in
cell B and unfiltered serosol in cell A),

3., Np is found (for unfiltered aerosol in cell A and

dry,dust-free air in cell B, the filter holder being
disconnected from the line).

L, The penetration percentage ies calculated, This
process requires about 30 seconds snd is desirsble
since tube B must adjust itself to a gradual change
in 1ight intensity, receiving light firet from the
unfiltered aerosol, then from the filtered, and fin-
ally from alr, Several readings of venetration are
necesssry for a glven set of onersting conditions
and must be repeasted when any of the parameters 1is
varied.

When the percentage venetration is time-dependent, a different
procedure ig advisable, For a given radius of the aerosol under
consideration, a plot of the venetration vpercentage vs. time must
be made, The valued obtained for several samples of filter paper
are averaged for this graph and the curve extrapolsted to zero time,
These studles are carried out only for the smallest llnear velocity
of the aerosol as filtration characteristics change more radically
with larger linear velocltlieg, with the result that any extrapolation
to zero time would be unrelliable, This method of investigation 1is
applied to DOP filtered through a-web, C-impregnated paper and
stearic acid aerosol through CC-~5 filter.

When it 1s necessary to study the variation of the percentage
penetration with time, the following technique is helpful;

1, The zero position is found by the usual method.

2, Nl 18 found with the filter holder disconnected from
the line,

3. The filter holder is now connected to the line, the
alr stream being removed and replaced by the unfiltered
aerosol which 1s sent through the filter into chamber
B, After 20 sec., during which time the cell is filled
uniformly, N, is recorded and noted every 30 seconds
thereafter for 2 minutes.

L, Steps 1, 2 and 3 are repeated until 10 minutes of
filtration have elapsed.
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This procedure 1s reveated for various samples of the
same filter paper and the results sveraged., The usual studles are
made regarding the effect of linear velocity and radius of the
aerosol upon the time varlation of percentage penetration and a
comparison of different aserosols made. It should be noted that the
20-second walting period offers ample time for the cell to reach
equilibrium since a flow rate of 2 liters/minute implies that the
cell of volume 40 cc would be filled shortly sfter 1 second, Ob-
servation of the milllammeter scale revedls that approximately
10 seconds are necessary for the true equilibrium to be reached,

In all filtration experiments 1t 1is necessary, for a given
fllter psper samvle, to measure the percentage penetration several
times. For the CC~5 paper about three values are sufficlent
because of 1ts high reproducibility whereas the less relisble W-2
filter often requires about seven measurements before any reasonable
conclusions c¢can be drawn, The various values obtalned are averaged
arithmetically and the result called the "penetration percentsge."
For doubtful results, the following rejection policy was pursued:
the average is calculated without this doubtful value snd the
deviations of each experimental result found and averaged, The
doubtful value 1s rejected i1f its deviation from the average 1is
greater than four times the average devistion of all the other
velues, If the deviation of this questionable penetration percen-
tage from the average 1s less than four times the average devistion,
the average must be recalculated to include this value,

Table T lists the results of » tyvical exveriment using
D.0,P, aerosol filtered through CC~5 paper., This 1llustration
emphasizes the number of readinge necessary to obtsin rellable
values of percentage penetration snd the use of the rejlection
criterion for discarding the measuremente on filter No, F69-3,
Table IT gives the results of a simllar experiment on DOP aerosol
through W~2 paper, It is interesting to note that these readings
appear to fall in two distinct groups: one, clustered about 23,0%
nenetration and the other, sbout 27%.

Photogrsphic Technique

A photographlic method of studying aerosols, involving the
ugse of a forward angle scattering csmera, bas been developed in this
Laboratory by Mr. P.X, Lee (&), ~ Thig technique assumes particular
importance in the csese of a highly efficient filter, such as A,E.C.
No. 1, "Roll 13", since the intensity of scattered light from the
filtered aerosol 1s below the limit detectable with the 90° Scatter-
ing Penetrometer. For this filter only a few aerosol particles
escape into cell B,

This approach was applied to the A,E,C, No. 1 and CC-5 filter
A series of exposures of the unfiltered and filtered serosol streams
1s taken for each paper and the number of perticles avpearing in each
expostre 1g calculated and averaged, The "penetration percentage" in
this technique 1s defined as 100 times the ratio of the aversge num-
ber of unfiltered aerosol particles, In the case of A.E.C. No. 1, it
18 necegsary to take multiple exposures in order to find any particle
at all after filtration This introduces the necessery precaution
that no stray particles from previous experiments be present in the
chamber,

RERR
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Table 1

Typical Experiment of DOP aerosol Penetration Percentage Using CC-5

N, ~N
Ny N, 100 lNEZ Average %
F-61 175,170 - 155, 150 11.5, 11.7 11.6
F-62-2 170, 173, | 151, 152, 11.2, 12.2, 11.9
172 151 12,2
*
F-69 -3
F-69-U 181, 179 | 158, 157 12,8, 12.3 12,6
F-69-5** | 165, 161, | 147, 1ko 10,9, 13, 12,5
160.5, 166, 140,5, 1h2, | 12.5, 1b.5,
180 150 11.7
F-69-6 163, 152, |143.5, 133 |12.0, 12,5 12,2
F-69~7 167.5, 157 | 146,5, 137 |12.6, 12,7 12,6
L i - — e
Average Penetration % 12,2 £ .3

(over all samples)

Flow = 2.1 11t/min,

Nuclel source current = 2,8 amp,
2

Area = 13 cm”

Velocity = 2,7 cm/sec,

* P-69-3 rejected as 12.2 - 10.6 = 1.6 > 4 a.4d,

L 5,4, = 1.2

e Notice 5 readings were taken for thris fllter as the penetration

percentage varied considerably. All these readings were used
for average penetration percentage of this sample es pass the
criterion rejection test,
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Table IT
Experiment of DOP Penetration Percentsge Measurements
Using W-2 Filter
(The experimente show two distinct grouvns of penetration 2).
Ny Ny . 100 M1Np Average %
Ny

FL40-1 217, 230,5 165, 177.5, 2L, 23, 23.3 23, b

231, 5 177.5
FLO~2 222,5, 225, 166.5, 166.5 25,2, 26.2, 26.5

233, 226 169, 165 27.5, 27.0
FU0-3 221, 220 161, 160 27.1, 27.3 27.2
FLO-L 215, 217 151, 152.5 29.7, 29.7 29.7
FLO-L 215, 219.5 157, 159 27, 27.6 27.3
F40-5 219, 217, 159.5, 160, 27.2, 26.3, 26.7

211 155 26,5
Fu0-6 221, 215 170, 166 231, 22,8 23.0
FU40-7 218, 210 167.5, 161 22.7, 23.3 23.0
F4O-8 217, 215 167.5, 165 22.8, 23.3 23.0
F = 2,11 liters/min,
Lin. velocity = 2,7 cm/sec.
r = 0,14 micron
Notice two groups: FUO-1, 6, 7, 8 lower penetration

Flo-2, 3, 4, 5 higher penetration

These two group effects appesr dquite often
in W-2 penetration messurements,
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FORWARD ANGLE TYNDALLOMETER

A few experimenﬁs on filtration of aerosols were verformed
with a Forward Ahgle Tyndallometer similar to the one designed by
La Mer snd Sinclair (5), in this lsborstory as » check for the
penetration messurements obtained by the right angle scattering
apparatus, The results show agreement between the two instruments,

Instrumental

A schematic diggram of the avvaratus is shown in Fig. 3.
The source & is a six-volt headlight bulb whose fllament is 1maged
by the condenser C at the aperture A of the scsttering chamber,
A black opaque disc, 1-1/4" in diameter, is glued to the lene Ly of
the condenser to block the central rays. The llght scettered
by the aerosol particles at the point A ia focussed onto the
protomultiplier tube (1P21) through two 1/4" diameter diaphragms Dy
and D>, A sheet of diffusing vnaper P sround the nhototube permits
the use of most of the nhotosensitive surface. Neutral light
filters F of known transmiseion sre also used to reduce the intensity
of the scattered light by the unfiltered serosols.

For an empty cell, filled with dried, dustless ailr, no
getray light is measurable on the microsmmeter., Stray light was
reduced by the use of the twin diaphragms and by the lining of the
inside nf the apparatus with black velvet,

The detector is a 1P21 RCA photomultiplier tube fed by a
bank of dry cell batteries through a circuit similer to that used
by Kerker and La Mer (6),

6. M. Kerker and V,X., La Mer, J. Am. Chem. Soc. 72, 3516 (1950),

However, the dynode resistors have been increased to 100 K to decrease

the current drawn through the tube and three 300-volt batteries
Eveready No. 493) are used »s a power supply. The outvut voltage

is varied from 400 to 850 volts through a megobm variable resistor,

which permits, by the adjustment of the reading for the unfiltered

aerosol to 100 on the meter, to read per cent penetrations directly
on the meter,

For a given aerosol particle radius, the photocurrents read on
the meter are nroportional to the concentration of the aerosol in the
chamber, provided the loss of intensity of the direct beam due to
scattering is negligible, For this letter reason, the inlet and
outlet of the aerosol have been placed directly in line to prevent
the attenuation of the direct beam. A gentle suction at the cutlet
keeps the aerosol in a well-defined stream and nrevents it from
filling the whole chamber, .

60 NYO0-512
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Exverimental

A few penetration measuremente were carried out with this
instrument sand the results comvared with those obtained by right
angle differential scattering as shown in the following table:

% Penetration
Linear vel, Right Angle Forward

Aerosol Size Filter Paper in_cm/see, Scattering
Stearic acid ,18 CC-5 2.6 18,81 .5 : 18,21 ,3
Stearic acid .18 CC-5 b7 20,5 B R P
Stearic acid ,18 CC-5 13,1 15,3 2 15.2 1.1,
D.O. P, ) alpha-~web 2.6 37 36
carbon impregnated

Oleic acid .5 CC-5 1.9 9.8 10,3

i
Discussion

These data together with those obtained by the photographic
method end the Forward Angle Tyndsllometer, provide a means of check-
ing the rellability of the right angle scattering apparatus. They
show agreement within the 1imit of experimental precision, and check
the values of the penetration measurements reported in this paper.

It must be pointed out that the relative error on the Forward
Angle Tyndallometer readings should bg greater than on the right angle
scattering apparatus due to the fact that the latter uses a differ-
entlial measuring circuit and the former an absolute intensity meassure-
ment, Slight changes in serosol concentration and size, nossibly
caused by g variagtion of the nuclei source current, will show much
more in the Tyndallometer,

Very low penetrations cannot be measured with this apparatus
due to the too small concentration of the generated aerosol., Only
an increase of concentration would make the measurement possible,

The concentration could be increased by increasing the amount
of DOP vapor and the number of nuclei, HWHowever, it is impossible
to increase the boiler temperature higher than 130°C using air as a
carrier because of the oxidation of DOP to phthalic anhydride during
the process. An inert gss, such ss nitroren or argon, used ss the
carrier gas would permit the heating of the DOP to a higher temper-
ature as proved possible by H. Griswold (Chicopee Mfg., Corp.).
Increasing the evaporation surface of the DOP in the boiler would alsgo
permit a grester total vavor output. The particle size range could
be kept to the one investigated up to now by incressing the total
nuclel output. The effect on the monodispersity of the generated
aerosols of euch changes in the operating conditions of the generator
would 8till have to be studied., Coagulation sand secondary scattering
may impair the advantages looked for in this method.

