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PREFACE

Polluting the atmosphere is one of man's most traditional ways to dis-
pose of unwanted products from cultural and industrial activities. But today's
large scale pollution forces society to regard its economical activities with
careful respect of man's and other beings' health. Related research programs
are still a demand in order to meet the needs for sufficient information to
make the necessary political decisions weighing calculable risks versus econ-
omic benefits.

The Institut fur Experimentalphysik, formerly I. Physikalisches Institut
of the University of Vienna has been and still is involved in a number of
research programs on the atmospheric environment, particularly it has a long
historic record in aerosol research dating back as far as the first decade of
this century. Present research is mainly concerned with visibility and respective
aerosol photometers, cascade impactors, condensation nuclei counters, their
fundamentals and their applications to atmospheric agroso]s.

PR
;
b
5'11/5&;}*10/’
Prof. Dr. P. Weinzierl
Head
Institut fiir Experimentalphysik
University of Vienna



BACKGROUND

The Tonger research continues the more the importance of aerosols
becomes evident for all aspects of air pollution. The problems of recent
interest are related to industrial and civic hygiene in local environments
as well as to the global pollution of the earth's atmosphere. At all levels
the aerosol problems are of great, and mostly not completely understood
complexity. Hence the analysis of aerosols requires profound knowledge of
their physical and chemical properties.

The dynamics of aerosols, i.e. the development of the physical and
chemical properties in time, is a focus of todays’ interest, and refined
measuring techniques are required in order to produce basic data such as
aerosol size distributions and the chemical composition of the different
particle sizes. Difficulties arise, because aerosol classifiers are generally
not able to cover the whole size range of interest. Hence different instruments
are to be combined into classifier systems in order to yield complete infor-
mation. New problems arise. The system components evaluate aerosol properties
within limits only, and moreover they may distort the information - problems
which can be recognized and overcome only by comparisons of different system.

In the past, this system approach led to the development of the
University of Minnesota Aerosol Classifying System, which led to profound
insights into the structure of aerosol size distributions. But this system
has its limitations,too ,and it is unsuitable for collecting chemically
analyzable samples. New techniques are required in order to meet such needs.
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ABSTRACT

The report summarizes the investigations of four aerosol classifiers
which cover finite, but overlapping ranges of the aerosol particle size

spectrum.

The first part is concerned with a cylindrical aerosol centrifuge,
which measures aerodynamic equivalent diameters precisely. This instrument
has been used as a reference instrument in diffusion battery experiments
reported in the second part. The diffusion battery has been investigated
for fairly large particle sizes (0.3 um to 0.5 um) to determine the influ-
ence of sedimentation, interception and impaction on the transmission of
the diffusion battery. These experiments have been performed with highly

monodispersed NaCl aerosols.

In the third part a five stage low pressure impactor is described,
which covers the size range from 0.1 pm to 25 um diameter. It has been
developed specifically for the determination of the deposited particulate
mass. First data on mass-size distributions of atmospheric aerosols are
reported. The final chapter summarizes the development of a special con-
densation nuclei counter which measures number-size distributions in the
size range from 0.002 ym to 0.1 um KELVIN-equivalent diameter. The

applicability to urban atmospheric aerosols is demonstrated.
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CONCLUSIONS
The results of the work reported here demonstrate:

1) The aerosol centrifuge is an instrument for measuring aerodynamic
diameters precisely and independent of external calibrations such as cal-
ibrations by latex particles. So far the instrument has been investigated
for particle sizes from 0,2 pym to 3,0 um diameter, but there are indications
that the instrument is capable to classify particies as small as 0,05 um,
at suitable operation conditions.

2) The diffusion battery can be operated up to sizes of 0,5 ym diameter,
if great care is taken in calibrating the instrument. For such particles
sizes impaction becomes an essential deposition mechanism.

3) Highly monodispersed NaCl aerosols with spherical particles of bulk
density can be produced by a generator of the SINCLAIR-LA MER type. The
aerosol properties are controlled by the cooling rate of the condensing
vapours.

4) Cascade impactors have been designed as to permit the direct and
accurate measurement of mass size distributions of atmospheric aerosols.
The first impactor under investigation has a measuring range from
0,1 pym to 25 ym, permitting the gravimetric evaluation of the accumulation
mode of atmospheric aerosols. There are indications that an impactor can
be designed for the collection sizes as small as 0,05 ym diameter or
less.



5) The condensation nuclei counter technique can be used to determine
number size distributions of atmospheric aerosols in the size range from
0,002 ym to o,l‘ym of KELVIN equivalent diameter.

6) The combination of a cascade impactor and a condensation nuclei
counter of the kind described here would constitute a system for the
evaluation of size distributions in the range from 0,002 ym to 25 ym
diameter, with a sufficient overlap at sizes around o,1 ym diameter. Moreover,
the data of the system components would be fairly independent of each other,
because the nucleation mode would represent almost completely the total
particle concentration by number, but does not contribute considerably to
the total particle concentration by mass.



RECOMMENDATIONS

Since an aerosol sizing system of a cascade impactor and a condensation
nuclei counter as described in this report permits to evaluate the size
distribution of atmospheric aerosols in the same size range as the University
of Minnesota Aerosol Sizing System, a direct comparison of both systems
could provide so far unobtained insights in the structure of atmospheric
aerosols as well as in the operation characteristics of the classifier
systems.



THE ROSL AEROSOL SPECTROMETER

Introduction

Aerosol centrifuges are well known instruments for the classification
of aerosols. Since their introduction by SAWYER and WALTON (1) in 1950 they
underwentlarge improvements which culminated in the development of several
highly resolving spectrometers. The work of GUTZ et al.(2,3,4), KEITH and
DERRICK (5), KAST (6), STUBER and coworkers (7), (8), (9), (lo), (11), (12),
HAUCK and SCHEDLING (13), HOCHRAINER (14), (15), BERNER and REICHELT (16),
BURSON et al (17), and MATTESON et al (18) may be quoted here.

The main idea of these instruments is the separation of the aerosol par-
ticles from a steady, laminar flow by means of the centrifugal force. For this
purpose the aerosol is introduced into a rotating chamber. Under the influence
of the force the particles move to the outer wall where they are deposited on
a removable.foil. Classification occurs because the particle velocities produced
by the centrifugal force depend on the particle sizes: the larger the particles
are, the faster they drift to the wall. Complete classification is achieved
when the aerosol is introduced into the chamber by a narrow slit which super-
imposes the aerosol on a layer of particle free gas. For a thin aerosol layer
the particles fall to the outer wall from almost identical positions, and their
deposit location with respect to the entrance slit, i.e. the deposition length,
is a direct measure of their size because a given location corresponds to only
one particle size.
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Fig.1l: Cross section of rotor I. B,base plate; MC, measuring chamber;
CC, cleaning chamber ; S, aerosol slit ; H, ports to the cleaning chamber;

K, shaft.



Rotors of the ROSL spectrometer

An adequate slit system has to meet one essential condition: the
superposition of the aerosol flow on the particle free gas flow should be
as undisturbed as possible. This is achieved when all parts of the slit
participate fully in rotation (19), (20). The technical solutions of this
problem are very limited in number. The particular solution realized in
the ROSL spectrometer is a radial slit, or a cut through the inner parts
of the rotor (see fig. 1). This concept of the slit leads almost forcibly
to a concentric arrangement of all other rotor elements. The choice has
been given to concentric cylinders, but not to cones.

In operation the rotor is driven by a high speed motor via the shaft K
and the flow is maintained by the selfpumping action of the rotor. The aero-
sol flow enters the slit S by an orifice in the center of rotation. This
socalled AFLO orifice restricts the aerosol flow to the desired magnitude.
Partially particle free gas is produced by the rotor itself. Some aerosol is
passed through several holes, H, into a cleaning chamber, CC, where large par-
ticles are removed from the gas. The remaining particles are usually too small
as to be detected by 1ight microscopy. Particles of this background aerosol
will be deposited on the foil, but they do not appear optically. This cleaning
procedure bears some advantage. At first, the gas composition remains un-
changed and therefore the superposition of the aerosol flow and the particle
free flow is not influenced by density gradients. Secondly, external filtering
devices are unnecessary as long as the remaining particles do not interfere
with the observations. The particle free flow enters the measuring chamber,
MC, through a port in the top of the rotor. Another rotor of slightly different
design is shown in fig. 2. In this case the particle free gas is not produced
in a cleaning chamber, but it is drawn from the flow boundary layer at the
outside of the rotor. The gas is particle free to the same degree as described
above. Size classification is bound to laminar flow in the measuring chamber,
therefore the total amount of flow has to be limited. Adequate restriction
is achieved by a set of six orifices, i.e. the TFLO or total flow limiting
orifices, in the bottom of each rotor. In order to change the collection
foils the rotors are disassembled by lifting the outer parts comprising the

6
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Fig.3: Head of rotor I with gasket. N, nylon spring disc. S, teflon sheet.

Fig.4: Latex aerosol deposits on collection foil. S, projection of the slit.
1), single spheres.2) to 5),aggregates ot two, three, four and five spheres.
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outer wall of the measuring chamber, the upper wall of the aerosol slit
and the cleaning system from the base plate, B, which is fixed to the
inner parts of the rotors. In the first rotor (see fig. 1) the removable
piece is bolted to the base plate by six bolts and it is positioned by a
very narrowly spaced cylindrical guide, whereas in the second rotor the
parts are connected by a large thread and held in position by a conical
guide.

For measuring the rotational speed, the first rotor is equipped with
ten small permanent magnets in the top of the rotor. The magnets pass
beneath an electromagnetic pick up in the housing of the centrifuge. The
top of the second rotor bears a disc with twelve blank fields on a dark
background, for switching a photo transistor. Primarily, the rotors have
not been designed for direct measurements of flow rates. This inability
became a serious draw back during a certain period of the work, and there-
fore the first rotor has been equipped with a seal in order to enable
the measurement of the total flow rate. This seal, which is fixed to the
housing of the centrifuge, consists essentially of a nylon spring disc
and of a teflon sheet which is pressed to the top of the rotor (see fig.3).
The seal is tight, up to rotational speeds of 6ooo rpm. The flow rates
are measured by means of a soap film moving in a calibrated glass tube
mounted on top of the housing. (It should be mentioned, that the teflon
sheet undergoes heavy wear by the rotor, and therefore must be replaced
frequently).