SRR 4
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SECTION V.ec.

SUMMARY AND CONCLUSIONS

The results and concluslons reached in this research will be
divided into seversl categories, according to the tyme of filter
under examinetion. These large olassifications will then be subdivided
into sections comprising 211 the relations investigated for each filter
Since the CC-5 paver offers characteristics most sulteble for this
study, 1t will be discussed in detail, the behavior of other filters
being commared to 1t. As a final summstion, a teble, listing all the
principal qualities of the filters, will be presented,

1. Scope of this Investigation.

In this research, CC55 filter was tested with dioctyl phtha-
late (DOP), oleic acid and stearic acid serosols, whereas Whetman
No. 2 (W-2), alpha-web carbon-imvregnated, A.E.C. No. 1 ("Roll 13"),
"G1", hand-made glass, and rayon filters were studied with DOP
aerosol exclusively.

?. Propertieg Common to 211 Filteras,

a. Percentage Penetration vs. Redius of Aerosol.

In 211 cases, the percentage penetration was observed to
decrease monotonically with increese of the aerosol perticle radius;
that 18, no maximum in the penetration ver cent vs. radius curve
apvears (See.Figs. 2, 10, 14, 19 snd 20). Thkis relationship exists
whether or not the filter exkibits time-devendent venetrsation
properties, It also applies to the CC-5 filter with stesric acid
as aerosol, provided the venetretion velues are extrapolated to zero
time. A hand-made gless filter, examined with DOP merosols of radii
0,14 and 0.35 micron, showed the same decrease in percentage
fenetration. A rayon filter demonstrsted very bhigh penetration

between 85 and 100% with DOP) with large veriations. A 5-fold
increase of thig filter thickness did not markedly imorove ite ef-
ficiency. A.E.C. No. 1 ("Roll 13"), on the other hand, is eo effec-
tive a filter troet veristion due to radius could not be studled
quantitatively under the conditions of overstion employed (flow rate,
concentration, etc,) snd perticulsrly with the instruments of detec~
tlion presently available,

b, Percentage Penetration ve. Linesr Velocity of Aerosol.

With the excevtion of W-=2 filter vever which will be
discueeged later, the various filters tested showed en increase of
percentage penetration with incresse of linear velocity in the range
of verticle radius from 0,03 to 0,35 micron. Thisg effect becomes
less pronounced as the redius ie incress~d. Tsble I lists some
typrlcal data for CC~5 and hand-mede glasgs fillters with DOF serosol
and 1llustrates trig relationship.
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Table I
Filter Aerosol Radius Velocity " _AP
(microns)

cC-5 DOP 0.05 2.7 29.7) .3
13,1 32 ) *
cC-5 DOP 0.30 2.7 16.5) o

13.1 16.5 )

Hand-made  DOP 0,14 2.7 49.0 ) 11,5
Glass No. 1 13,1 61.5 ) ’

Hend-mede  DOP 0.35 2.7 28.3 ), 4
Glass No, 1 13.1 30.6 ) “e

*
Penetrstion Percentsge

Similar reeults are obtained with oleic acid aerosol. For both
aerosols filtered through CC-5 vaper, this tendency is reversed for
particles of radil greater tran 0,35 micron; in other words, for these
large particles, the penetration percentage decresses with increasing
linear velocity. This paper also shows a so-called "isopenetration
region" in which, for particle radii from 0.25 to 0.35 microns,
penetrations invsriant with respect to linear velocity are obtained
when the latter is varied from 2,6 to 28,0 cm/sec. A more thorough
discussion of the vroperties of each filter naper with the various
aerosols is presented in the sections to follow. The time variation
of the penetration characteristics of a-web C-impregnated vsper
rendered this filter useless for this study since extrapolation to
zero time for high linesr velocities becomes prscticslly impossible,
This is also true for CC~5 paper with stearic acid aerosol. Experi-
ments with "G1" filter have only an orienting, quslitative value
since an aluminum ring wes used to increase the linear velocity of
the aerosol by deoreasing the filter areas,

An anelyticsl filter, such as the Whatman-2 paper, exhibits
a decrease in percentage penetration with increase of lineer veloclty
for the entire renge of particle rsdii under investigation.

3. Chemicel Corps No. 5 (CG-~5) Filter Paver,

a., Dioctyl Phthalate Aerosol (DOP).

A total of 74 filtration experiments was carried out with
this peper as filter snd DOP as aserosol,

The percentage penetration of DOP through this paper 1is
invariant with time as may be seen from some tyvicsl data represented

.6l
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in Fig, 1. Here the fluctuations of the exverimental values about
the average occur with no marked tendencies in any directlon for a
period of 7-1/2 minutes. It was also observed that no significant
change took place over o period of 2-1/2 hours of continuous
filtration.

Tre normal logarithmic decresse of venetration with filter
thicknegs was slso obtsined.

A survey of the penetrotion vercentage vs. rasdius relstion-
shin ylelded curves such as that shown in Fig, 2a. Thls monotonlc
decrease in per cent penetration with radius hes been deecribed
above,

It ig worthwkile to mention at this juncture thst the CC-5
filter exkibits highly revroducible venetration values for a glven
radius, such a conclusion being resched from an ex-minstion of the
frequency distribution curve of the vercentage average deviation of
the experimentsl velues (Fig, 3). A curve of this tynme is construc-
ted in the following manner: the arithmetic average per cent
penetration for different filter semvles is calculated for a given
radius, the deviation of each experimentesl value from this sverace
found, and the sverage of these deviations determined, The vercen-
tege average deviation 1s defined ~s 100 times the ratio of the
average deviation to the aversce per cent venetrstion. This
procedure 1s repested for all the rasdll investigrted snd the
frequency of occurrence of each per cent »verage deviation tabulated.
A greph of the results of such a study is shown in Fig, 3 (aleo
Fig. 15 for W-2 paper). Examination of Fig., 3 reveals that the
majority of cesges ghow a per cent average devistlion of legs &han
2.5%. The shepe of this curve points to the excellent behavior of
this filter. Since the 90° Spatterinc Penetrometer posseseses a 1limit
of precision of this seme order of magnitude, the filter may yleld
results even more reproducible thsn this test would indiocate.

(1) Effect of v-oristion of linear veloclty

Another subject of interest in the investigation of
this filter i1s the varlation of percentage penetration with the
linear velocity of the eerosol for different perticle radii. Fig. 5
shows the results obtsined for the velocities 2.7, 4.7, 13,0 and
28,0 cm/sec, It may be noted thet for radii smaller than 0,33 micron
these curves possess a definite maximum with s very sharp initial
increase in penetration percentage in the small velocity renge.

For velocities greater than 13,0 cm/sec.,, the per cent penetration
begins to decresse slichtly. For a varticle of radius 0,21 micron,
a penetration of 16,4% weg obtained for s linear velocity of

42 cm/sec (this velocity was oroduc~d by increasing the flow rate
from 2 to 3 1/min) and represents s decided decrease below the
penetration value of sbout 20% for a velocity of 2.7 cm/sec. No
genersl conclusions can be drawn, however, regsrding the behavior
of .the other curves in the very bigh velocity renge since this was
the only experiment performed in this region. An aerosol particle
of radius 0,33 micron experiences s venetrstion indenendent of the
linear veloclty within thelimited renge of velocitles wheress larger

N
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varticles show a decresse in venetr~tion vercentage withr increasing
linear velocities,

Fig., U4 srows another method of representing the :
dasta already discussed, In thris case, the ner cent penetretion 1s )
plotted ogsinst the rsdius of the serosol particle for the four
different linear velocities, This figure shows more clearly the
gso-called "isopenetretion region™ for particles whose radiil fall in
the 0,25 - 0,35 micron range. Here the four curves are effectively
coincident, indlcating that the penetration is indevendent of linear
velocity for this particle size, Larger varistions anpear in the
very low and very high velocity regions.

b. Oleic Acid Aerosol.

A total of 24 experiments with this aerosol ylelded
results practically identicel with those for DOP. Thqhormal decrease
of percentage penetration with increasing particle radius 1s plotted
in Fig. 10, Fig. 11 shows this relstion for the four different
linear velocities, It should be emphasized at thls voint that these
curves sre besged on fewer dats snd ~re less relliable statistically
than those in Fig. U4 and 5. (The solid line, however, for the
lowest velocity of 1.9 cm/sec is an sverage curve, taken from many
more experiments, and is therefore more relisble than the other
three), Perhaps for this resson, the isopenetrstion region ies less
well-~defined. The results of the treatment of the data in Fig, 12
show oleic acid aerosol to bebhave gimilsrly to DOP. Nevertheless,
in svite of the statlsticsl considerstions, these curves do avpear
to have less gharp maxima with initisl slopes which are much less
steep.

c. Steeric Acid Aerosol,

A total of 19 experiments was performed with stearic
acid aerosol,

This semi-s0lid nerosol srows filtrstion properties
8imilar to the other aerosols already discussed 1f the clogging
action, evident from the rapid increase of nressure drop with time
discussed below, 1s taken into consider~tion. 1In other words,
.the normal monotonic decrease in venetrrtion per cent with in-
creasing psrticle rasdius is obtained, provided that the per cent
penetration 1s extrapolated to zero time, Thisg is 1llustrsted in
Fig. 2 where the curve may be seen to be prectically perallel to
that for DOP serosol,

A definlte clue to the origin of this clogging effect
may be seen in Figs, 6, 7, 8 and 9. In Fig, 6, the veoriation of
the per cent penetration with time for porticle rsdil of 0,19,
0,33, 0.42 and 0,6l microns is shown for a linesr velocity of
2,6 cm/sec, For the smallest particle, the penetretion 1s constant
with time, only the normal fluctuations sbout the sverage anpesring,
For the lsrger particles, the penetreotion per cent decreases sharply

b3
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with time. For the case of the 0,33 micron perticle, the penetra-
tion per cent apnears to be constant for about 2 minutes before
clogging begins to take effect, In Fig., 6, the pressure drop varis-
tion could not be studied since this quantity was too small to be
detected by the ordinary nitrobenzene manometer., Fig. 7 victures
the time varistion of the percentage venetretion for the first three
particle sizes for a linesr velocity of 4,7 cm/sec. In this case,
the vpenetration decreases slmost linearly with time and a pressure
drov, large enough to be observed, 1s obtalned for pvarticles of

0.30 and 0.50 miorons.