Particle size analysis

The aerosol slit has a width of 0,1 mm which is small compared to
the chamber width of 3 mm, i.e. the distance between the inner wall ard
the outer wall of the chamber. The aerosol particles therefore start their
movement to the outer wall from fairly equivalent positions at the end
of the s1it. Consequently the particles of an extremely monodispersed
aerosol will occur at similarily equivalent deposition locations, which
after unrolling the foil appear as a straight line parallel to the projec-
tion of the slit. The deposits of a latex aerosol, which contains a number

9



of different, aerodynamically separated classes of particles (15), (19),
(21), thus appear as a set of separated lines (see fig. 4), and after
counting as a set of separated number size distributions (see fig. 5).
The distance between these 1lines and the projection of the slit is intro-
duced as the deposition length, Lp, of the particles.

From the point of an observer rotating with the chamber, the particle
velocity has essentially two components, i.e. the radial velocity, Vs in

the radial direction, and the velocity, v,, in the axial direction. The

Z’
azimuthal velocities of the particle vanish, if solid body rotation is
assumed for the gas and the particles. The influence of the centrifugal
force on the movement of the particle follows from STOKES' law, which

may be accepted in the form

2
.w .R=3.7.n..D .v!
P w 3.m r]g Dp VY‘/Bpg (1)

3
6).D.
(n/6).Dy.p
for spherical particles of diameter Dp, and density,pp. The s1ip correction

factor, B is given by

pg’

Bpg =1+ (Ag/Dp).(1,36 + o,7.exp(-3,68(xg/Dp)) (2)

The gas has the viscosity,ng, and the mean free path,xg, of the molecules.

The velocity, v}, is the relative velocity of the particles in the
gas, in the radial direction. But because of the cylindrical design of the
rotor, the gas does not possess radial velocities within the measuring
chamber, and consequently the radial velocity, Vs of the particle and its
radial velocity, v;, relative to the gas,are identical. This leads to the
equation

.R) (3)

for the radial velocity of the particle.

10
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The acceleration wz.R needs some consideration. The radius, R, is the
radial distarce of the particle from the axis of rotation. Thus the
acceleration increases as the particle moves to the outer wall. But the
variation of this radial distance, R, is AR = 3 mm from the inner to

the outer wall, which is small compared to the mean radius

R = (Ro + Ri)/2 = (40 + 37)/2 = 38,5 mm of the chamber. The acceleration
is transmitted to the particles by the gas, and therefore the angular
velocity, w, is the angular velocity of the gas at the position of the
particles. In gereral, there will be an ancular motion of the gas relative
to the rotor, and consequently the angular velocities of the gas differ
from the angular velocity,wo, of the rotor.

Fortunately, the solution of these problems is fairly simple, if
the assumption is justified that the gas within the centrifuge rotates
like a solid body with angular velocity wg - In this case the radial
velocity of the particles is determined by

2

VY' = (Bpg.Dp.pp/lg.n

2

)-(wo-ﬁ) (4)

2
o

g

with a constant acceleration term ,<.R for all particles.

It should be mentioned here, that particles with the same

p* = Dp.(Bpg.pp)I/2 are obviously not discriminated by the centrifuge. The
equation

v 1/2

D =D _.(B__.

p = Dp:(Bpg-ep) (3)
is therefore introduced as definition for the aerodynamic equivalent

size of a particle, and it is this parameter, which is directly related
to the radial velocity of the particle.

During their way frcm the inner wall to the outer one, the particles
are transported downstream together with the gas. The assumption is justified
that the axial velocities of the gas and the particles are identical and
therefore the particle velocities will show the same velocity profile as
12



the gas velocities. But STUBER et al. (22) have proven that the deposition
Tength, Lp, of a particle is independent of the true path of the particle;
rather the deposition length is determined by the average axial velocity,

VZ,

5 - R = Q/(2r.R.AR) (6)

Regarding the path of a particle, one finds that within the same period
of time the particle has travelled the distance, AR, radially, and the
deposition lergth, Lp, axially, and consequently the relation

Lp/AR =V, / Vi, (7)
holds, where Gr is the average radial velocity of the particle on the path
to the outer wall. Replacing of Qz by equation (6) and Gr by equation (4)
yields the equation (8) for the deposition length, Lp’
L, - 0,8959.10-6.(Q/D:2.N2) (8)

2 2 2 . .
where W has been replaced by 4.~ .N" and ng by its numerical value at
standard temperatures. (It should be mentioned, that the exact calculation
of the deposition length would change the constant from k = 0,8959 to
k = 0,8963 (19)).

However, equation (8) is based on the assumption that the gas rotates
1ike a solid body with angular velocity Wy A direct proof by measuring
the angular velocities of the gas is difficult, but the obser-
vations with latex particles of well known size indicate that this assump-
tion is justified. First, the calibration curves, i.e. the empirical
relations between the sizes of the latex particles and their deposition
lengths follow equations like
-2

L, = A (D})

b b (9)
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where the constants, Ai’ depend on the flow rate, Q, and on the rotational
speed, N. These equations coincide perfectly with equ. (8) as far as
particle size and deposition length is concerned. By comparing (8) and
(9), the relation

A; = 0,8959.107%. (O/N%) = k.(Q/N%) (10)

follows, which immediately leads to the equation

X = (097 = (1K) (L N/Q) (11)

where the inverse square of the equivalent size has been introduced as

the reduced deposition length, L;. By means of (11), the reduced deposition
length and therefore the equivalent size of the latex particles is com-
pletely determined by the data of the centrifuge, i.e. the deposition
length, the flow rate and the rotational speed.Other values for the
equivalent sizes of the same particles are calculated from their known
diameter using equ. (5). Both methods should be in agreement if the
assumption of solid body rotation is correct for the particle motion.

The results of confirming experiments are listed in table I. Four
different latex particle sizes have been used, i.e. D_ = 1,305 um,
Dp = 0,79 um, Dp = 0,657 um and Dp = 0,357 um. A density of 1,05 has been
assumed for these particles. The deposition lengths, Lp, have been
measured for different rotational speeds and different flow rates. From
these data, the reduced deposition lengths, L:, have been calculated
according to equ. (11). For a given latex size these values are in fair
agreement, and the average reduced deposition 1ength,'[;, has been used for

calculating the equivalent sizes, 5:

» of the latex particles. These sizes
are in agreement with the equivalent sizes, D;, calculated from the latex
diameters as quoted by the manufacturer. The relatively large deviations
for latex particles of 0,790 um diameter indicate, however, that the

quoted size might be wrong.
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The data of table I represent niredifferent calibration curves. These
curves should coincide to a single curve, when the reduced deposition
lengths are introduced according to equation (11). Its Togarithmic form
is given by

* X
In Lp =2.1n Dp (12)
where L; stands for the reduced deposition lengths calculated from the
centrifuge data, and D: for the equivalent size calculated from the
diameters quoted by the manufacturer. The graph of this curve, which

is represented in fig. 6 together with the experimental data, indicates
very clearly the consistency of theory and experiment forthree of the
latex sizes.

Operational features of the ROSL spectrometer

The aerosol flow limiting orifice restricts the flow into the aerosol
slit. Depending on the cross section of this orifice, the aerosol flow is
Tow for small orifices and vice versa. The influence of the AFLO orifice
on the resolving power of the centrifuge is of more importance. With
smaller orifices the aerosol Tayer entering the measuring chamber is
narrowed and consequently the 1njtia] positions as well as the deposition
locations of the particles are better defined. This effect is demonstrated
by the variance of the deposit locations of single latex spheres, which
have been collected with different AFLO orifices. As demonstrated in fig. 7,
the variance decreases with diminishing orifice cross sections. A further,
though minor decrease could be expected for still smaller orifices, but
for such experiments long collection periods are needed, which increase
the errors due to variations of the rotational speed and other long term
instabilities.

Some experimerts have been concucted to determine the resolving power
of the aerosol spectrometer, at Tow aerosol flow conditions. The number
size distributions cf the latex aerosols are assumed to be Gaussian. Then
the variance, Ve of the observed size distribution is the sum of the

15



Eu"aqchE\ﬁ“z muwm\msu"o .mu wouj pajelnd|ed 3zZLs 3jua|eaLnba .mm fabnjLajzusd ayy Aq paunseau
,AN-E:V:pm:mF uoLiytsodsp paonpad .mw mao Wo4J pajelnd[ed azLs jualeaLnba ,ma f4333weLp pajonb .ao
d e d . d or _ d
wt 0zp 0 = xd wt 290 = xa wt o/8°0 = xa wt o1 = .0
d . d ‘ o _ 4@
wrt mﬂ\o = xm wr 129°0 = xm urt /68°0 = mo wt 9g¢ 1= xm
d ‘ d ‘ d ‘
EVLG = ] 0y5" ¢ = 1 el = ] €1G°0 = Mu
€89°G  GG°G 096°2  0G°Z 6v2‘1T  22°1 2060 6v°0 0°601 0009
029°G  09°¢ 16v°2  LG°1 v92‘T  18°0 GIg‘o geeo §°1L 0009
226°G  Ge°¢ 196°2  60°T 222°1  25°o -- == G* LY 0009
8409  G£°9 98v°2 19°2 982°T G6€°T 98y 0 160 0°G/ 008Y
82L°G T¥°Y 8652 00°Z ve2ZT  G6°O 0ggeo op°o 0°Gq oogy
§22°9 21t ¥65°2  82°1 L£2°T  29°0 -- -- 8°qe 008y
-- -- £€66°2 09°¢p 212°T  §1°2 216°0 6060 G6t ooog
gee‘s  20%9 86v‘z 28°C 812°T GLE‘T £eg°o 66°0 G°1€ 000¢
€8/°G 00°p 655°2  LL°1 6G2°1T  £8°0 geg‘o  /gfo €61 ooog
d d d d d
mq 1 % | QJ x| il MJ 1 0 N
d ‘ d ‘ d ‘ d
wt /ge‘o = °q wt /650 = °q wt og/‘0 = °Q wt gog‘r = 7@

"S1IS0d3q ITITLAVd X331V 40 SISATYNY T 378yl

16



*uoL3e109dxa |®J138408Y] 3Yy3 SIudsaudad sul| pL[OS 3y3 ‘eiep (e}
-uawtuadxa ayjz jo abueda ay3 pue sbedase dayjz 8jedLpul saeg suoirjejonb mog wodj paje|nd|ed
€3z1s ao134ed jualealnbs ayz o3 diysuorjepad s3i pue ybua; uorgisodap paonpad 3y) :9°6L4

v (wrd) ¢ Z sl , L s
»! | ¢ n | | L 1 I
-G’
lh-
01
(wrl)
-
dg

17



*8314 140 074y 9Y3 40 UOL3ID3S SSOUD 3yl o3 diys
-uoLje|dd sit pue s3[dtjded xdje| 3(BuLS JO SUOLINQLUASLP IZLS USQUNU 4O 3dueLdep :/°Bi4

(¥ h/u)  NOLLIG SSou) LY

o'¢ 0'7 . . . ' '
C 1 ° i 5 9 b
e
.o
0 m 1
\.\ 5
o g
\ = |
s~ .
L
\ L ¥ ¢
\. — &
- S

18



variance, Vo, of the original size distribution (quoted by the manufacturer),
and of the variance, Vis added by the centrifuge:

Vo=V (13)

The contribution of the instrument could then be estimated from equ.(14)
Ve =V -V (14)

The data show, however, that this method is not consistent because of
inaccuracies of the original variances, Vo' Two examples may demonstrate

the difficulties. The Tatex particles of 0,557 um diameter have an

original variance of V0 = 1,1664.10'4 umz, whereas the measured variance

has a value of Vm = 0,7225.10"4 umz. Consequently, the contribution of

the instrument would be negative, Vi = -0,4439.10_4 umz. The Tatex particles
of 0,790 um diameter have anoriginal variance of VO = 0,1936.10_4 umz,
whereas a value of Vm = 0,5373.10-4 um2 has been found by the centrifuge.

In this case, the contribution of the instrument would be Vi = 0,3436.10_4um2.
The occurancesof negative variances demonstrate the infeasability of the
procedure, and it is therefore not adequate to draw quantitative conclusions
even on the positive data. However, the statement holds, that the variance
contributed by the centrifuge is of the same order of magnitude or less

than the variance of the Tatex particles, for high resolving conditions

(20),(19).

The highest aerosol flow rate and the lowest resolving power is
obtained when the rotor is operated with no AFLO orifice in the center of
the s1it. In this case, the number size distributions of single latex
spheres exhibit a rectangular shape. In addition, the size distribution
of the different components of the latex aerosol, i.e. the singlet,
doublet and the other multiple particles, may overlap considerably. As
shown by the number size distribution in fig. 8, the rectangular shape
develops from larger to smaller deposition lengths. Therefore the narrow
distributions and the wide ones coincide at the descent to smaller particles.
In order to achieve classification, the flow has to be laminar and
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vortex-free within the chamber. Such conditions are set by the TFLO in the
base plate of the rotor. Good flow conditions are indicated by straight and
narrow deposition lines, if latex aerosols are used. At unsuitably high
flow rates, however, the latex deposits exhibit a regular, sinusoidal
structure, and in extreme cases a regular array of overlapping arcs. The
TFLO are used to set the measuring range of the centrifuge. Because of the
definite length of the chamber, the deposition lengths, Lp, are restricted
to values between Lp = 0 cm and Lp = 11,0 cm. However, the usefull range
for data analysis is smaller. Near the slit at Lp = 0, the particle sizes
crowd together, and the sensitivity, ALp/ADp, is almost zero. Therefore,
deposition lengths below 0,3 cm or 0,5 cm do not bear much information on
the difference of particle sizes. With increasing deposition lengths, the
sensitivity grows continuously, according to equ. (9 )

1/2

S
ALp/ADp = -C.(L.) (15)

p
where C is a constant parameter. But on the other hand the concentrations
of the deposits decrease reciprocally, with the consequence of higher
statistical errors. Moreover, the flow pattern at the end of the chamber
may be disturbed by the outgoing flow. For these reasons it is not advisable
to extend the range of evaluated deposition lengths beyond Lp = 8 cm or
Lp = 9 cm. This range of deposition lengths comprises about half an order
of magnitude in particle size, according to equ. (& ). This is a fairly
narrow measuring range, and should therefore be adjusted carefully to the
particle sizes of main interest. This is achieved by the appropfiate choice
of the TFLO and of the rotational speed. As a rule, the particles of main
interest, e.g. the peak of a monodispersed aerosol, should be deposited at
deposition lengths between Lp = 2 cm and Lp =5 cm (see fig. 9, lo).

For a given rotational speed, the total flow rate increases when the
total orifice cross section, i.e. the sum of the TFLO cross sections, is
enlarged. Therefore a certain calibration of the centrifuge is finely
adjusted by using TFLO of different sizes. It should be mentioned, however,
that the flow rate may be ambivalent for certain TFLO orifice combinations.
This fact is illustrated in fig. 11. According to the graph the flow rate
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is ambivalent in a limited domain of total orifice cross sections, and the
actual value of the flow rate depends on the mode of accelerating the rotor:

a "fast" start will yield the higrer flow rate, whereas a "slow" start prodices
the lower flow rate. This behaviour is effected by the TFLO orifices and their
arrangement in the rotor base. Ambivalence occurs for certain orifice sets
with three orifices of one size and the other three of another size, but only
if these orifices are arranged alternately, i.e. each orifice being neigh-
boured by orifices of the other size (19).

During operation, short term and long term fluctuations of the rotor
speed must be taken into acccunt. The motor is a high speed collector motor,
and it is operated from the power line of the laboratory. The motor speed is
usually set by the voltage of an variable autotransformer. In long term
operation, the warming up of the rotor is a further source for speed
fluctuations. In order to overcome these deficiencies, a speed controller
has been developed, which keeps the rotational speed within the limits of a
few rotations per minute. Typical short term fluctuations are less than
+ 2 rpm, but ,as shown by fig. 12.,there are a few points of lower stability,
where the fluctuations are as high as +41orpm. The long term stability
measured for hours of contintous operation is better than 0,5 %, i.e. the
measured speed does not deviate more trkan lo rpm from any preset value
between 2000 rpm and 12000 rpm.

Another effect of long period operations is the warming up of the rotor
by the heat of the bearings. Temperature differences of 10°C and 20°C above
room temperature have been observed at the outer side of the rotor.Cmsequently
the inner parts should be warmer, and temperature gradients across the
measuring chamber are to be expected. Fortunately, the inner well of the
chamber is warmer than the outer wall, and therefore the temperature gradients
is in favour of a stable stratification of the flow. However, the gas inside
the chamber is altered in dersity and viscosity, and consequently changes of
the flow rate could occur. The experiments show that such changes in
calibration are negligible. Latex aerosols have been collected on the same
foil for a cool and'a warm rotor. As fig. 13 demonstrates, there is no
significant difference in flow rates between a cool and a warm rotor.
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Discussion

As indicated by the calibration curves of the ROSL spectrometer the
angular velocities of the particles do not differ significantly from the
angular velocity of the rotor. This property opens a way to precision
measurements of aerodynamic diameters. The precision depends on the errors
in measuring the deposition length, the total flow rate, and the angular
velocity. The errors in the deposition length are about 0.1 mm at the
large particle end of the deposition foil and about 0.3 mm near the
small particle end. These errors could still be lowered by elaborate mea-
suring techniques, however, care must be taken that the foil is smooth
and perfectly contacting the wall during operation in order to prevent
flow disturbations. The precision of the angular velocity measurements
is sufficient, the velocity is easily measured and well controlled by the
regulated power supply. Precision measurements of the total flow rate are
a serious problem. In order to use external flow meters the rotor is to
be connected leakageless to the housing. Solutions as represented for
rotor I are not satisfactorily because they do not work at higher rotati-
onal speeds and they do not allow continuous functional control during
operation. Probing the flow with particles of well known sizes poses the
problem of the precision of size measurements. As demonstrated by fig. 13a
the scatter of the particle size data is unacceptable for precisely determ-
ining the calibration curves, and consequently the total flow rates would
be submitted to the same uncertainty.

The capacity of the centrifuge to work at speeds up to 12000 rpm or
more is still unused. Experiments have been performed successfully in
collecting small sized Latex aerosols near the slit. Classification
turned out to be perfect justifying the conclusion, that particles with
sizes around 0.05 pum could be sized.
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THE DIFFUSION BATTERY

Introduction

Aerosol particles undergo BROWNian movement, which causes them to
migrate through the gas. If they meet a surface they will stick to it and
never rebound. The chance for a particle to be deposited on walls depends
on particle size and on the dimensiorns of the container, once the gas, its
temperature and its pressure is given. The smaller the particles are and
the narrower the container, the higher are the chances for deposition by
diffusion.

TOWNSEND (23) in 1900 was the first to derive an analytical equation
which applies to diffusion deposition in cylindrical tubes. Later on,
GORMLEY and KENNEDY (24) and many others worked out similar solutions of
this problem. Progress with respect to certain corrections has been made
by the use of computers (TAN (25), TAN and HUE (26)). But diffusion is not
always the sole mechanism for deposition in tubes. Sedimentation within the
tubes and impaction and interception at the entrance must be taken into
account, especially for particles of more than o,1 um in diameter.