The results for a lineesr velocity of 13.0 cm/sec for par-
ticle ®adii of 0,19, 0,25 and 0,35 microns are s*own in Fig, 8.
Here a shsrp decrease in the curve for the 0,19 micron particle
appears snd a slight chenge in the curvature of these plots may be
noted, particulsrly for the case of the 0,35 micron psrticle,
Now a pressure drop may be observed for the 0,20 micron narticle,
a very steep slope appesring for a radius of 0,50 micron. Fig. 9
shows a very definite change in the curvature of the per cent
penetretion curves for radii of 0,21 snd 0,35 microns. Extremely
sharp increases in pressure droo are in evidence for psrticles
from 0.18 to 0,50 microns, These findings are all consistent with
the view that the righer the velocity, the greater the mass con-
centretion -~ roughly proportional to the cube of the radil of the
droplets — the more rapidly does the vressure drop increase and the
penetration decrease with time, The stearic scid droplets
evidently orystallize in the pores of the filter,

L, Whatman No, 2 Filter Paper.

A total of 45 experiments was performed with DOP aerosol
filtered throught this paper.

Thie paper stows penetration characteristics differing from
those above, They sre inveriant with time, and exhibilt only the
normal fluctuatione about the average of 16.3%, as i1llustrated in
Fig. 13, for these operating conditions.

A study of the varlation of venetration percentage with
rsdius for a specific linear velocity yields a (normal) deocrease with
increasing r (See Fig., 14) but a very wide spresd exists in the
penetration values obtained for any particular radius. The freaquency
distribution (Fig. 15) for this pvaper shows the results to be
unrellasble relative to other papers. 1In this case, the curve
possesses a maximum for an average deviation per cent from 1,5 -
4,5%, This eignifies that an error of this amount is most probable
when a study of the percentace penetration 1s made, and emnhasizesg
the poor revnroduclbility of the filter. The poor revroducibllity
may be due tc a pin-hole effect or to varistions in filter trickness.

In order to obtain a vslue of the ver cent penetration for
a given sample of thris paper, it was necessary to take anywhere from

Y
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four to ten readinge and to dry the vapers in an oven before
testing. Very often these values would appear to be divided into
two distinct groups (See Table IT, Section V.a)., None of these
values could be rejlected, however, since their deviestion from the
average wes less than four times the sverage deviation (the
criterion of rejection), To eliminate one more disturbing factor,
a thorough drying of the filter was attempted, but the penetration
group effect still persisted.

A survey of the vsriation of the penetration per cent with
perticle radiue for different linear velocities revedals that there
is a sharp decrease in penetrrtion with increasing radius for all
linear velocities and that no "isopenetration region" existse
(See Fig, 16). Fig, 17 shows the results of tbis study for particles
of 0,26 and 0,12 microns. The vressure drop across the W-2
filter 1s much greater than that across the CC-5 paper for the
eame overating conditions. For a velocity of 28,0 cm/sec, this
drop is so grest that a decrease in the flow rate in the generator
results, because of back pressure, and s readjustment of this flow
rate 18 necessary for further operation of the generator. This
represents an undesirsble technique and should be avoided,

5. Alohs-Web Corbon-Impregnated Paper.

Twelve experiments were performed uvon this paper with DOP
as the test aerosol,

A study of the influence of time of filtration upon the
value of the per cent venetration for different particle radii
showed that even with a 1liquid serosol, such as DOP, the per cent
penetration increases with time and that this effect 1s more
prominent for larger resdii (See Fig, 18). A brief explanation of
the technique employed to obtain this plot 1s necessary for a
thorough understanding of its eignificance, The per cent penetra-
tion 1s measured as a function of time for a particular radius and
a particuler filter sample. A smooth curve is passed through the
points so obtained and the procedure repeated for several filter
samples, Next the values of per cent penetration for a certain
time, ¢, are averaged from these curves for all the samples, and
a point obtained, This is cerried out for several t's and the
results plotted in Fig, 18 for a certain radius. This mettod is
used for particles of radii 0,12, 0.18, 0,32 and 0,48 microns,

The effect of passage of time is further emphaslized by a
plot of per cent penetration vs. particle radius for zero time (a),
and a time of 90 seconds (b), Fig. 19, 1In the former case, the
usual curve is obtaindd wheress the latter exbibits a curvature
the reverse of the normsl andillustrestes the erroneous results
produced when the time devendence of the penetration 1s ignored,
We believe this effect may be the reason a maximum in the filtration-
radius curve wes obtsined (1) with this filter using stearic acld ae
the test aerosol,

1. W,H, Rodebush, I, Langmuir snd V.K, La Mer, O,S.R.D, Revort 865,
Sent. 1942,

BJ
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Time dependence of D,0.P, aerosol penetration through

Chemical Corps No. 5 filter (CC5).

Flow rate: 2 liters/m
Filter area: 13.25 cm
2.5 cm/sec.

Linear velocity:

%n.

Particle radius: .13 microne

Variation of aerosol penetration with particle radius using

CCs filter,

(a) D.O.P. aerosol

(b) Stearic acid aerosol (extrapolatlon of penetration
values to zero time is used).

Flow rate: 2.1 liters/min.
Filter area: 13 cm?

Linear velocity:

2.7 cm/sec.

Frequency distribution of percentsge average deviation of
D.0.P. aerosol penetrstion through CC5 filter. (Measure of
reproducibility of CC5 filter with respect to penetration

of 1iquid aerosols),
Flow rate: 2.1

Linear velocity:

litsrs/min.
Filter area: 13 cm

2.7 cm/sec.

Variation of D,0.P. aerosol penetration percentage with

particle radiug for various linear velocities using CC5 filter

Flow rate: 2 liters/min,

Linear velocity

ag 2.7 em/sec.
b b, 7
c) 13.0
(a) 28,0

Filter area
13 cm? (average curve, see Fig.?2a)

IC
2,
1.

05
56
19

Variation of D.,0.P. aerosol penetration percentage with

linear velocity using CC5 filter.

Flow rate: 2 liters/min.

Particle radius:

(a) 0,08 microns

«13
«21
«33
. L9

- 66
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‘ LaSe
‘9. Microgcopic Analysis of Filters.

Samples of fibers from various filters were spread out on
g%ass glides and examined under a light microscope (magnification
0x). For the filtration analysis, samples were prepared froa
- f1ltere before and after passage of the aerosol through the paper,

a, COC~5 and W-2 Fllters with DOP as Aerosol.
Examination of fibers from papers through which DOP

" aerosol of partiole radius 0,5 mioron had been passed for 18 min.
revealed no drovlets attached to them,

R \ aimgle experiment proved the presence of DOP in the
CC~5 paper, Semples of this filter fiber before snd after the pas~
sage of this aerosol of large particle sige through the paver were
prepered., Five droplets of toluene were deposited on each of the
slides. After about five minutes the toluene dronlet on each glide
wag trangferred to a clean slide and allowved to sveporate. The drop-
let from the slide prepared sfter the psssage of the DOP aercsol,
left a large stain on the slide, showing that DOP hsd been eont
in the filter but was not @etectable with the microscope.
:;:d;ggly wets these fibers and is dlstributed over the length of

er.

b. CC=5 with Stearic Acid as Aerosol.

Stearic acid aerosol of radius 0.6 mioron and 28,0 em/sec
linear velooity was passed through this filter for a few minutes.
" On examination of fibers of this filter under the microscope, 0lue~
ters and larger concentrations of serosol gtrticlol oould seen at
intersections and thin ramifications of fibers. The contrasti
behavior of stesric acid aerosol as compared to DOP is evident in
both the filtraetion data and the microscopic analysis.

6. A.E.C. No. 1 ("Roll 13") with Nujol Aerosol.

Pasgage of Nujol aerosol of rsdiue 0,2 mioron for
10 minutes through this filter did not yield any particles visidble
under the miocroscope.

d. Physical Appearsnce of the Fibers,

The fiberg of the CC-5 and rayon filters appear to have
diameters of the sameorder of megnitude although the latter are mueh
smoother. The W-=2 fibers seem to be non-uniform whereas those of
A.E.C. No. 1 consist of two distinot types: one is of the same oxrder
of magnitude se the rayon fibers and the other is a needle-1ike
fiber of muoh smaller dlameter, This latter oclass is prodably
responeible for the high efficiency of the rfilter., For a more oon~
plete discussion of filter composition, see Sgsction II,

10, Photographic Counti of Filtrat c t .

This method of analysis ylelded substantially the same re-
ults as the 90° Scattering Penetrometer for the CC=5 filter and
rfers no advantsges above and beyond thie apparstus for all other

rilterg, offering high penetrations. In the case of highly effi~
cient filters, this technique is deeirable because the aerosol whiech
penetrates is geen, and although only semi-quantitative resulte

have been obteined, the method warrants further investigation.
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Legends for Figures

Time dependence of D,0.P, aerosol penetration through
Chemical Corps No. 5 filter (CC5).

Flow rate: 2 llters/m%n.
Filter area: 13.25 cm
Linear velocity: 2.5 cm/sec.
Particle radius: .13 microns

Variation of aerosol penetration with particle radius using
CCs5 filter,

(a) D.O,P. aerosol
(b) Stearic acid aerosol (extrapolation of penetration
values to zero time 1s used).

Flow rate: 2.1 liters/min.
Filter area: 13 cm
Linear velocity: 2.7 cm/sec.

Frequency distribution of percentage average deviation of

D.0.P. aerosol penetrstion through CC5 filter., (Measure of
reproducibility of CC5 filter with respect to penetration

of 11iquid aerosols),

Flow rate: 2.1 lltgrs/min.
Filter area: 13 cm
Linear velocity: 2.7 cm/sec,

Variation of D,0.P. aerosol penetration percentage with
particle radius for various linear velocities using CC5 filter

Flow rate: 2 liters/min,
Linear velocity Filter area

éa; 2.7 cm/sec. 13 cm? (average curve, see Fig.2a)
b L, 7 7.05
(c) 13,0 2,56
(a) 28,0 1.19

Variation of D.0O.P, aerosol penetration percentage with
linear velocity using CC5 filter.

Flow rate: 2 liters/min.
Particle radius: (a) 0,08 microns

(b; .13
fe) .21
(a) .33
e) .L9
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Figures .
Fig. 6, Time dependence of filtration with stearic acld aerosol

through CC5 filter,

Flow rste: 2 liters/min.

Linear velocity: 2.6 cm/sec. (Filter area: 13 om?).
Particle radius: (a) 0.19 micron

(b) .35
c U2
(a) .64

Fig. 7. Time dependence measurements with gtesric acid aerosol
through CC5 filter.

Flow rate: 2 liters/min. .
Linear velocity: 4.7 cm/sec. {filter area! 7,05 om?).

Variastion of penetration percentage with time:
Particle radlus: a? 0.19 micron
b) .35
(c) .QZ
Change in pregsure<drop with time:
Particle radius: a .Sg micron
e 3

Fig. 8. Time devendence measurements with stearic acid aerosol
through CC5 filter,

Flow rate: 2 liters/min, 2
Linear velocity: 13,0 cm/sec. (Filter ares: 2,56 cm“).

Variation of penetration percentage with time:
Particle radius: a? 0,19 micron
b)) .25
(C) 085

Change in pressure drop with time:
Particle redius: (d4) 0,20 micron
e « 30
£) .50

Fig. 9. Time dependence measurements with stearic acid aerosol
through CC5 filter,

Flew rate: 2 litera/min, 2
Linesr velocity: 28.0 ocm/sec. (Filter srea: 1.19 om®<),

Variation of penetration percentage with time:
Particle radius: (a) 0.21 mioron
b) .35
c) .18

Changein pressure drop with time:
Particle radlus: d; o.go micron
e «50
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Fig. 11,
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13,

14,

15,
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Vsriation of oleic acid aerosol penetration with particle
radius using CC5 filter,

Flow rate: 1.5 litsre/min.