Many investigations have been performed in order to solve these
problems theoretically, but the results are to some extent in disagreement.
Therefore it has been the goal of this work, to study the effects of
impaction and interception experimentally, by applying a diffusion battery
and the ROSL aerosol spectrometer to monodisperse NaCl aerosols.
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Fig.15: Cross section of the aerosol generator at the position of a heater
element. A, fire bricks.B, ceramic tube for sheltering the heating wires.
C, ceramic tube for carrying the heating wires. D, center tube for aerosol
production. E, thermo couple. F, heating wire lead.
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The earlier classifiers by diffusion, i.e. the diffusion batteries,
were made from bundles of long and narrow tubes or from packages of sturdy
plates with narrow spacings. The large draw back of such batteries was their
bulkiness and weight. Recently SINCLAIR (27) described a handy diffusion
battery which he has used in field work. For this battery thin plates with
a large number of extremely fine, collimated holes (collimated hole
structures = CHS) have been used. MATTESON et al. (28) specified another
diffusion battery with CHS plates, where the plates had about 3.105 holes
of 15 um diameter. A similar battery of six, nominally identical CHS plates
has been used for this work (29) (30).

A special generator for the NaCl aerosol has been developed. The
generator can produce fairly monodispersed aerosols in the desired particle

size range (30), (31).

The NaCl aercsol generator

The generator is a tube furnace with a center tube of approximately
1,5 m length. Different tubes have been used, with 3 c¢cm o.d. and 2,7 cm i.d.,
or 2,5 cm o.d. and 2,0 cm i.d.. The center tubes are made from pure
aluminium oxide which is highly resistant to attack by NaCl vapors. The
center tube is surrounded by other ceramic tubes which carry three seperated
heaters. These heaters which could be operated up to 1000°C have lengths of
20 cm, they are arranged serially with distances of 20 cm between them.
They are electrically independent thus forming three independent heating
zones. The heaters are protected by a third ceramic tube. Finally, the
whole tube system is imbedded in thick fire bricks for thermal insulation
(see fig. 14 and fig. 15). The bricks are resting on iron rods, and the
furnace is hold together by two springloaded end plates which carry special
flanges for the aerosol and the gas ports. The aerosol port is equipped
with an ejector for rapid dilution of the aerosol. The seal between the
center tube and the flanges is made by a silicone elastomer, which pos-
sesses some flexibility after hardening. The center tube undergoes
extension and bending by heating and therefore cannot be connected rigidly
to the ports.
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The electrical power of each heater is controlled by thermostats  specifi-
cally PLASTOMATIC SCR by PHILIPS. The reference temperatures are measured
by three thermocouples just above the heaters in the middle of each zone.
These temperatures are lower than the gas temperatures in the center tube,
and a calibration is needec to relate the gas temperatures to the reference
temperatures of the thermostats. Such calibration curves are shown in

fig. 16 for two different tubes. In these calibrations, the highest gas
temperatures of the heating zones are indicated. Temperature profiles

along the center tube are shown in the next figures. The temperature
profiles are slightly different for a stagnant and for a streaming gas,

at a flow rate of 1 1/min. A downstream shift is observed, and a slight
decrease of the highest temperatures, but these changes are negligible

(see fig. 17). The temperature profiles are time dependent. Observations
demonstrate that the highesttemperatures are reached fairly quickly and

no significant increase is found after a time lapse of one hour from the
start of heating. In the valleys between the heating zones, however, changes
are observed up to 18 hours after heating commences (see fig. 18).

For aerosol production, ceramic boats are placed in the center tube.
The zone next to the gas port, i.e. zone I, contains a boat filled with
NaF for nuclei production. Zone II contains one or two boats with NaCl
for aerosol production. Zone III at the end of the generator is left free.
Nitrogen, which is carefully dried in some applications, has been used for
carrier gas.

A drawback of the furnace is the frequent rupture of the center tube.
Thermal stresses due to the high temperature gradients along the tube are
a main source, but the influence of the NaCl and NaF vdpours should not be
neglected. The risk of breakage increases when cold boats are placed in
the furnace. The problem is still far from being solved satisfactorily.
Thin walled aluminum oxide tubes seem tc stand longer than thick walled
ones; steel tubes and quartz tubes will disintegrate within days.
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The NaCl aerosols

The aerosols procduced by the generator are fairly monodisperse. When
illuminated with a beam of white 1ight they exhibit a sequence of definite
colours in the scattered light, from the red to the yellow, the green and
the blue. Not only does this phencmenon, i.e. the higher order TYNDALL
spectra, indicate good monodispersity, but it permits the continuous
monitoring of the particle size by measuring the angular position of a
given colour, e.g. the red (29). This size measurement represents an
optical equivalent diameter of the aerosol.

The aercsol production depends on three parameters, i.e. the temperature,
T1l, of the NaF source, the temperature, T2, of the NaCl source, and the
flow rate, Q. The temperature , T1, influences the size and the monodispersity
of the aerosol. For high temperatures the nuclei contribute considerably
to the mass of the aerosol particles and therefore the size increases when
the temperature is raised beyond a certain level. For lower temperatures,
the nuclei do not contribute to mass, and therefore the particle size becomes
independent of the temperature at the NaF boat. The 1imit between these two
regimes is about 550°C (see fig. 19). The monodispersity, which decreases
for high and for low temperature, is best at temperatures of about 600°C.
The main purpose of heating the NaF source is the prodiuction of condensation
nuclei. The tute itself produces some nuclei, but these are insufficient in
number or perhaps inadequat in kind to effect the condensation of mono-
dispersed aerosols. With the NaF source, nuclei concentrations of the order
of 106
insensitive to changes in temperature, T1l, at the NaF boat. It should be

to 107 per cc are obtained. These nuclei concentrations are almost

mentioned that the NaF boat becomes unnecessary after an interval of operation,
after which it does not alter the efficiency of the nuclei production.

Nuclei are presumably produced from contaminations at the walls. The
temperature, T2, of zone Il determines by evaporation the amount of NaCl

which condenses on the nuclei, and therefore this temperature dominates

the size of the aerosol. The relation between size anc temperature, T2, is
fairly reproducible, if certain rules are obeyed. First, the procedure of
exchanging the NaCl boats should be performed very carefully to minimize
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contamination introduced by the boats. Secondly, after a change of the
thermostat temperature, the furnace is out of equilibrium for one hour,
during which time the average size of the aerosol is unstable. Finally,

the furnace should be conditioned ahead of Tonger periodsof stand by

under power, i.e. the NaCl boats are to be removed from the furnace, and
the tube is to be flushed with clean gas for a couple of hours to evaporate
salt remnants from the heating zones.

Zone III, which does not cortain a material source, influences the
degree of monodispersity. The mechanisms, however, are not very clear.
Monodispersity is best, when the temperature of zone III is kept below
the temperature of zone II. Therefore, zone IIIl does not act Tike the
classical LaMER generator's reheater, which revaporizeSintermeciate
condensation products, but instead controls the temperature drop at the
end of zone II and thereby the cooling rate of the growing aerosol.
The influence of zone III on the structure of the particles will be dis-
cussed later.

The flow rate determines the concentration of the NaCl vapours, and
therefore influences the size of the aerosol. More important are the effects
on the degree of monodispersity which is best at flow rates from 0,8 1/min
to 1,0 1/min. Qutside this fairly narrow range the monodispersity decays
rapidly. This result is another indication that the degree of monodispersity
is controlled by the cooling rate of the growing aerosol.

As already mertioned the number concentrations of the aerosols are
very high, and therefore the coagulation processes effect rapid changes
of the size distribhutions. Some very broad size distributions, measured
by the ROSL spectrometer after a coagulation time of 20 seconds, are
represented in fig. 20 and fig. 21. These size distributions posses a
definite structure. Besides the main peak of the single particles several
other peaks occur which belong to particles formed by two, three and more
NaCl particles. The equivalent sizes of these peaks correspond very well
to the equivalent sizes of the doublets, triplets and other aggregated
particles in the latex aerosols (21). After dilution at the end of the
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center tube, the size distributions are fairly narrow, but still in most
of them there occurs a small amount of double particles. The most "pure"
of these distributions are logarithmic normal distributions, as shown by
the almost straight lines in the log normal plot of the data (fig. 22,23).
Deviations at the upper end are due to the double particles.

The density of the particles is a very essential parameter of these
aerosols. Deviations from the bulk density which have been reported in
the literature (32), would severely restrict the further use of these
aerosols, especially with regard to their later application in the
diffusion battery experiments, where the centrifuge is used as the
reference classifier. The diffusion battery measures a diffusion equivalent
size, whereas the size by the centrifuge is a aerodynamic equivalent one.
Both sizes are correlated by the dersity of the particles.

The density of the NaCl particles has been determined by a method
described by MATTESON et al (32). The aerodynamic equivalent sizes of
the particles are measured by the aerosol centrifuge. The same deposits
are analysed by electron microscopy to determine the actual particle
diameters at respective deposit locations. Since the aerodynamic size,
D;, and the diameter, Dp, are well known, the density is deduced fromequ.5

% 1/2
(0 / D,)°.B (16)

°p ~ pg

The density derived by this method has been found to be in good
agreement with the bulk density of NaCl, and therefore the diameters of
the particles can be determined from the aerodynamic equivalent size,

D;, by using the bulk density. Diametersmeasured by the electron microscope
and by the centrifuge are in excellent agreement, as shown by fig. 24.(33).
It should be mentioned, that the errors, indicated by the bars, and the
systematic deviations from the exact relation arise from deficiences

in the microscope technique. Moreover the particles are spherical, and

the data confirm the assumption that they are perfectly solid and not
composed of aggregates of finer particles. The third heating zone seems

to favor these properties, because other authors who have produced NaCl
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particles from single heating zone furnaces report surface roughnesses
and lower densities ((32), (34), (35)).

The Diffusion Battery

A six stage miniature DB was built using jdenticaf'CHS plates. Its
performance was investigated with monodispersed spherical sodium chloride
aerosols. Relative standard deviations during the experiments averaged 7 %.
The particle concentrations at the exit of the DB were measured by1c011ecting
the aerosols on Nuclepore filters and measuring the deposited mass with
a flame photometer. The expected mass collection efficiencies were
calculated from the DB geometry and the number size distributions of
the aerosols and compared with the experimentally determined collection
efficiencies. The particle size distributions were measured by the aerosol
centrifuge concurrently with each DB experiment.

The experiments were carried out at room temperature and at temperatures
between -6° and -75°C. In a previous investigation (28) considerable
deviations between experimental and theoretical collection efficiencies
at low temperatures were reported. The results described below, obtained
with monodispersed spherical aerosols in a water-free, inert carrier gas,
do not substantiate the deviations encountered earlier.

The DB (Fig. 25) consists of one prestage (2) and six identical stages
(3) (only one is drawn) which are held together by four bolts (5) and are
sealed by teflon gaskets. Each stage contains one CHS plate (3b), pressed
into position by a steel ring (3a) and sealed by a 0.02 mm gold foil. The
CHS plates have diameters of 15 mm and a large number (ca. 400 0oo) of not
quite circular pores with diameters of about 15 um and lengths of abcut
500 um; porosity is 44 %. The porosity is a very essential parameter for
the calculations and has therefore been determined very carefully by four
different methods, i.e. (1) from the difference between geometric and true
volume by size and weight measurement and known density of the material,
(i1) from the difference of weight in air and water, (iii) from determination
of open and total surface area by planimetry (from photographs), and
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Fig.25: Cross section of the diffusion battery. 1), port into the battery;
2), prestage; 3), diffusion stage with steel ring, 3a), CHS plate,3b), and
exit port,3c);4), end plate; 5), clamping bolts.
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Fig.26: Tubing diagram of the diffusion battery. Aerosol port, 1), and cool-
ind coil, 2), in the thermostated bath, 4) ; 3), battery with samplin mani-
fold,5) ; 6) exchangeable filter holder and back up filter, 7) ; 8), flow

meter with regulator, 9), and vacuum pump, lo) ; 12), clean gas port with
filter, 11).
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(iv) from measured pressure drop versus flow rate across the CHS pilates,
assuming Hagen-Poiseuille flow. The parameters of different CHS plates
vary in a range of about 5 % from the mean. The aerosol flow (fig. 26)
enters the DB through a cooling coil (2) (even when no cooling is
effectuated to ensure identical conditions for all experiments). At the
inlet of the DB the temperature is monitored with a thermocouple.

Each stage of the DB has an exit tube of 3 mm inner diameter with
a stainless steel valve. By switching the appropriate valves the aerosol
passes a desired number of stages (3) and is then led through the exit
tube into a sampling manifold (5). The manifold is immediately followed
by a nuclepore filter (6), which serves as the concentration measuring
device. Though a specially designed filterholder (35) permits quick
exchange of filters, this procedure still is slower than reading e.q.
a condensation nucleus counter. Nevertheless the filtration method
was chosen because of the difficulties in compensating for the pulsations
in aerosol flow introduced by most condensation nucleus counters. Tubing
can be held very short and particle losses are minimized; in addition
care is taken to avoid high particle velocities or sharp bends and
eddies with subsequent impaction in the flow system. The particle concen-
trations are measured alternately at the prestage and behind the selected
number of stages of the DB. Between measurements the manifold is always
flushed with filtered clean gas through an additional inlet. For experiments
at low temperatures the DB is immersed in a cold bath, consisting either
of a mixture of NaCl and ice (to - 20°C) or of dry ice - acetone (to -75°C).
A1l gas streams entering the DB are dried with Mg (C1O4%Z§nd P205. (If
the aerosol is not dried sufficiently, water vapour condenses on the CHS
plates and freezes in their pores). Glass tubing is used exclusively.

Deposition mechanisms in a diffusion battery

The theory of deposition in flow systems has been investigated
extensively; only the relevant expressions will therefore be reviewed briefly.
Particle deposition takes place by impaction and interception on the
face of a CHS plate and by diffusion and sedimentation in its channels.
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An estimation of the effects of electrical deposition by image forces

and of sedimentation in the presence of diffusion (37), (38), (39}, shows
that both may be neglected. So only diffusion, impaction and interception
will be considered.

Diffusion

The semiempirical expression given by THOMAS (40) was chosen as most
convenient for diffusional deposition in circular channels at Poiseuille
flow because it covers the whole studied range of the diffusion parameteryu ,
which is given by

D.1.
L= _'%fll— (17)
D..... diffusion coefficient
| channel length (plate thickness)
n..... number of parallel channels
Q ..... volume flow rate

THOMAS gives the following expression for the diffusional deposition
efficiency:

Ep =1 -(0.819 exp(3.657u) + 0.097 exp (-22.3y) +
+ 0.032 exp( - 57u) + 0.027 exp (~ 123y) +
+ 0.025 exp( - 750u)§ (18)

Results obtained from the analogue expressions of TWOMEY (41) differ only

by less than 0.1 % from the values of THOMAS (40) in the range of au from
0.001 to 0.05.

Impaction

A simple model of particle flow to the surface of filters was studied
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by PICH (42). He gives the following expression for the impaction
efficiency Ei:

+G)
VP
G =
1- /P
z =2 St. /G + 2 St2.G(exp{1/St./G}-1) (19)
with

P ..... porosity
St .... Stokes number

SMITH and PHILLIPS (43) found values for inertial collection by solving

the differential equations of flow with a computer. Their model is probably
closer to reality and also accounts for finite particle size, but the lack
of analytical expressions makes its application difficult, so it is not used.

Interception

A formula governing interception efficiency ER is given by SPURNY (44).
It can be derived from simple geometric considerations and may be applied
to CHS plates treating them like Nuclepore filters in first approximation

2 - NR) (20)
where NR is the ratio of particle to pore diameter.

SMUTEK and PICH (45) studied a more complicated model of flow which leads
to rather complex expressions, giving a combined impaction and interception
efficiency as well as an impaction efficiency alone; in the following they
will be refered to as EiRI and Ei"
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Combinations of Deposition Mechanisms

Deposition by diffusion, impaction and interception occurs simultaneously,
so expressions have to be derived for the combination of these processes.
One possible way is to assume their independence. Total penetration through
the system (e.g. a filter, a CHS plate) is then found by multiplication of
the partial penetrations. Hence the combined penetration for diffusion and
impaction, TDi’ is

T (21)

the respective collection efficiencies are

E E. (23)

=]_TD_i=E +E1'-EDo_l

Di D

and

Epop =1 =T (24)

DiR DiR?

the use of either T or E is a question of convenience.

Equ. (21) is accepted by several authors for filter deposition (39),
(44), (46), (47), generally in the form of equ. (23). It has also been
used to correct DB data for impaction (28). The combined deposition
efficiency of all three mechanisms, however, does not seem to be given
correctly by equ. (22). Semiempirical formula have been used instead,
which are derived from equ. (24) by introducing weight factors for
interception (46), (47). These factors are determined from experiments
and reduce the relative influence of interception considerably. A
theoretical explanation has not yet been given and the fact that no
filter material is perfectly regular introduces additional problems.

51



The expression which was used here is

, - (1-Np)
EDiR = Ei + (1-E;) (ED + Ep 0.63 R7) (25)
with the same numerical constants as used by SPURNY et al. (47).

Another possible formula for combined penetration is derived from equ.
(22) by using the SMUTEK-PICH expression for impaction and interception,

EiR" instead of equ. (19) and (20). Combined penetration then reads

Tpir = Tp-(1 - Eqp") (26)

It is interesting to note that the values computed for impaction
efficiencies from the SMUTEK-PICH expression are negligibly small compared
to those from equ. (19) in the range of particle sizes and velocities
studied. The values from the SMUTEK-PICH expression represent practically
only interception as can be seen from fig. 27 showing computed curves

for combined impaction and interception efficiences. The flow rate is

chosen as parameter and increases from 0.2 to 1 1/min in steps of 0.2 1/min
which represents the typical range of experimental values. For curves

1 to 5,equ. (25) for EDiR was used, setting ED = 0. Efficiency increases
markedly with flow rate by increased impaction while interception remains
constant. For the same variation of flow rates the efficiency curves from
the SMUTEK-PICH formula, EiR
and curve 7 for 1 1/min) because the contribution from impaction is very
small.

» coincide practically (curve 6 for 0.2 1/min

The above discussion shows the difficulties in selecting appropriate
expressions for deposition from impaction and interception purely from
theoretical considerations - in contrast to diffusional deposition where
numerical results calculated from several authors are nearly identical.
Values derived from different impaction and interception formulas and
their combinations were therefore directly compared to experimental data.
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1/min to 1 1/min. Curves 6 and 7, theoretical expression with underestimation
of impaction.
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Results and Discussion

The main goal of this werk is the comparison of theoretical and
experimental values for diffusion coefficients at various temperatures.
For this purpose the diffusion deposition efficiencies must be derived
with high accuracy from the total deposition in the DB. Contributions
of different particle deposition mechanisms to total deposition were
therefore investigated. Sedimentation proved to be negligible under the

experimental conditions given,so, in addition to diffusion,only impaction

and interception were conside:ed. The results of 13 experiments are
presented in Table 2. Four parameters are given in columns 1 to 4
characterising each experiment: mean geometric particle diameter and
relative standard deviation measured with an aerosol centrifuge, aerosol
flow rate and temperature. Columns 5 and 6 contain the measured penetration,
Texp’ per stage averaged over all 6 stages of the DB, and its relative
standard deviation O;el' The calculated penetration values are listed in

columns 7 to 12 for the following set of mechanisms and their combinations:

TD, Ti’ RR for diffusion, impaction and interception,
respectively, from formulae (18), (19) and (20).
T combination of diffusion and impaction by formula (21)
Di
TDiR combination of diffusion, impaction and interception
by formula (25)
TD'TiR' combination of diffusion, impaction and interception

by formula (26)

Values are always calculated for a diffusion length of one stage, with
parameters averaged over all 6 stages. Other possible combinations with

TR’ as TD.TR or TD‘Ti'TR’ have been omitted because their values were

too far off from Tex according to our measurements.

p

For better correspondence between computed penetration and experimental

values, T the penetrating mass for each fraction of the aerosol number

exp?
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distribution was calculated independently. Total penetration was then
obtained by adding the single fractions and dividing by the whole incoming
mass of aerosol.