Filter area: 13 cm

Linear velocity: 1.9 cm/sec.

Variation of olelc acid aerosol venetration vercentage with
particle radius for verious linear velocities using CC5
filter.

Flow rate Linear velocity Filter area
é g 1.5 liters/min. 1.9 cm/sec. 13 cm?
b 2. 2.6 13 (average
curve, see
Fig. 10).
(¢) 2, 13, 7.05
(a) 2. 28. 1.19

Varlation of olelc acid aerosol penetration percentage with
linear velocity using CCS5 filter,

Flow rate: 2 liters/min.
Particle radius: ({(a) 0.1l4 micron

(b) .24
c «33
a) .52

Time dependence of D.0.P. aerosol penetration through
Whatman filter (W~2),

Flow rate: 2 literg/min.
Fllter area: 13 cm

Particle radius: 0,26 micron
Linear velooity: 2.6 cm/sec.

Variation of D.O,P. aerosol venetration percentage with
particle radius using W-2 filter.

Flow rate: 2,1 liters/min.
Filter area: 13 cm?
Linear velocity: 2.7 cm/sec,

Frequency distribution of percentage average deviation of
D.O.F. aerosol penetration through W-2 filter. (Measure of
reproducibility of W-2 filter with respect to penetration
of 1liquid aerosols).

Flow rate: 2,1 litsrs/min.
Filter area: 13 cm
Linear velocity: 2,7 om/sec.
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Figures
Fig. 16,

Pig, 17.

Fig. 18,

Fig, 19.

Fig. 20,
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Variation of D,0.P, aerosol penetration percentsge with
particle radius for verious linear velocities using W-2
filter,

Flow rate: 2 liters/min,
Linear velocity Filter aresa

(a) 2.7 cm/sec, 13 cm (sversge cu;ve, eg?
(b)  13. 2,56 lg. 1%).
(e) 28. 1,19

Variation of D,0.P. aerosol venetrstion percentage with
linear velocity using W-£ filter.

Flow rate: 2 liters/min.
Particle radius: a 0.12 micron
b o2

Time dependence of D.0.P. aerosol penetration through a-web
carbon impregnated filter,

Flow rete: 2 liters/min.

Filter area: 13.25 om?2

Linear velocity: 2,5 cm/sec.
Particle radius: (a) 0.12 micron

(b) .18
(c¢) .32
(a) .u8

Variation of D,0,P. aerosol penetration with particle
radius using a-web carbon impregnated filter,

Flow rate: 2 11tere/m%n.

Filter area: 13.25 cm

Linear velocity: 2.5 cm/sec.

(a) Data from extrapolation of penetration values to
zero time.

(b) Data from readings at 90 seconds.

Variation of D,0,P. aerosol penetration with particle radius
using glass filter (Gl).

Flow rate: 2 l1liters/min,
Linear velocity: (a) 2.6 cm/sec.
(v)31.2
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SECTION V.d,
SOURCES OF ERRORS IN FILTRATION MEASUREMENTS

1, Production of Aerosol and Particle Radiug Determination.

a., Production of aerosol,

The voriation of the filtrstion charscteristics with
the particle radius oconstitutes a primary part of our studies. A
monodisperse aerosol 1s required. All factors that decrease the
degree of monodispersity will render the determinstion of the varticle
redius less reliasble and are consequently sources of errors.

Thesé factors are: fluctuations in boiler temperature,
alr flow rate throueh the generator, and nucleil emission for a glven
nuclel source current,

All of these sources of errors are minimized in the following
menner: The generator is sllowed to come to equilibrium seversl
hours before starting a filtration experiment., A frequent check of
flow rate, nuclei current snd boiler and rehester temperstures is
mede during the exveriment. The thermoregulstor provides an improved
temperature control (see Section ITI, Production of Aerosols).

b, Measurement of Psrticle Radius.

The determination of the verticle radius of monodlsverse
aerosol by growth, polarization snd Higher Order Tyndell Svectra
(H.O.T.S.Y methods is subject to error. For detailed discussion on
this subject see "Sources of Errors" tn the Growth Method Section (IV)
of this Report,

2, Linear Velocity.

All the filtration experiments were performed for a linear
velocity defined by the aerosol flow rete and by the area of the
filter., Variations in linear velocities sre eliminated by controlling
the flow rste, Variation of half a divislion on each of the two
flow gauges used will cause a + 0,06 cm/sec change in the 2,56 cm/sec
velocity, when filter of 13 cm< area is used.

In the case of fllters with large pressure drop, the control
of flow rate i1s rendered difficult by the back voressure. The flow
drops as soon as the filter is connected to the line and hes to be
reiged in order to agsin resch the desired linear velocity. This
frequent change of flow causes a decrease in the degree of mono-
dispergity, It was only in the casse of the W-2 filter of 1,19 cm?
srea that the back pressure was observed and the necesssry corrections
made.

3. Logsesg of Aerosol.

All losses and leakages of serosol along the rubber tubes,
the gless cells (see Fig, 1, Sec. V.a), and other parts of the
filtration circult should be eliminated. Leakage in the filter

NY0-512 97

! G



98 NYO-512
V.d.

holders or losses in the part of the circuit between the two glass
cells directly affect the penetration percentage value, In the case
of s0ll1d aerosols like stearic acid, vorecinitation st constrictions
and on the inner walls of the rubber tubes becomes especially
troublesome for lsrge particle slzes. The use of wide snd short
tubing plus the elimination of all constrictions and sharp edges

in the glass cells will greatly diminish the errors introduced by
losses.,

L, PFiltration Measurements,

a. Aerosol Stream,

All forelgn particles should be eliminated from the
stream. This 1s easily achieved by drying the sir and filtering it
before it enters the generstor. It 1s also important to check
whether the aerosol has swept out any of the filter particles or
loose filbers,

b, Light Source and Measuring Instruments,

The following experiments were performed in order to
study the stability and response of the two penetrometers:

(1) Dilution experiments permit the study and comparison
of the behavior of the filtrestion instruments using light
scattered from the serosol beam without the filter, All the
varistions due to the differences in properties of various
samples of filter are thus eliminated,

(2) Study of fluctustion in the light source.

(3) Constant scatterer: TIn order to study the performance
of the penetrometers, experiments involving materials
yilelding constant scattering were carried out. 1In thls cass,
both the variations due to the bad reproducibility of the
filter samples and fluctuations in the aerosol beam were
absent.

(1) Dilution Experiments.

The DOP aerosol coming from the generator at 2 1/m was mixed
in a glass flask with dust-free air of the gsame flowrate, To insure
good mixing, the mixture was sent to a second flask. The aerosol
diluted by 50% was then msed in the dilution experiments. Callbrated
Fisher are Porter flowmeters were used. The results of the experiment
are shown in Table I,

The Forward Angle Tyndallometer readings (See Section V,b)
vere first taken for the pure and then for the diluted aerosol. Each
value is an average of four readings, the deviation from the average
given in the table,

In the coage of the 90° penetrometer, the circuit is balanced
each time with undiluted serosol. The quantity, N, (see Sec. V.a),
is found by passing the mixture through cell B, The results are
tabulated and the differences between the reading on the two
instrulments caloculated.
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Table I
Dilution Percentage
Particle 8ize 90° Forward Angle
in microns Penetrometer Tyndallometer a

0,19 49, 5
L8, s

0,28 L9, 2 49,7 + 1,2 - 0,5
50.0 47,5 + 1.b + 2,5
L8, 3 Lg, 2 .8 .0
L8.5 b7,6 8 + .9
48.5 bs,9 ol + 2,6
19. 6* 18,1* 1.3 + 1,5
Lo, 4 50, 4 1.2 - 1.0
56.9* 53.7 1.2 + 3,2
k8.9 L3.9 o] + 50
53.2 52.7 1,0 + .5
62, 8% 63,0* - .2

0.33 48.8 47.0 + 0.5 + 1,2
50.5 50,4 o1 + L1
""896 4707 91 + 09
49.3 48, 0 o3 + 1,3
Lé, 5 47.6 v6 - 11
Ls.8 bs. 3 '3 + .5

0.36 L7.8
4s.8
L6,8
50,3
b9, 5
b9.5

* rejected
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(a) 90° Penetrometer

A total of 25 dllution experiments was performed to
test the instrument. The aversge dllution vercentage celculated
1s 48.8 + 1,2 (or 48.8 + 2,5%), Three resdings were rejected.
Notice that for CC-5 the average devistion aversged over various
gamples of filter varies between O and 2.5, while it veries between
L and 8 for W-2 (See Fig. 15, Section V.c). This shows that the
CC~-5 does not introduce appreclable variation.

(b) Forwerd Angle Tyndallometer (F,A.T.)

Out of the 15 dilution experiments verformed to test
the instrument, two were rejected due to the lesrge deviation from
the average, The average dllution percentage is 48,4 + 2,0
(or L8, 4 + L4,1%),

(¢c) Comparison of the reeults obtained with the two instrument

The sverage dilution vercentsges of 48.4% for F.A.T,
and 48,8% for the 90° Penetrometer show good sgreement between the
two instruments,

The average difference between the corresponding
readings on the two instruments is 1.35% dilution.

Out of 25 dilution experiments with the 90° Penetrometer
end 15 for F.A,T,, only 6 and 5 respectively show dilution % > 50.
There seems to be a constent error which appears simultaneously
in the readings on both instrumente which can be accounted for by
losses of aerosol particles in the diluting process as dilscussed
above.

The relative average deviations sre 2,5% and 4,1% for the
90° Penetrometer and F.A.T,, respectively. This is understandable
in view of the fact that the 90° Penetrometer uses a differential
measuring circuit end the F,A.T. meassures an sbsolute intensity.
Slight changes in the rmerosol concentrstion due possibly to o
non-uniform nuclei emission will affect the F.A.T, much more than
the 90° Penetrometer.

Fluctustions in thre air or serosol flows constitute
an error in the original dilution percentage. A variation of half
a division on the flow gauge cen be observed snd corrected. For
50% dilution, the maximum poseible error due to change in flow
rates through the three flow gauges is + 1.2 of the dilution value.

(2) Light Source.

The intensity output of the light source used with the
90° Penetrometer was studied for constancy of illumination. A six-
volt headlight bulb is fed by a regulated d.c. voltage from the
power supply of the penetrometer. A Photovolt (Model 512) photo-
meter was used to measure the intensity of the light source over
periods of ten minutes, at consecutive hours,
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The light intensity incresses slowly in the course of an
afternoon snd ogcillates about s mean velue in any interval of
10 minutes by a factor of 2%, The differentisl circuit used in the
90° Penetrometer should be indevendent of fluctustions of light
source; however, because the two photomultivliers are used under
different sensitivity conditions, an edqusl change in light intensity
in the two cells does not imply an equal change in photocurrent
output from the two photomultipliers.