In Table 3 the relative differences in percent between Texp and
theoretically predicted penetrations are listed using the same set of
combinations as in Table 1 and additionally TD.TR and TD'Ti‘TR' The
mean values given below each column can be interpreted as systematic
deviations and thus indicate whether the respective theoretical expressions
tend to give higher of lower values than tctal experimental deposition.
Diffusion alone (column 1) obviously leads to a value of T which is
markedly higher than Texp (+ 4 %); diffusion together with impaction
(column 2) gives the closest fit to the experiment (+ 1,6 %) when equ.(21)
is used for impection. Column 2 with an average difference of 3 % between
theory and experiment shows clearly, that interception is overestimated
by equ. (20), as already mentioned above. The values in columns 4 to 6
comprise all three mechanisms. Simple combination of these mechanisms by
multiplication (column 4) gives penetration values that are markedly lower
than the experimental ones (- 5 %). The probable reason again is an
overestimation of interception. The average deviation for the semiempirical
equ. (25) from SPURNY (47) in column 5 is about the same as for the combined
impaction-interception equ. (26) from SMUTEK-PICH (column 6). It is somewhat
higher than that for TDi in column 2, but still lies within the error
margins of about 3 % for our DB experiments. In Fig. 28, finally, the
above results are displayed graphically for one selected DB experiment.
Values of Texp for increasing numbers of DB stages (dashed line) are drawn
together with the error limits of the measured penetration. The other curves
correspond to the above set of computed values for T. It is interesting to
compare the values of diffusion coefficients D and particle diameters Dp
from DB measurements to those from the aerosol centrifuge. Considering
that the relative deviation of TeXp from TDi’ averaged over all data,
was only 1,6 % (table 3) with constant tendency in the same direction
(such an error is insignificant for a DB measurement !), it was at first
surprising to find that experimental and theoretical values of D and D

Y
differ by about lo %. It may be recalled here, that this is a purely
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Fig.28: experimental transmission data compared to theoretical expectations.
The shaded field illustrates the region of experimental confidence.
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TABLE 3. DEVIATIONS OF THEORETICAL TRANSMISSIONS FROM EXPERIMENTAL
VALUES. T(experim) = loo %

1) 2) 3) 4) 5) 6)
™ Tpi ToR iR Tpir LT
2,9 1,9 4,2 5,0 -3,2 -0,5
2,5 1,8 2,4 1,8 -3,1 -1,
2,2 1,7 -1,3 1,7 -0,8 2,7
1,2 0,3 23,5 4,3 -3,0 -3,2
7,9 1,7 0,9 -6,7 4,0 -2,8
3,5 1,4 -3,8 5,8 -3,7 -3,0
4,8 2,3 -2,8 5,1 2,9 1,5
3,7 2,2 2,4 -3,8 2,1 1,5
3,2 1,6 23,0 4,4 -2,8 -0,8
4,2 0,2 -6,4 -1lo0,0 -4 ,4 -4,1
6,2 2,2 -1,2 - 5,2 -2,8 -1,9
4,8 1,3 4,0 - 7.2 4,5 “1,7
5,8 2,1 2,6 - 4,9 -3,4 1,7
4,0 1,6 2,9 - 5,0 -3,1 2,1




numerical consequence of the evaluation method: The value of Texp is at
first corrected for impaction by dividing by Ti; then the transcendental
equ. (18) is solved for u from which D and Dp are finally obtained. As T
depends exponentially on u , errors in D cannot be simply calculated from
the relative error in T, they also depend on the absolute value of T.
For this reason T was used to study deposition in our DB and not D or Dp.
As already mentioned above, the DB was also tested at lower than
ambient temperatures, between -6° and -75°C, with spherical sodium chloride
particles in a stream of carefully dried nitrogen. Results do not differ
significantly from the measurements at room temperature Tisted in Tables 2
and 3. It should nevertheless be mentioned here, that deviations were
observed in a few early experiments; these were in the same direction
and order of magnitude as earlier reported data (28). It seems, though,
after studying possible correlations to other effects that most probably
the cold bath surrounding the DB was not sufficiently homogeneous in
temperature and so thermal diffusion could have taken place. The additional
deposition effect was about 5.5 %. One suche experiment at -74,5°C, e.qg.,
gave a penetration T which was about 7 % below the theoretical value

exp
TDi listed in column lo of table 1. This led to a diffusion coefficient
of 1.9 x lo~

6 cgs units instead of 0.63 x 107® - the difference is 200 %.
In subsequent experiments care was taken to avoid this source of error

and good agreement was obtained afterwards.



THE FIVE STAGE LOW PRESSURE IMPACTOR

Introduction

Cascade impactors are used for the determination of size distributions
of airborne particulate matter. In the impactor the aerosol is precipitated
on a series of stages, where each stage collects a certain size category
of the aerosol. Cascade impactors have been developed in many different
designs, mainly for application to special purposes. A stimulating goal
for further developments of cascade impactors is the determination of the
mass size distributions of urban aerosols in correlation with their chemical
composition.

A five stage cascade impactor for mass analysis is represented in
fig. 29. The aerosal enters the instrument by a ring slit between the top
cover and the cylindrical housing. This slit and the inner side of the
cover constitute the entrance stage, i.e. stage 5, which has a cut off
point of 25 um. Particles of larger sizes are deposited on a thick layer
of vaseline in order to prevent blow off and bouncing. The rest of the
aerosol passes to the next stage which ccllects all particles larger than
6,4 um. This stage, i.e. stage 4, consists of a circular orifice plate
with a set of identical holes with sharp, rectangular edges, and of an
impaction plate with a large center hole for the flow.Distance between
these plates is made by a ring at the periphery of the stage. This
arrangement is repeated in each of the following stages. The cut off
points of these stages are 1,6 um for stage 3; 0,4 um for stage 23
and 0,1 um for stage 1. The volume flow rate is 8o 1/min at standard
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®

Fig.29: Cross section of the five stage Tow pressure impactor. A, base plate
with critical orifice,F, and vacuum pump adapter, G; parts of the housing:
B, cover; C, mantle ; D, nut ; E, impaction stages.
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TABLE 4. DATA OF THE IMPACTOR STAGES

et

6,25
1,58
0,38
0,10

- N W A

3)

0,55
0,17
0,07
0,05

1) stage number

2) cut off diameter ( um )
3) W, orifice diameter (cm); S orifice-to-plate distance; (cm);
L, orifice length (cm); N, orifice number

4) Pos atmospheric pressure; p;» pressure ahead of the orifices;

1,20
0,6C
0,20
0,15

1,10
0,50
0,20
0,15

24
33
20

4)
pi/po

1,00
1,00
0,996
0,859

p,» Pressure below the orifices.

Pa/Po

1,00

0,996
0,859
0,335
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temperature and pressure. The flow is controlled by a critical orifice
in the base plate of the impactor. Other data on this impactor are listed
in table 4.

Each orifice plate has a number of identical orifices which are
placed on a circle, concentric to the axis of the stage. This arrangement
effects an equal flow partition, and consequently the aerosol deposits
are equally partitioned during sampling. For sufficiently large distances
between the orifices, the deposits are localized in a number of separated
spots. Investigations have shown that these spots carry equal amounts of
the total deposit.

The impaction plate is covered by a foil. This feature is advantageous
for weight analysis because the foils can be cut from very thin material
to keep their weight at a Tow level and because the selection of foil
materials can vary according to the needs of the anglysis. Aluminum foils
of 10/¢m thickness have been used successfully for measuring mass size
distribitions of solid and semi-liquid particles, and foils of filter
membranes such as millipore cellulose membranes are very convenient for
the collection of liquid materials like oil.

A certain amount of the material is deposited on other surfaces of
the stages. These wall deposits are of significance, because they limit
the practical use of the impactor. In many cases there is no possibility
or justification to determine these deposits separately in order to include
them into the results. Therefore they should preferably be negligibly small.
The impactor described here has wall deposits the order of a few percent
of the total deposits of a stage, an amount which may be neglected in
practice. The wall deposits, however, increase when the total load of a
stage is raised beyond certain limits.

Particle size analysis

An impactor stage is composed of an orifice plate and of an impaction
plate, which are separated by a distance S. The orifice plate has circular
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orifices of diameter W. The orifices have the length L.

The aerosol is drawn through the orifices by means of a vacuum pump.
Aerosol jets are produced, which are deflected by the impaction plate.
For sufficiently large orifice distances, S > W, the flow has three sections,
i.e. the free jet flow ahead of the impaction plate, the stagnation flow
at the impaction plate near the stagnation point, and the free wall jet
at the impaction plate outside the region of stagnation. For sufficiently
long orifices, L > 2W, and for moderate pressure drops along the orifice,
the free jet has the diameter, W, and its velocity is identical to the
gas velocity, Ugs in the orifice. The wall jet has similar characteristics.
The velocity is again Ugs if friction losses are neglected, and the jet

flows in a layer of thickness, Ho = (1/8).W, approximately. (48).

In the region of stagnation the gas velocities undergo changes with
respect to amount and direction, and relative velocities between the
particles and the gas occur. The particles change their velocities
according tc the STOKES ldw, which is given by

V= -(3.1.n .0 /m.B_).(V -0 29

(3.7.n .0 /m B, ). (V - T) (29)
where V is the velocity of the particle, U the velocity of the gas at the
particle's position, and mp the mass of the particle. The slip correction
factor, Bpg’ depends on the KNUDSEN number, K = Z.Ag/Dp, according to
equ . (3o0)

1

g (1 + K.(1,257 + 0,4 exp (-1,1.K 7)) (30)

B
Y

where xg is the mean free path of the gas molecules which equates to

hg = 10,8 . (ng/P) . (/)12

g (31)

where the gas has the temperature, T, the pressure, P, and the molecular
weight, M. It should be noted that T and P are the values of temperature
and pressure at the location of the particle.
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By introducing the relaxation time, T of the particle

2

W T (1/18).(Dp.pp.Bpg).(l/ng) (32)
the equation of motion (29) becomes
-0 = -(Uy) (33)

which shows very clearly the significance of the relaxation time. Changes

of the particle velocities are inversely proportional to the relaxation time,
with regard to comparable relative velocities. Consequently, in the region
of stacnation the trajectories of particles with large relaxation times are
almost undisturbed continuations of the trajectories in the free jet. These
trajectories will end on the impaction plate. Sufficiently small particles
follow almost perfectly the streamlines of the gas, and therefore their
trajectories do not end on the impaction plate.

The separation curve T(rp) is a very convenient means to describe the
efficiercy of the stage. T(rp) is zero for sufficiently small particles,
and its numerical value is one for large particles. In an intermediate
range of relaxation times, Arp, the separation curve increases from
T =01t T =1 monotonously, at ideal conditions. In the range Arp the
separation curve assumes the value T(ro) = 0,5 for a certain relaxation
time, Tgs i.e. the critical relaxation time. This time is determined by
calculation or experimentally. The approximate numerical value for the
critical relaxation time is estimated by considering the particle flow in
the region of stagnation. A1l of the deposited particles, at least those
with relaxation times near the critical time, enter the region of stagnation
with the velocity, Ugs of the jet. Their path from the periphery of the
region of stagnation down to the plate, vertically, is of the order of the
wall jet thickness, Ho' The smallest particles that contact the plate
do so with almost zero velocity (vertically to the plate) and arrive after
a time of the order

= Ho/uy = (1/8).(W/ug) (34)
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This time is approximately the critical relaxation time, Tos for round jets.
According to equ. (34), the critical relaxation time is independent of the
physical constants of the particles and of the gas, but depends on the jet
velocity and the jet diameter, and therefore characterizes the stage

properties.

Deposition of a particle occurs when its relaxation time is larger than
the critical relaxation time, and particles are not deposited when their
relaxation time is smaller. Thus, the relative relaxation time, ¢ , of a
particle is decisive for deposition,

$ = T /vy = (409).(050 B /n ). (ug/W) (35)
In accordance with this equation the collection efficiency curve is often
represented by T(¢). Other equivalent parameters, which differ from ¢ by
factors only, are the STOKES number and the inertial parameter. Other
properties of the collection efficiency curve should be mentioned.
Efficiency curves of different, but gecmetrically similar stages unite
quite well in one curve, if certain conditions are observed, e.g. the
REYNOLDS number R, = (W.Uo.pg/ng) of the orifice flow should fall into
the range 300 < Re < 6000. In this case the averaged separation curve T(4)
assumes the value T(¢) = 0,5 at og = 0,88. In the intermediate range, which
is for most impactors less than A¢ = o,3.¢0, the collection efficiency curve
increases monotonically, and may be influenced by the surface structure of
the impaction plate or by flow turublences. However, the exact shape of the
curve in this region is not very significant for the performance of a
cascade impactor.

The aerodynamic equivalent size

In the stagnation flow different particles can exhibit trajectories
which are identical point for point in laminar flow, or which coincide on
an average curve in turbulent flow. Regarding the points or short elements
of such a trajectory, one may state that it is correlated to a definite
relaxation time. Consequently, all particles on such a path have identical
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relaxation times, and can not be discriminated aerodynamically, i.e. by

observation of different paths.

The particle category, which belongs to a definite relaxation time,
T does not only contain spherical particles, but also particles of many
other regular and irregular shapes. The spheres within this category possess
the relaxation time ¢ = (Dg.pp.Bpg)/(18.qg), and among them is the sphere

P

with the density °p = P = 1 and with the diameter, De’

1/2

De = ((1,-18.n)/(0g-Byy)) (36)

P g eg
This diameter is the aerodynamic equivalent size for the particle category
under consideration.

For a certain relaxation time, the equivalent size can not be deduced from
equ. (36), because the slip correction factor is unknown. But this equations
leads immediately to

2

D - Beg = (Tp-18-ng)/(oe) ’ (37)

which divided by 4.12 and combined with equ. (30) yields

-2 -1 -1 2

Ke + Ke (1,527 + o,4.exp(-1,1.K,)) = (rp.18.ng)/(4xg.pe) (38)
where the mean free path of the gas molecules follows equ.(31). In equ.(38),
the numerical value of the KNUDSEN number Ke is found by iteration, and

finally the equivalent diameter is calculated from this KNUDSEN number.

The equivalent cut off diameter, D , of an impactor stage is defined
by introducing LI P 0,88.r0 into equ. (36)

1/2

D, = ((0.88.18.n W)/ (8.u5 -0 -Byy)) (39)

€9

and is calculated by using equ. (38) for the KNUDSEN number Ko'

67



Impactors are often tested with spherical particles with densities

different from Pe = 1. For identical relaxation times the relation
Dg'pe'Beg(xg’De)'z Dg.pp.Bpg(xg,Dp) is valid for these particles and their
equivalent size is defined by

1/2
D = Dy (( .D,)) (40)

D
p Bog(Ag

op-Bog(hg+0) ) /bg By

p eg'’g
In this formula the brackets accompanying the slip correction factors

indicate their dependence on the mean free path and of the particle diameters.
In consequence, the equivalent size of a given particle with diameter,Dp,
and density, Pps will vary for differert mean free paths, Ag‘ However,
the variations are small for common aerosols.

Deposits in the impactor stages

The main deposits, which occur immediately beneath the orifices, are
round spots with a diameter of 1,2 times to 1,7 times the orifice diameter.
These spots are clearly isolated when the interorifice distances are large
enough, and for this reason values of four times to seven times the orifice
diameter have been chosen. Beside the spcts other deposits occur. Halos
surrounding the spots are found which at Tow loads are clearly separated
from the spots by an almost particle - free zone. The mechanisms of halo
formation are still controversial, but it has been proposed that turbulence
in its very beginningsis responsible for this deposition (49).Deposits occur
between the spots along a narrow straight line, in radial direction with
respect to the axis of the stage. This is a very interesting phenomenon,
because the line appears at the confluence of two wall jets from adjacent
orifices. In this region the wall jets detach from the impaction plate
forming a new, upward flowing jet. The existence of this jet is indicated
by straight deposit lines on the upper plate in between the orifices.

The deflection of the wall jets requires a stagnation flow in the region

of confluence, ard consequently the deposit line marks the stagnation line.
Moreover, turbulence along this line is indicated, because particles would
not be deposited otherwise. The amount of material in the halos and in the
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stagnation lines is in most cases a few percent of the mass in the spots.
Therefore these deposits do not affect the results seriously when they
are integrated into the measurement, i.e. by weighing the samples.

Other deposits occur on the inner wall of the ring spacers where the
wall jets hit, and at the underside of the orifice plate as already mentioned
above, and predominantly arcund the mouth of the orifices on top of the
orifice plate. These wall deposits 1imit the practical usefulness of the
impactor because they are usually not easily included in the measurements,
and therefore they should preferably be small. The wall deposits of the
impactor have been determined by using vaseline aerosols, produced by
spraying from a heated nebulizer and containing a soluble dye, i.e. sudan
red, as a tracer. This mixture disolves readily in toluene, and consequently
the amount of dye as well as the deposited aerosol mass can be determined
by absorption photometry. In addition, this aerosol permits the control
of the weight analysis by photometry.

As shown by the graphs in fig. 30, stage 2 and stage 3 have wall losses
of 3% to 4 % of the total mass deposited in the stages for moderate loads
of a few milligrams per stage. For higher loads the amount of wall deposit
increases. One possible explanation for this behaviour is based on the
assumption that the wall deposits of vaseline aerosols build up a loose,
dendritic structure which is permeable to the flow. In such a case additional
amounts of particies would be removed by filtration. It is another consequence
of this assumption that the deeper layers of the wall deposits should become
less permeable in the course of time, and therefore a "saturation" in the
amount of wall deposit should be observed for high Toads. Such a trend
is probably indicated in the graphs for stage 2 and stage 3. The wall
deposits of stage 4 are substantially larger than those of stage 3 and stage 2,
and in addition they scatter broadly between lo % and 30 %, as indicated
in fig. 30. It is not clear if these high amounts are intrinsic to stage 4,
or if they are related to the special mass size distribution which has a
Tow and varying amount of mass in the size range of stage 4. From the
observations one may conclude that the amount of wall deposit is higher
when there are fewer particles above the size cut point of the stage.
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Fig.30 : Wall losses in the five stage impactor, with respect to a vaseline-
dye-aerosol illustrated in fig.32.
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The wall deposits of stage 1 have not been determined reliably erough for
presentation of data at this time. However, the measurements indicate wall
deposits in amounts of 1 % to 3 %.

Sample partitioning has been investigated by means of the vaseline-
dye aerosol. After sampling the aerosol, the aluminum collection foils are
cut into pieces, each one containing a spot. The mass is determined photo-
metrically. The first results were discouraging, because deviations of
5 % to lo % from the average spot mass occured (see fig. 31). However, these
numbers were not in agreement with the flow measurements for single orifices,
which indicated errors within 1 % to 2 % of the average flow. It turned
out, that the discrepancy is related to the procedure of filling the aerosol
chamber used in these experiments. If this chamber is filled inhomogeneously,
the impactor collects on one side particle-free air for a longer period of
time than on the other side. This has been proven twofold. First, homogenization
of the chamber aerosol by stirring the air during filling Towers the
deviations to acceptable limits of 2 % to 3 % of the average spot mass
(see fig. 31). Secondly, at non-uniform filling the deviations exhibit
systematic structures like maxima or minima, and these occur in the same
angular positions with respect to coordinates of the chamber, irrespective
of the angular position of the stages relative to the impactor (see fig. 31).
Moreover, the results indicate that the flow in the impactor does not mix
up even after having passed several stages.