The same light source fluctuations are much more significant
in the F.A.T. where absolute measurements are made,

(3) Constant Scatterer.

Stability and reliability of the penetrometers were studied
by the use of constant scatterers made of lens papers set in the
scattering cell in the following manner:

leng paper

—— o — — - At A\ A e S m— G - S -

— o St A i at - AN\ LABP A emn s a—

Pinholes were made in the first lens paper in order to equallze

the light fslling on the two photomultipliers which were operated in
the same sensitivity renge as when used in actusl penetration
measurements, The transmissions of neutral light filters of known
optical density were messured with the 90° Penetrometer circult by
filtering the scattered light besm in cell B, This procedure
reproduces the conditiones of meesurement of filtration as they

are performed with s2erosols,

The transmissions of the neutral light filters were also
meusured using a constent scetterer in tre F,A,T, However, in this
experiment, the direct besm was filtered inswead of the scattered
beam as in the 90° Penetrometer. But as the scattered light from
a constant scastterer is a linear function of 1ts 1lluminstion, no
anpreciable error is committed here,

The transmicssion measurement results sre given in the follow-
ing table:

TABLE IT .
90° Penetrometer Forward Angle Tyndallometer
42,4 + 1,6 (or + 3.8%) 42,0 + .4 (or + 0,9)
23,3 + 0.3 (or + 1,3%) 22,4+ ,2 (or * 0.9)
‘7.5 + 0.6 (or + 8,0%) 7.0 + .04 (or + 0.6)
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The absolute tresnsmission of the filters was measured with &
Beckman spectrophotometer, and integrated over the wavelength rsnge
limited by the Corning Filter No. 6850, used in the incident 1light
beam,

Stability. It is seen that the variations around the
average valueg are much larger for the 90° Penetrometer than for
the F.A.T. The saverages given above sre for a serles of st least
25 experiments on each filter, During this series of experiment,
the 90° Penetrometer sometimes showed good and some other times
very vpoor stability,

The accuracy of the renetration measurements is shown to
be impalred by an error due to fluctuations in the electronioc
circult 1tself.

Reliability. The per cent errors in trensmlission measure-
ments obtsined with the 90° Penetrometer and the F.A,T. were
calculated assuming the Beckman results exact.

Per cent error vs. transmission per cent

%Z trangmission 90° Pen. F.A. T,
47.8 - 11.3% -12.13%
23.6 - 1.27% - 5.087%
6.7 + 11.9% + b4, 487

It is seen that a constont error is brought in the penetration
measurements, the magnitude of which seems to devend on the per cent
penetration. Notice thet the 50% dilution experimente show a
constant error of only 2,5%, However, it should be noted that in
the transmlssion measurements, the light intensity fslling on
photomultivlier B 18 only derendent on the transmlgsion ver cent

of the neutrasl light filters wheress in the penetration experiments,
the light intensity felling on photomultivlier B 1s not only
dependent on the per cent venetrotion, but 21lso on the particle

slze of the serosol. Thus the light intensity range 1s much wider
in the trensmission measurements. Hence, if the fect that large
venetrations are encountered for emell sizes snd small vnenetrations
for lerge particle slzes, reduces the 1llumination range to a small
value where the phototube resvmonse is linear, the gctual venetration
error might not be ss8 large as the transmission messurements show.

5. Conclusions.

From these experiments the conclusion can be resched that
the maximum possible error is no more than 10%Z of the penetration
percentage os shown by the transmigsion measurements, and the
orobable error is of the order of 2 - 4% of the penetration
percentage as shown by the dilution experiments.,




SECTION VI
INVESTTIGATION OF PRESSURE DROP ACROSS FILTERS

This portion of the revort concerns itself with the examins-
tion of the pressure drop across the filters and the importance of
this parameter in the develovment of a theory of filtration. The
latter will be treated fully in Section VII., A resume of the
chronological contributions to the theory of the flow of viscous
fluide is given with emphasis on results, vertinent to the filtration
problem. Important conclusions, regarding the type of flow present
and the effect of pinholes, follow from this investigation.

1, Introduction.

The study of the pressure drop across filters is valuable in
several respects. First of all, for vohysiological reasons, the
pressure drop in gas mask canlsters must be kept below a certaln
l1imit, £Edgewood Arsenal set the permissible pressure drov through
canisters at 3.5 cm of water for a flow of 85 liters per minute
through an area of about 400 cm? (1), Thus, filters, which show a

1. Langmuir, I., Nat, Def, Comm,, Office of Scientific Research and
Development, OSRD No. 865, Serial No. 353, Part IV, p. 23.

pressure drop larger than this 1limit will be undesirsble for canisters
no matter how good their other propertles are, Secondly, a study of
the pressure drop as a function of the linear velocity of the aerosol
reveals whether the flow in the pores of the filters 1s laminer or
turbulent, Lastly, it might be mentioned here that the drop in
pressure acr'ss a filter yields some information regsrding the tyne

of riltering action present, If the pores of a fillter are of a size
of the same order of magnitude as the aerosol varticles, the pores
would become clogged with an accompanying increase in pressure drop.
Such a filter, oversting exclusively on screening action, 1s uselesas
for aerosols becsuse of this block to air flow, It is therefore
evident that a study of the pressure drop 1s an easy means of checking
the operation of a filter,

2. _Bcope of Thig Investigation.

A study was made of the pressure dron across the following
filters:

a. Chemical Corps No. 5 (CC~5)

A majority of the experiments were performed on this
paper because of its high reproducibility.

L., Whatman No. 2 (W-2)

¢c. Filberglasgs filters

Handmade filters from A.D, Little Co.
Owens~Corning Glass Corp, filter,

NYO0-512 103



104 NYO-512
Sec, VI

d. A,E.C, No. 1 (Rol1 13)

Filter, used in the standard DOP tester, shows highly
efficlent filtration characteristice,

For a detalled discussion of the structure of these filters,
see Section _ VITI .

3. Experimental Details,

The brass filter holders, described in Section _V , Were
used in the pressure drop experiments to vary the aerosol 1inear
velocity. The apparstus was modified, however, by the insgertion of
glass adapters of different design to insure laminar flow in the
holder., These filter holders with their new adapters are plctured
in Fig. 6.1 , An extreme form of the original adapter was used
to produce turbulence in the holder for special studies discussed
later, This arrangement is shown in Fig, 6,4 .

The alir, used in the experiments, was teken from the compressor
outlet, drled through a CaCl, tube, and passed through Flscher-
Porter flow gauges to the adapter end filter holder, as shown in
Fig. »2 , For regulsted, steady flow a cylinder of water was
used for overflow of the air at the compressor outlet, The pressure
drop across the filter was measured with a nitrobenzene manometer,
The flowmeters were calibrated with a Precision Wet Tester (Precision
Bcientific Co., Chicago).

For the case where turbulence exists in theholder, it is
necessary to run a blank determinetion to find the pressure drop in
the holder without a filter in order to deduct this from the total
drop obtained with the filter in place. In this manner the pressure
drop across the filter alone may be found. While this procedure 1s
required for every measurement under turbulent conditions, 1t 1is
advisable to run such a check at the beginning of any set of pressure
drop determinations to insure valid results,

4, Results,

The deta from these experiments wre plotted in Fig, _6.3
for CC~5, W-2, and A,E.C, No. 1 filters. Esach point represents the
arithmetic sverage of the results for 3-5 samples of filter paper.
As a check upon the validity of the results for the four different
holders, 1t was found that for a particular sample a given linear
velocity yielded the same pressure drop in all four holders, It was
necessary to perform more experiments uvon the holders of smaller areas
since in these inhomogeneitizs and minute ninholes in the filters
become more important and cause avnprecisblefluctuations,

The major result of this study is that the pressure drop varies
directly as the firast power of the linear velocity for the filters
investigated., The significance of this will be discussed later.
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The effect of turbulent flow in the holder upon the laminar
flow conditions in the filter vores was studied with the anparatus
of Fig. 6.4 , which produces turbulence in the holder for all but
the very smallest velocities, The data obtained are 1isted in Table I,
together with those found with the standard glass adaspters. No
pressure drop was obeerved with the latter with the filter absent.
The agreement of the results indicates that turbulence in the holder
apparently does not affect the pressure drop across the filter since
both techniques yield the same value for the filter alone.

Table T

Pressure drop in cm nitrobenzene measured with:

Rates 1in

liters/min, glase adapter Avparatues ~Fig, 6.4
0. 42 0.06 0,04
1.22 0.10 0.06
2,05 0,18 .16
3.10 0.27 , 30
L, 24 0.39 « 39
5.25 0.51 .19
6.7 0.66 . 60
7.6 0.72 .72
8.6 0.80 .78
9.65 0.93 . 90

5. Theoretical Considerations.

An extensive historicel review of the vigcous fluld flow through
porous media has been given recently by Iberall<, Some of the

2. Iberall, A.S., J. Res. Nat, Bur, Stds.bs5, 398 (1950),

important equations will follow, together with some results of other
investigators in this genersl field of viscous fluids, D'Arcy in
1856 first expressed the pressure drop as a function of the velocity
of flow 6f a viscous fluld through a porous medium in the equation
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Abp = o (1)
1F \
where Op = pressure drop between the ends of a cylindrical plug

of the porous medium

= 1length of the plug

cross—sgectional ares of the plug

fluild flow through the plug in volume per unit time
= gbsolute viscosity of the fluid

O‘I'dbi—‘

= constant.

Iberall also describes the extensions of this equation by Dupuit and
Slichter to include the porosity of the medium. Following the
concept of Schiller of a mean hydraulic radius and Blake's work on
the flow through granular beds, Kozeny in 1927 derived the equation

%E "% - %%%— (2)

where g 1s the surface per unit volume of a porous medium in contact
with the fluld (s = €/r) and the voroeity, ¢ , is the ratio of the
volume occupled by woids availsble to the fluid in a porous medium

to the totsl volume, The mean hydraullc radius, r, may be defined as
the ratio of the volume of o medium filled with a fluid to the surface
within the medlum in contact with the fluid.

3

The Xozeny equation was modified by P,.C. Carman” to the form

3, GCerman, P.C.,, J. Soc. Chem. Ind, 57, 225 (1938); 58, 1 (1939).

2 2
AP A = go (1 -~ £)
T F kLB cs (3)

in which the value of k was found to be sbout 5 for granular materilals
of low porosities and s, is the "specific!" surface exposed to the
fluid (surface exposed %o the fluid per unit volume of solid material),
EQ. (3) wag appblied to fibrous materisls by Wiggin, Campbell and

Maags  and by Fowler and Hertels.

4, Wiggin, E,, Campbell, W., Maass, O., Can. J., Res. 17, 318 (1939).
§5. Fowler, J., and Hertel, X,, J. App. Phys, 12, 503 (1941),

O §
-
i.-}
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The Kozeny, or hydraulic radius, theory was developed for all
porous media since the only possible variastions lie in the shape and
configuration of the fluid path or in the shape and orientation of
the material particles and these differences are taken into account
in the constant k., Langmuir+ shows how this constant varies with the
geometrical construction of a filter. According to Iberall, it ap-
pears that this theory has a limited range of applicability since
data on fibrous materials, obtained by Sullivan in 1942, showed a
breaking down of the theory at high porosities.

The theory of véscous drag offers a different approach to the
problem. Emersleben® in 1925 treated mathematically the hydrodynamic

6. Emersleben, 0., Physik. Z. 26, 601 (1925).

problem of the viscous drag of a fluid on a certalin array of parallel
fibers. In 1928, Burke and Plummer obtalned a law for the dependence
of permeability of a porous medium on its porosity by using the

drag on spheres. Although data at that time seemed to support the
hydraulic radius theory, the most recent experiments on materials of
high porosity seem to verify that of viscous drag. In reality,
probably nether theory 1is entirely correct but each will have a
limited range of application.

Langmuir utilized the viscous drag concept to calculate the
flow resistance as a function of the drop in pressure through the
filter, analogous to the electrical case of Ohm's law. He considered
the simplest possible hypothetical filter model, having an evenly
spaced cylindrical fiber structure. A further simplification was
made by selecting the axes of the fibers parallel to the direction
of flow of the fluid. The volume of the fillter 1s divided into a
honey-comb of hexagonal prisms, each containing one coaxlal fiber.
Since the velocity of the viscous gas 1is zero at the surface of the
filament, the velocity distribution near this surface is unaffected
by & change of prism to a cylinder of equal cross-section, thereby
reducing the problem to that of laminar flow of gas through the space
between two long coaxial cylinders of different diameters,

The quantity, 8, the fraction of the filter volume occupiled
by the fibers, is defined as

2
B=(rF/p,) (4)
where rp is the radius of the fiber and ry is the radius of a cylinder
having the same cross-sectional area as tﬁat of & hexagonal prism of
the filter model.

If, analogous to Ohm's Law in the electrical case, the
resistance, R, is defined as

R
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= DPpd
R = _:T_P_ , in which (5)
P .
Pp = arithmetic average of pressures at both ends of the

tube pressure drop
F = flow rate (vol. ’sec.)
1) = actual pressure at any voint along tube,

then, following the treatment of Leangmulr, the reslstance becomes

Ro= bk 1p<f¥/ArF2

where /4 = viscosity of gas

A
On examination of the threory of the movement of elllpsolds

through fluids, Langmulr concludes that the effect of transverse

rosition of the fibers with respect to the direction of flow is to

increase the resistance by a factor not greater than 2., He also

finds that a random, non-urifarm distribution of flbers tends to

lower R, Such factors as stranding or non-parallelism of filaments,

which give a less uniform fiber distribution, bhave a net effect of

decreasing the resistance. Langmuir estimates the magnitude of

changes in reslstance produced by altering the cross-section of the

fibers by use of Perrin's equation for the forces which act on

small ellipsolds moving through viscous media., Calculations show

that the resistance offered by a ribbon-shaped filament falls within

a few per cent of that of a cylindrical fiber having the same length

and area, proving that the perimeter of the cross-section determines

the resistance. Tbis viscous drag theory is particularly valuable

for materials of high vorosity. In thls case the resistance to

flow csn be found by summing the fluld drags on each element,

For materials of lower porosities, adjacent elements modify the

flow pattern around a particular element, but if this mutual inter-

ference effect between particles could be taken into consideration, ‘

the drag theory could be apvlied to all porosities. Such has not .

been accomplished meathematically with the result that this theory
should fall at low porosities.

area of filter

1/( -1np+2p - 52/2 - 3/2).

Ibersll considers the permeability of a random distribution
of circular cylindrical fibers of the same dlameter on the basis of
the drag on individusl elements, He obtaing the result

r—A
<o
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% - 3 lzfy (pzlnR, (6)

where R = 1local Reynolds number = !_Q_%T_
d = fiber diameter }‘

v = veloclty of fluld stream distant from the filament
J = fluld density

)A = viscosity of fluid
€ = porosity of medium

In this equation thepressure drop is not strictly proportional to
the average linear velocity. The factor which is proportional to the
resglstivity 1s

16 4 - 1nR

3 'Z2<1nR -

S AT s o s S T i B - g

Since the theorles of hydraulic radius and of viscous drag
require specific information regarding the structure of the filter,
an exact, detailed analysis of the problem cannot be made., Never-
theless, the discussion by Langmuir has indicated that a eimplified
model of the filter is sufficlient to yleld significant results
regarding the resistance of the filter to fluild flow. Since he
has proved a change from longitudinal to transverse flow, or from
circulasr to ribbon-shaped fibers, does not alter the order of
magnitude of the resistance, 1t is vossible to consider a filter
composed of parallel canillaries for which the analysis of flow of
viscous fluids through tubes is avplicable, It should be noted that
the structure of the actual filter is quite different from this
hypothetical case. This treatment will enable the immediate
determination of the type of flow through the filter since the results
for laminer and for turbulent flow differ so radically.

The basic equation, covering laminar flow of viscous flulds
through tubes is known as Poiseuille's Law. Here the pressure drop,
Ap, measured between two parallel cross—sections of distance 1 apart,
is given as

Ap = 8 }&lv/rz (7)

where . = the vlscosity of the medium, r le the radius of the tube,
and ,v 1a the average linear velocity through the tube, This equation
is derived on the assumption thst the cross-sections between which
the pressure drop 1s measured are situated sufficiently far from the
ends of the tube to avoid end effects, Thus, for laminer flow in the
tube the pressure drop 1s proportional to the first power of the
average linear velocity.

( 404
Uy
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Corr$ctlons to Poiseullle's Law will now be congidered, 1In
1839, Hagen! ghowed that 1t isnecesssry to add a term in v< fto the

7. Hagen, G., Pogg. Ann. 4, Phys. u, Chem. (2) 16, 423~ (1839),

expression for the pressure drop in tubes so that

Ap = av + sz (8)

8
Poiseuille's Law 1s actually valid only for long, narrow tubes ,

Hagenbach9 in 1860 attributed the term pvZ to the acceleration of the
fluid. When a fluld of approximately zero initial linear veloclty
is withdrawn from a container through a tube, the pressure drop is

Ap = 8 }{vl/rz + Q v? (9)

(See Reference (10) for example, for a complete discussion.)

8. Handbuch d. Exp. Phys. IVY, 45 (1932),

9. Hagenbach, E., Pogg. Ann. (4) 109, 385 (1860),

10, Prandtl and Tiet)ens, Apwlied Hydro- and Aeromechanics,
McGraw H11l Book Co., 1934, v. 2L,

For the problem under consideration in this report the gas has an
initial linear velocity quite different from zero and some accelera-
tion 1s experienced by the gas since the effective area of the filter
is smaller than the goemetricsl area, Although this term is almost
completely compensated for when the gas decelerates on leaving the
filter, some energy may be dissipated as hiat in the pores of the
filter, According to Prandtl and Tietjens >, the parabolic distri-
bution of velocity in the tubes upon which Poiseuille!s Law is based
1g not established immedlately when the fluid enters the tube and
the pressure drop per unit length of the tube is larger before this
parabolic distribution is attained.

Hagenbsch's correction is unimvortant in thig problem

gince the date obtained gshow the pressure drop proportional only to
the first power of the linear velocity.

Another important point to be considered under Poiseuille's
Law 1s turbulence., When the rste of flow through a caplllsry exceeds
a certain limit, turbulence replaces laminar flow and Polseullle's
Law no longer holds., This occure when the Reynolds' number R reaches

105
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a value near 2000%, Tris number is defined as

* Actuelly, there is no sharn boundary between the two kinds of flow
since the geometry of entrance, roughness of surfaces, bends,
etc., influence the conditions for turbulences,

R=2rv()/}4, (10)

In order to insure laminar flow conditions, it 1s best to have R
less than 1000, The Reynolds'! number is also important in that the
distribution of velocitles, when expressed in dimensionless coordi-
nates, is the same in two different tubes when the Reynolds' numbers
in the two tubes are the same,

When turbulence does occur, the pressure dropi instead of
being directly provortional, according to Polseuille'’s Law, now
varies as the 7/4 power of the linear velocity.

The Fanning Equation11

incorporates the two types of flow
in one expresasion

11, Chilton, T.H. and Colburn, A.P,, Am. Inst. Chem. Eng. 26, 182

—(1931),
op/1 = 2f sz/gd (11)

where for turbulent flow
f = 0,06 (}A/d?v)o'z (12)

and for laminar flow

f = 16 (}J/dc{v). (13)

In these relations d 1es the diameter of the conduilt and g the
acoceleration due to gravity., A combination of equations (11) and
(13) ylelds Poiseullle's Law while (11) and (12) show the pressure
drov 1s proportionsl to the 1,8 power of the average linear
velocity for turbulence. The values, given in the litersture, for
the exvonent of the velocity for turbulence are not consistent but
seem to lie in the range 1.8 - 2,0(10),

=06



112 NY0-512
Sec, VI

Conclusions:

Although the hyvothetical filter model of parallel csplllaries
1e an ldeal case, the wide variation so obtained between the
pregsure drop-linear velocity relationship for laminar flow and for
turbulence is very significant, Since the data obtained in the
experiments show only a first power proportionality, the existence
of laminar flow in the filters i1s establigshed, The fact that this
relationship holds when definite turbulence is produced in the
filter holder shows that laminar flow existe in the pores of the
filters at all times.

The Reynolds'! number was found by a rough calculation to be
very much smaller in the pores of the filter than in the holder,

Pinholes:!
Knudson and White12 in their analysis of filter pinboles

12. Knudeon, H,W,, and White, L., Naval Research Lab, Report
No. P-26L42 (1945),

specify that flow is laminesr through the pores of a filter and
turbulent through pinholes. For the case of large holes the flow

is obvioualy turbulent through the filter since a major provortion
will be routed through the pninholes, Thus, when these holes dominate
the behavior of a rlgter, the Reynolds' number will be increased
until turbulence occurs, at which time the pressure drop will be
vrovortional to the square of the linear velocity.

Avvarently, the entire group of filters unger consideration
in this etudy exhibits no pinhole effect as the relationship 1s
absent., Since the W-2 filter is known to contain pinholes, their
gize must be below the limit for turbulence to set in. 8Stafford

and Smith S have observed this v2 term for the case of artificlally
constructed pinholes of large diameter,

13. Stafford, Earl and 8mith, Walter J, -~ Performance Characteris-
tice of Dry Fibrous Air Filter Media - paper read at A.C,.S,
Symvosium on Dispersions of Gases -~ Baltimore, Marylangd,
December 29, 1950,
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THEORY OF FILTRATION SECTION VII

Introduction.