In routine work the samples are weighed with a semi-micro balance
with a reproducibility of + lo yg. The weight of blank aluminum foils is
determinable with total errors of + 15 ;g to + 2¢ ,g depending on the skill
of the experimenrter and on the atmospheric conditions. The errors introduced
by the routine sampling procedure are still higher. In this case the blank
aluminum foils are transferred from the balance directly to the stages, and
after closing and opening the impactor, are weighed again. By these manipu-
Tations, the errors increase to a total of + 30 ug to + 40 pg. (The
manipulation errors would increase still more, if the foils were stored in
containers). Such error limits are quite satisfactory for most practical
purposes. The quality of the method is demonstrated by comparing the mass
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Fig.33: Mass size distribution of an urban aerosol at Vienna.
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size distribution by gravimetry to the mass size distribution by photometry
(see fig. 32).

First measurements of urban aerosol were performed in January 1978.
The sampling station is on an open balcony lo m above ground in the back
yard of the institute building. Sampling periods of three to four hours
proved to be sufficient for reliable measurements. The mass size distributions
show definitely the accumulation mode of the urban aerosols (see fig. 33).
The modal equivalent diameter is in the size range from 0,4 ym to 1,6 ym
for all size distributions during the sampling period. Coarse particles
are rare because of the height above ground and because of the remote position
of the sampling site with respect to the dust sources. A series of subsequent
measurements during several days has been conducted. These aerosols exhibit
uniform mass size distributions with respect to shape, but the particle
concentration vary strongly during the day, reflecting the variations of
the strength of the sources as well as the variations of the atmospheric
exchange conditions (see fig. 34).

Note on backup filters

Constant flow rates are necessary for operating impactcrs correctly.
Consequently the pressure drop across the impactor, or the pressure in the
final stage must be controlled. This is easily achieved by critical orifices
at the exit of the impactor. According to our experience the method is
practicable even for heavier deposits because these do not influence the
flow resistance of the stages.

Backup filters will introduce additional resistances which have different
initial values and are changing continuously due to the filter loading. These
problems may be overcome by carefully selecting the filter material, or by
automatic and manual control of the pressures. With respect to Tabour and
equipment, however, these measures are more expensive than critical orifices.
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For a given aerosol the need of a backup filter depends on the pro-
perties of the impactor. The Viennese urban aerosols, e.g., exhibit an
almost log normal mass size distribution in the fine particle range, with a
mode in the range from 0,5 um to 0,7 uym. The standard deviation is such
that the size range below 0,1 um does not contribute considerably to the
total mass of the aerosol. In this case the Tow pressure impactor with its
final cut off size of 0,1 um will deliver a fairly valid estimate of the
total aerosol massy commonly used impactors, however, would not because their
final stages have cut off sizes around 0,5 um or larger. These impactors are
to be equipped with backup filters, or additional stages, in order to complete
the data on the aerosol.

Nevertheless there might be interest in the ultrafine particles, espec-
ially when questions arise about their chemical nature. To meet such needs
the low pressure impactor should be equipped with another stage, rather than
with a backup filter. The stage would permit the application of critical ori-
fices for flow control and it would offer the advantage of concentrating the
particles on small areas, compared to the area of adequate backup filters.
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THE CONDENSATION NUCLEI COUNTER

Introduction

Condensation Nuclei Counters (CNC's) are frequently used to measure
the particle concertration in the atmosphere. However, it is not clear,
if all atmospheric particles are activated as condensation nuclei, grcw
to visible size and can be detected. Investigations of the heterogenedus
nucleation in supersaturated vapor are required to determine detection
Timit and sensitivity of CNC's. Furthermore, additional information

about the nuclei aerosol can be obtained from measurements at different
supersaturations.

The Expansion Cloud Chamber and its data acquisition system

Over a period of several years an expansion cloud chamber with digital
process control and on-line data acquisition has been developed (50). The
experimental arrangement is shown in fig. 35. The necessary supersaturations
are generated in a pressure-defined subpressure expansion cloud chamber EXP.
For observation, the droplets, growing in the expansion cloud chamber, are
illuminated by a He-Ne Taser bezm. During the expansion process and the
subsequent droplet grcwth three parameters are monitored and recorded in
the memory of a digital storage oscilloscope (transient recorder TR):

1) Gas pressure in the expansion chamber, measured by a piezoelectric
pressure transducer PT.

2) Intensity of the light scattered by the growing droplets under
a selectable fixed scattering angle, measured by the photomultiplier PM.
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Fig.35: Diagram of the data acquisition system of the condensation nuclei
counter.
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3) Intensity of the light transmitted through the expansion chamber,
measured by the opto-element OPT.

Because of the high data rate during a single measuring run it
appeared to be necessary to interface the experimental apparatus to a
digital computer (Digital Equipment Corp., PDP 15/30). The data, obtained
during each measuring run are stored on magnetic tape. Temperatures of
the humidifier, the measuring chamber, and the ambient pressure are
recorded continuously. According to a selectable measuring program
different expansion ratios and scattering angles are chosen automatically.
In case a malfunction is detected, the system is shut off after saving
the already recorded experimental data.

The scattering intensity varies over more than two orders of magnitude,
as the scattering angle is changed. Therefore it was necessary to develop a
programmable amplifier PAMP for amplification of the light scattering
signal. Depending on the actual intensity, adequate amplification is
selected automatically.

Gas flow and pressure during each measuring run are controlled and
maintained by two pumps anc five sclenoid valves. The valves are operated
by an electronic valve control VC. The corresponding experimental arrangement
is shown in fig. 36. Constant flow in the humidifier HUM is provided by
the tubing pump TP in connection with V1 and the bypass valve V4. By means
of the vacuum pump P in connection with the differential pressure transcucer
DP and valves V3 and V5 a preset subpressure is obtained in the recipient
R1. The expansion is initiated by opening of valve V2. The measuring volume
ard the Tow pressure system are separated by a thin rubber membrane. The
degree of supersaturation obtained is reproducible within a range of less

than + 0,5 %. The expansion time is about 5 msec.
A typical set of experimental data from a single measuring run is shown

in fig. 37. The upper curve shows the pressure as a function of time, the
middle curve the transmitted light intensity and the lower curve the scattering
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Fig.36: Aerosol and gas flow diagram of the condensation nuclei counter.
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intensity. It can be seen thct the expansion is completed before the growing
droplets become visibile. Therefore, one can conclude that the influence

of the growing droplets on the thermodynamic parameters in the measuring
chamber is negligible during the expansion. Accordingly, vapor depletion

and the release of latert heat of condensation will not change the initial
supersaturation obtained and the expension is dry-adiabatic.

The Analysis of the Recorded Data

The scattering intensity (fig. 37, lower curve), shows a series of
maxima and minima (51). Fig. 38 shows theoretical 1ight scattering curves
for a single droplet. The good agreement between these curves indicates
that the droplets are quite monodisperse. While for the experimental data
the abscissa is a time axis, for the thecretical curves the abszissa is a
size axis. Accordingly, after establishing a one-to-one ccrrespondence
between the extremes in the experimental anc theoretical intensity curves,
size and concentration of the droplets can be determined at various times
during the growth process (52). From the position of the experimertal
extremes relative to the time axis the droplet size can be determined.

On the other hand, the height of the experimental maxima is a quantitative
measure for the drcplet concentration. It should be stressec that this
procediure provides an absolute method for independent measurement of

droplet size and concentration. At high drcplet concentrations the 1light
extinction in the measuring chamber cannot be disregarded. Therefore the
measured height of the experimental light scattering maxima must be corrected.
Dividing the Tight scattering signal by the light intensity, transmitted
through the expansion chamber, will eliminate the extinction effect.

It turned out that the experimental droplet grewth curves are very
sensitive to temperature changes in the expansion chamber anc the humidifier.
Therefore a two stage thermostating system was used which reduced temperature
variations to + 0,005 K. For an accurate determination of the initial
supersaturation in the measuring chamber a precise knowledge of the expansion
ratio is essential. Measurement of the gas pressure using the piezoelectric
pressure transducer (PT, fig. 35) with a response time as small as 5 usec
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Fig.37: Scattered light intensity of the growing aerosol, recorded at a
scattering angle of 159 .
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allows a determination of the supersaturation with an error of less than
t.5 %.

Measurements of droplet concentration have been performed at different
supersaturations between 103 and 400 %. Urban aerosol particles served as
condensation nuclei. At low supersaturations only the larger peérticles
will start to grow. As the supersaturation is increased during several
measuring runs, more and more particles will be activated. According to
the Gibbs-Kelvin equation the lower size limits for particles activated
at given degrees of supersaturation, can be calculated. In this way a
cumulative "Kelvin-equivalent"-size distribution of the condensation nuclei
can be obtained. This equivalent size of a particle can be described as the
size of a water drcp growing at the same supersaturation as the particle.

Results on Atmospheric Aerosols

Fig. 39 shows a cumulative size distribution which can be derived from
the experimental data using the Kelvin-Gibbs-equation for the equivalent
diameter

d=24oM 1
R.pL.T In S

Here g denotes the surface tension, Mv the molecular weight of the vapor,
o| the density of the 1iquid, S the supersaturation and T the absolute
temperature. The particle sizes range from 0,002 to 0,11 um diameter.
Differentiation of the cumulative size distribution yields a differential
particle number distribution (Fig. 40). The mode of this size distribution
corresponds to the so calied Nucleation Mode of the urban aerosol.

The indicated experimental data are mean values over about lo measuring
runs for each point. To obtain statistically significant data on the urban
aerosol, long measuring series are required. It is expected that these

measurements will give a clearer understanding of the urban aerosol in the
range below 0,1 ym.
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