In thies section, the varlous vostulested mechanisms of
filtration are described and the relative importance of each dis-
cussed in the light of the experimental resulte obtained. Whenever
feasible, a mathematical develovmment is furnished for a glven
mechanism but an all-embracing exsect theory of filltratlion 1e very
complicated with no exvlicit solution even for laminar flow,

A semi-quantitative explanation, however, of the operation of the
various filters follows from some genersl considerstions of these
filtration mechanisms, since 1t 1s possible to evaluate thelr
function qualitatively in all cases, with some mathematical results
for the less complicated theoretical analyses,

The experimental procedure for the determination of the
filtration characteristice of the paspers under sonsideration ie
described in Section v(a). In order for a paper to function
properly as an aerosgol filter, its pores must be large compared
to the size of the aerosol particles to prevent a large pressure
drop across the filter and clogging of the pores. Because of thils
requirement, the screening action present in analytical filters
18 excluded; instead, the particles must be devosited by collisions
with the fibers. It 1s necessary to assume that with moderate
rates of gas flow every aerosol particle that comes in contact
with the surface of the filter will stick to 1t regardless of 1
relative slze of the particle and the distance between the fibers .

1. Rodebush, W.H., Handbook on Aerosols, A.E.C.,, Washington (1950),
- p. 117.

In other words, gravitational and other effecte due to particle
inertia are negligible compared to surfaece forces and those
producing Brownlian movement. With this in mind, the following
mechaniems will be dlscussed: (a) direct interception, (b) ilnertial
deposition, (o) diffusion, (d) electrostatic attraction, and

(e) Stokes'! Law deposition. A brief explanation of the term
"filtering action" and its significance in describing a filter will
precede this discussion.

A. Penetration end Filtering Action.

The most widely used criterion for the evaluation of filter
performance 18 1ts penetration characteristic., If Ny represents

the number of unfiltered aerosol particles per unit volume and
n the number of filtered aerosol particles per unit volume, the
percentage penetrstion 1s defined as
P = (n/, ) +100 (1)
o)
and 1s measured according to the methods described in Section ¥(a).
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Very often another quantity is preferred to measure filltering
action; namely, Y’ , Which 1s defined by

n =n, exp(—Y) (2) .
offers an advantage over the penetration since 1t o
increases directly in provortion to the thickness of the fllter, .
provided its thickness is uniform throughout its volume. This .
was verified experimentally (See Section V(c) ). é

The value of the penetration, P, can be reduced or that
of v 1increased by the use of a greater filter thickness, but the

acc&mpanying increase of the pressure drov limitses the freedom of
altersetion of thris parameter,

B, _Deposition by Direct Interception.

Since the gas moves in streamlines through a fillter, the
volume between the fibers may be considered to contain an infinite
number of flow lines. Fig. 6.5 (Section VI) shows a single fiber
of diameter 4 and a psrticle P of radlus r, following one of the
8 streamlines. For the moment, effects due to the inertia of the
particle will be neglected, The condition for contsct of any
particle with a fiber of the filter is that its flow line shall
pass within s distance r of a fiber,

If this were the only mechanism at work in the filtration
of aerosols, then the venetration, P, would be independent of the ’
linear velocity, v, of the gas since for laminar flow the shapes
of the stream lines do not change with changing flow rates.

The assumption that all particles follow the streamlines is
not valid for all particle sizes and velocities. For large parti-
cles and high gae velocltles, the paths of the centers of the
particles will not coincide with the gas flow lines, The paths
of heavy particles do not curve as rapidly and may cause a particle
to come into contaot with a fiber, even if the flow line does not
come within a distance r of the fiber. Gravitational forces also
may eause a deviation of the particle from the streamline, ©Small
particles, on the other hand, may wander away from this flow line
by diffusion. Because of the relatively simple mathematics
involved, the results for the case of all particles following -
prescribed streamlines wlll be described first, -

Under the operation of the direct intercevtion mechanism -
alone the penetration varies inversely as the size of the particles, .
but the exact relation can be found only by a detalled knowledge
of the shapes of the streamlines near the fibers.

Langmu1r2 was able to derive an expression for the effeoct

2. I. Langmulr, Nat., Def. Comm. Office of Scientific Regearch and
Development, OSRD No. 865, Serial No. 353 >

117



NYO-512 123
Sec, VII

of direct intercention of aerosol particles uvmon the flltering
action for a filter commosed of flbers whose axes are parallel
to the surface of the filter and vossesgsing layers of these
fibers, each out of atep with another (or randomly distributed),
He obtained

2 ° 2
X - ;\#A)—It-i: 1 - (HE, +(1_§)€,0...:I (3)

where R, the flow resistance of the filter, 1s defined as

R = %E for small pressure drops, (4)

A 18 the area of the filter, r 1s the radius of the large particle,
rp 18 the radius of the filter fibers, Ap 1e the pressure drop,

F the volumetric flow, and

E = T/

rpe (5)

Incidentally, the specific surface resistance, RA, 1is
_%éa_ Ap
RA = = ¥ (6)

which 1s the pressure drop per unit velocity, known from the
pressure drop experiments,

A simplification of Eq. (3) cen be made in the case of CC-§
paper, whosge fiber radius is of the order of 10 microns. Since
the particle rsdius ranges from 0,05 to 0.6 micron, £ , will be

very small(c?mpared to 1 and higher order terme can be neglected,
3

Thus, Eq. becomes »
AR r 2
= = Cr (7)
W L
where
A R
B e (8)
T W‘F

For CC-5, ARl= Ap/v 18 found experimentally to be 7.2 x 10"'2 om
H20/cm. gec .
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The value of C calculated for different values of rp is
given in Table I,

Table I
Tp 1077 ¢ -
(microns) .
1 12,4 e
5 24,8
10 ’ 12,4
30 L1

Substitution of the value of Y from Eq. (7) and expression in
terms of P yleld
log [P/1oé] = ~2,303 C r’

From this equation, P can be calculated for different r's, The
results are given in Table II and plotted in Fig. 6 (Sec. VI),

(9)

Table II
Penetration P in per cent

rp microns

(micions) 30 10 5 1
0.05 99.5 98. 4 96.8 84,8
0.1 98,0 93,6 87.7 51.8
.2 91.6 76.5 59.1 7.2
.3 82,2 55,3 30.6 0.3
.33 79. L L8,9 23.9
b 70,8 34,9 12,2 2,7 x 1073
b5 6l. 6 26,4 6.9 X
1 57.5 19.3 3.7 -
.6 bs, 7 9.k 0.9
1.0 11, 4 0,1 1.9 x 1073

with increasing particle size for a gilven fiber radius., The penetra-
tion, likewlse, decreases with decreasing fiber radius for a given
particle size, The smaller the fibers the better will be the
flltering action due to the mechanism of direct interception.

From Fig., 6 (Sec, VI), we see that the venetration decreases ‘

- 4 M
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C. B8tokes' Law Deposition,

Another mechanism of importance for heavy particles is the
Stokes' Law deposition. If a particle 1s large enough to exhibit
a sufficiently great Stokes' rate of fall, 1t will no longef
follow its particular streamline in the ailr flow. Rodebush® shows
how this mechanism enters into the problem of filtration and
discounts the argument that a particle would be as likely to
fall away from as toward a fiber, If the air flow were stopped
guddently, all the larger particles would deposlit on the upper
surfaces of the filter fibers in a very short time since the
distances traveled are necegsarily short. Rodebush points out
that the direction of flow is immaterial and that the devosition
rate varies with particle size and concentration and total area
projected by the upper surfaces into & horizontal plane. The
concentration is inversely proportional to the depth of penetration
of the filter and the rate of devosition is independent of the
rate of flow, although for very high flow rates the deposition time
is long compared to the time of passage through the filter., If a_
particle has a radius less than 0,3 micron, this mechaniem is of

little importance,

Stokes! law may be written
mg = 6Tr ),\dﬂ/dt (10)
or, on integration,

8 = mgt/61\r‘; (11)

where 8 is the vertical dignlacement, t 1s the time, r is the
radius of the partlicle, and g the acceleration due to gravity.

Table III 1lists values of 8 for different linear velocities
and particle sizes,

Table III
r in cm V_in cm/sec
10™% 8,4 x 1073 8.4 x 107
1073 8.4 x 1001 8,4 x 1072

If the distance between the fibers is of the same order of
magnitude as the dlameter of the fibers (which is a reasonaple
assumption for the CC-5 filter), this distance ie about 10~Y om.
focordingly, the deposition due to Stokes! law of fall will not be

important for our particle slze range 2.'.10"'6 - 6,1077 om, except
for very low velocities. The penetration will then decreage with
increasing particle silze and decreasing velocity,

- 20
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D. Deposition Due to Diffusion.

A mathematical treatment of thrig effect 1s given by Langmuirz.
The caloulatione are complicated and no explicit expression for the
filtering actlon is obtained. For a qualitative understanding of
the filtration curves obtained in this investigation, the following
general conslderations will suffice, One should expect the deposi~-
tion due to diffusion to be largest at emall velocitles, since the
slower the gas passes through the filter, the more time the particles
will have for diffusion away from the streamlines and consequently
be caught by the flbers. One should also expect the deposition
to be larger the smaller the particles, becsuse small particles
diffuse more rapidly than large ones. This means that the deposition
due to diffusion will be moat effective in the region where
deposition due to direct interception is smalleast, According to the
Einstein relation, the particles will fluctuate around the streamlines
according to the equation

~2 = 2t (12)

In order to estimate the average distance a particle will
diffuse away from its original location as the aerosol pasases through
the filter, a few values of AxZ ore calculated, for different

particle sizee and velocities, valid for a 0,07 cm sheet_of CC~5
filter, making use of the values for D given by Langmuirl. These
latter values are given in Table IV:

Table IV
r in microns B in cmz/eec
0.05 6.80 x 1o"6
0.1 2,21 x 107
0.3 5.03 x 107 '
0.6 2,24 x 1077
1/2 -
The values of (Zif) in em x 10 b are ligted in Tsble Vi
Table V
T in mlierons
V cm/sec 0,05 0.1 0.3 0.6
1 90 8 50 6 20 7 10 8
10. 3. 1 1.8 083 ¢ 56

30, 1.8 0,1 .48 32
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If the distsance between the fibers in CC-5 is of the same order
of magnitude as the diameter of the fibers (about 10 microns),
Table V shows that for low velocitles of flow and small particle
size, the particles travel a large share of thlas distance. Even for
larger flow rates and particle sizes, the devosltlion due to diffusion
is unimportant. It should be emvhaslzed that OXZ represents the
net mean square dlstance a particle moves in a time t, In general,
however, a particle has at times been at distances greater than x from
its origin. Here 1t is desired to calculate thenumber of particles
reaching the gurface only once. Diffusgion serves to increase the
effectiveness of a filter for small varticles and to increase penetra-
tion with increasing velocity. This 1s in accord with the experimental
results and will be dilscussed in detsail later with resvect to the
specific filters.

E, Devosition Due to Inertial Effect.

Large particles will not follow the streamlines when bending
around the fibers in a filter, Due to inertia, such particles will
tend to continue in thelr original direction. This effect will
increase for increasing particle size and for increasing velocity.
Tre laws ofadepoeitioﬂ for thig effect have been studied extensively

by Albrecht” and Sell” and tested by La Mer and Hochberg>,

3. F. Albrecht, Physik., Zeltschr. 32, 48 (1931).

4, W, Sell, Forschungsheft 347, Forschung auf dem Gebiete des
Ingenieurwesens (1931).

5. V.K. La Mer and S. Hochberg, Chem. Rev. A4&4, 341 (1949),

S8ell studlied experimentally the form of and distance between the
streamlines around different kinds of bodies in their path and
calculated the paths of particles along these lines according to
the laws of aerodynamics, using the nictures of the stream field
obtained experimentally, He defined the dimensilonless property 9 .

characteristic for the deposition of particles on oylinders or
gvheres, as

O= xo/2 (13)

where x o, 18 the stopping distance (1.e., the distance through which

a particle with velocity v when introduced in a medium st rest will
continue before stopping), and & 1s a property characteristic of

the resisti body. For a given‘cylinder or a sphere, the dlameter
18 usually ohosen for 4.

The stopping distance X oo 18 given as
X0 = rze v/b.5 (14)

where the symbols have the same meaning as before,
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The quantity £ 1s defined by

£= v/a (15)

where 4@ 1s the dlameter of the cylinder or svhere and b is the

distence between the gtreamlines which just touch the body,measured .
at such a distance from the body that the streamlines remain parallel -
(Fig. 6,8 ). The value of £ 1s the same when the dimensionless

ratio & i1s unchanged,

Sglé's results for a cylinder and a sphere are given in
Fig. . and show that ¢ 1increases with increasing 6,

although the relation ismnot linear,
Combining (13) and (14) we obtain

O= 2 0 v/h5y a (16)

In the size region where this effect 1s predominant, the nenetration

will thus decrease with increasing velocity. This has been verified
experimentally; for 6C-5, for example, particles of radii above

about 0,35 microns show decreasing penetration with increasing

velocity, while the varticles of smaller size exhibit the opvosite
behavior (see DenmoBition due to Diffusion). ‘

Albrecht's trestment of the devosition due to inertia, while
8imilsr to Sell's, 1s more theoreticsl and is not based upon the
experimentally determined streamline distribution. Albrecht

predicts no deposition for small values of © ( ©<0.09), whereas

Sell points out that this cannot be correct since the central
streamline 1is a straight 1line, which bends very sharply to both
gldes of the cylinder. Even asn extremely small particle when
following the central streamline, has to be devosited because of
1ts inertla. The same holds true for those particles proceeding
along streamlines close to the central one. Sell's explanation
seems to be more correct, and these psrticles in thls report will
be included with those devosited by direct interception.

Langmulr also criticises Albrecht's interpretation pecause
he has baged his calculations on the perfect fluid theory of flow
near a cylinder and has not teken into account that the tangential
as well as the radiel velocity approach zero at the surface of
the resisting body. In revising Albrecht's treatment, Langmuir
finds 0.27 as the critical value instead of 0,09, A calculation -
shows that this would 1m§1y,gg devosition due to Ainertia in the

range of operation in thig investigation, but this obviougly is *
not the gage! )

Rodebush concludes that particles of less than 0.5 micron
radius and velocity equal to 3.5 cm/sec will not be deposited By
inertia because the stopping distance in this case is only 1072 om,
For particles of smaller velocity or size, there should of course
be a 8till smaller chance for deposition by the inertia effect.
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In conclusion, it annears there 1s no agreement whatsoever
between the different authors on this deposition effect, Since the
experimental results obtained in this laboratory show that for CC-5
filter the penetration decreases with increasing velocity for a
particle size above 0.35 microns, it follows that deposition by
inertis must be important in this region, since it 1s the only
velocity-denendent effect showing this behavior. (Stoke's law
deposition would show the opvoslte velocity~dependent effect).

It 1s primsrily 1ln respect to the quantitstive importence of
Tnertial deposition at low particle radll that our interpretation
differs from that gg—iangmugr and Rodebusr, Algo, We do not sgree
with Langmulr that electrostatic attraction can be completely
neglected.

F, Deposition Due to Eledtrogtatic Attraction.

Certain filters, especlally those made of wood snd resin,
carry electric charges. These filters will of course retain
particles due to electroststic attraction., Tris will be the case
even if the particles are originally uncharged, as in the cawe
under consideration, because neutral varticles will volarize 1in
thls strong field and be attracted to the fibers, There 1s also
some evidence thst certsin filters will be charged by friction
when the alr passes through the filter. The velocity with which
a particle will be drawn toyard the charged fibers is proportional
to the square of the radius™, Therefore, large particles should
be removed to a larger extent than small ones by this electrostatic
effect., Analogous to deposition due to Stoke's law fall, devosition
due to electric attraction should decrease with increasing veloclty.
This effect appears to be important for the pregent filters and
aerosols, but the subject merits more careful investigatlon before
this view can be accepted. The deposition of particles of large
slize and low veloclity where the effect should be important 1s
attributed chiefly to direct intercevtion and inertia (and perhaps
to some extent to gravity). For other filters, however, this
deposition effect probably is of great importaence. A fundamental
investigation of electrostetic deposition ie under way and will form
the basis of a future report,

G. Turbulent Surface Devosition.

Although turbulence should cause some additional surface de-
position, 1t has been shown that the flow through the filters 1s
laminar, no matter what conditions exist in the holder, rendering
this effect negligible in this investigstion.

H. Summary.

In general, the results of this analysis of the various effecte
governing devosition of particles on fibers are as follows: The
princival vhenomena at work are diffusion, direct interception and
inertial deposition. The first assumes prominence in the small
particle range and causes an increase of the penetration of aerosol
with increasing particle velocity, The mechanism of direct inter-
ception operates in all particle ranges, but is of major importance

T4
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in the intermediate size zone. For this case, the penetration 1s not

a function of the particle velocity. In the range of large radil the
inertial deposition effect predominates and causes the penetration to
decrease with increasing particle velocity, but our experimental data
show that the influence of inertial deposition persistas to much gmaller
particle radil than Lsngmuir and Rodebush hsve stated., The role of
electrostatics gannot be ignored but hag been beyond the realm of thie
immediate lnvegtigation.

The penetration versus particle radius curves, obtalned for the
CC-5 filter (see Fig. 4, (Vc)), show reamsonable agreement with these
oconelusions., Particles of about 0,35 micron redius experience almost
no variation of penetrstion with linear velocity, while for smaller
particles the penetration increases with increasing velocity. For
larger particles, the penetration decreases when the velocity increases,
In order to explain the insensgitivity of the penetration to velocity
in the region around 0,35 micron radius, the followlng suggestions are
offered:

1. Both deposition due to diffusion, which is most imvortant for
small particles, and denosition due to inertial effects, which has the
greatest influence in the large psrticle range, become neglipible in
this intermediate size zone., This mesns that all particles follow the
streamlines and that the devosition for this varticle size is due to
direct interception alone, and consequently 1s indevendent of velocity.

2, The devosltion due to diffusion snd inertia aprroximately
balance easch other in this region, which implies that, when the velo-
city 1s increased, the devosition due to diffusion decreases by an
amount Jjust equal to the incresse in devwosition due to inertia,

The gecond interpretation seems more logical since the value of
penetration from the theoretical curves for devosition due to direoct
interception alone ismuch larger than the penetratlion actually observed
for this particle size (sbout twice as large).

Particles smaller than 0,35 micron in radius will now¥ be con~
sldered. If deposition due to diffusion were the only mechanism of
retention of euch particles, the venetration should deérease with de~
creasing particle size. It has slready been shown, however, that de~-
position due to direct interception is an important effect in this
range., Deposition due to thig latter mechanigm decreases as the
square of the radius as the particle size decreases, It cannot, there-
fore, be concluded that the penetration should decrease with decreasing
particle size with a maximum in the penetration versus parficle slze
curve, This maximum, which is predicted theoretically by Langmuir, 1ie
not found in the experiments performed in this laboratory whigh cover a
darge range of particle sizes (from 0.03 to 0,6 micron). X a-web
carbon~-impregnated vaper which hsd been found to give such a maximum
with stearic acid aerosol produced also on careful examinstion the same
kind of curves as found for the other filter papers when DOP aerosol
was used,

The influence of the velocity-dependent devosition effects 1is
better understood by considering a plot (Fig,5,12(V)of penetration vs.
velocity for different particle sizes. Such a gravh shows that the
penetration of small particles first increasee as the velocity increases

(A
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the devosition due to diffusion being the most important effect. As

the velocity increases, however, deposition due to inertia will increase
and the penetration will finally decrease. Particles of intermedlate
size show almost no variation of penetration for varylng velocity,

the two velocity-dependent effects approximately balancing each other,

For larger sizes devosition due to inertia is the most important
mechanism and the penetration consequently decreases with increasing
velocity (See Fig, $,12,8ec., Ve).

I. The Whatman Filter (W-2).

This filter 1s an ordinary analytical filter., It does not
operate as a sleve when applied to the filtration of emall aerosols
because the size of the pores 18 large compared to the size of the
aerosol particles. The size of the fibers in this filter is approxi-
mately the same aes for CC-~5. 8Since the pressure drop is much higher
than for CC-5, 1t follows that the average pore size mugt be smaller,
i.e. the fibers are more clogely packed, Therefore, the importance of
deposition due to diffusion and inertia will increase because the
particles will have a shorter dlstance to diffuse and be trepped and
the streamlines wil be?d more sharply, increasing the deposition due
to inertia. Fig, 1 (Ve)ghowe a plot of penetration vs. particle radiue
for POP aerosol through thie fllter, The penetration decreases in all
particle ranges with increasing velocity. Thigmight be due to some
extent to the fact that the depesition due to inertia is the dominating
velocity-dependent effect since the streamlines are very distorted,
but the moet likely explanation 1s a pinhole effect, A decreasing
penetration with increasing velocity wae found (by Stafford and Smith,
A.D. Little Co.) for filters with artificlal pinholes, while the same
filter without the vinholes showed the opvoeite behavior, Trls 1e
probably due to the fact that since the flow through a pinhole will be
turbulent, a larger portion of the gas will go through the filter as
the velocity 1e increased, Penetration through filter pores is propor-
tional to first power of the particle velocity, while that through
pinholes increases with the square of the veloclty.

J. The "G1" Glase Filter.

Thie filter shows an incresse in penetration for an increase in
velocity for all particle sizes, This csn be understood from the follow
ing coneiderations, This filter has very smell fibere (sbout 1 mioron
diameter). The streamlines will therefore be bent very little making
the deposition Aue to inertia unimnortant and leavi devceition due to
diffusion as the only velocity-devendent effect, Thls filter is also
thicker than the CC~5 filter, allowing more time for diffusion to take
Place during passage of the aerosol through the filter. Since diffusio:
is the only important velocity-denendent effect in operation, this
filter must show inoreasing penetration for increasing velosity for the
whole range. It was mentioned (letter to V,K.La Mer from Owens-Corning
Glaes Corp., April 5, 1950), that the filtering efficiencies of this pap
are markedly improved 1f blended with fibere of dlameter 5 microne, in
the ratio 1:3, Thie result is more easily understood because now de~
position due to inertial effects will also take place; the streamlines
will be more dlstorted around the larger fibers. This effect 1a expecte
to be most pronounced for particles of larger size,

K. Other Filter Characteristicsa.

Some other types of filter were investigated experimentally. They
showved approximately the same behavior as the CC-5 filter and the same
Interpretation can therefore be made,

Y
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