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SIZE CLASSIFICATION OF SUBMICRON PARTICLES

BY A LOW-PRESSURE CASCADE IMPACTOR

G. W. Parker H. Buchholz*

ABSTRACT

Aerosol particles in the submicron range are
expected to be released as a consequence of a more
or less severe core meltdown in a reactor accident.
The behavior of aerosol particles is often explain-
able exclusively in terms of the laws of wmechanics,
which invariably include particle size as one pa-
rameter. Devices to measure particle size in the
submicron region are therefore required; and a
simple, passive, nearly foolproof device is par~
ticularly desirable.

The principle of the cascade impactor is
simple. A gas which is carrying particles, is ac-~
celerated through a nozzle and impinged on a plate;
particles having sufficient inertia (i.e. the large
particles) leave the jet stream lines and settle on
the plate, Successive stages with jets of increasing
velocity remove successively smaller particles.
Operation at low pressure increases the mean free
path of the gas molecules and the Cunningham cor-
rection (for the slip of small particles between
gas molecules). This enables one to design a cascade
impactor of reasonable jet size which will separate
submicron particles,.

In this work a commercially available (Andersen)
impactor, modified for low pressure operation, and
an impactor of original design were built, tested
and calibrated. Design data and calibration curves
are reported, The particle size range separated is
from about 0.01 u to several microns diameter. The
original design impactor is assembled and dis-~
assembled very simply and employs throw-away im-
pactor plates to facilitate decontamination.

%
Present address: Hahn~Meitner-Institut Flr
Kernforschung, Berlin, Germany.



1. INTRODUCTION

Particles having a diameter of about 0.1 p and less are
highly retained in the respiratory tract,1 and particles in
this size range are expected to be released as a conseguence
of a more or less severe core meltdown in a reactor accident.2
Large particles are removed quickly from the atmosphere by
sedimentation whereas particles having a diameter less than
1 4 remain airborne long enough to constitute a hazard. The
hazard is a consequence both of their high retention in the

respiratory tract and their radioactivity.

Knowledge concerning the size distribution of particles
released in simulated reactor accidents and the radioactive
species carried by them is still lacking because suitable
instruments to measure size distribution are not available.
Predictions of the conditions in a real reactor accident

are therefore unreliable,.

A modified cascade impactor can provide some of the
needed data. This device not only separates particles having
different sizes, but also permits identification of the radio-
active species which each size group is carrying. Impactors
are ordinarily limited to particles larger than 0.5 u, whereas
particles of 0.1 u and smaller are of interest in nuclear
safety research. The efficiency of depositing smaller parti-
cles in an impactor can be improved by operating the impactor

at low pressure.3’4

2. THEORETICAL CONSIDERATIONS

The basic theory of the impaction principle is quite
simple., When a gas jet carrying particles is directed
toward a surface, all particles having sufficient inertia
leave their stream lines and settle on the surface. Smaller

particles remain within the jet stream. 1In the next stage,



the gas passes through smaller holes and the jet is ac~-
celerated to a higher velocity. The probability of smaller
particles settling is thus increased. This basic principle

is demonstrated in Fig. 1.

It was first found by K. R. May5 that the efficiency
for depositing particles depends on a dimensionless term,
called the impaction parameter, which is characteristic for
each type of impactor. Efficiency curves were then calcu-
lated by W. E. Ranz and J. B. Wong6 and by C. N. Davies and
M. Aylward7 for circular and rectangular jets in different
geometrical arrangements. A plot of the efficiency versus
impaction parameter always shows the characteristic S-shape.
This theoretical relation is verified by experimental
results., Using the relationship between impaction parameter
and particle diameter, given in Eq. (1), one can calculate
the efficiency for depositing a certain particle size from
the efficiency curves.

2

zp-%g-%—)f (1)

¢y = impaction parameter, dimensionless

C = Cunningham correction, correction for particles with
sizes comparable to the mean free path of the gas
molecules

= gpecific gravity of particles, g/cc
= diameter of particles, cm
viscosity of gas, poise

= diameter of jet, cm

<& 3 U o
[ 4

= velocity of jet, cm/sec.

The derivation of Eq. (1) is based on the following basic
assumptions: spherical particles of negligible size,
viscous gas flow, uniform velocity field and no bounce of
particles. The efficiencies calculated are somewhat higher

than observed.



If w'approaches 1, the deposition efficiency will become
100%. On the other hand, if ¥ = 0, the deposition efficiency
is zero also., In the range between § = 1 and ¢ = 0, the
efficiency increases continuously with ¥ according to an
S-shape characteristic. It is quite common to compare the
performance of impactor stages by the diameter of particles
deposited with a 50% efficiency. This diameter shall be
called D50 or the stage constant and the corresponding im-
paction parameter ¢50.

In search of ways to increase the efficiency of de~-
positing submicron particles, Eq. (1) may be examined.
Because ¥ is replaced by ¢50, a constant of the impactor
stage, the right side of the equation alsc becomes constant.
Therefore, three factors remain to influence the value of
D50.
slip of particles in the gas stream, the jet velocity and

These are the Cunningham-Correction describing the

the jet diameter. In order to lower D beyond 0.5 u by

changing v and Dj’ it would be necessaig to exceed 1/3 of
the velocity of sound or to drill holes smaller than 0.2 mm
in diameter. But these values are practical limits; parti-
cles of velocity greater than 1/3 Mach bounce significantly
and the deposition is lowered by an unknown factor.8 In

addition, the gas which enters the nozzle9

expands
adiabatically within the nozzle. Holes smaller than 0.2 mm
are not only difficult to drill, especially the large number
necessary to maintain the gas flow, but they also have the

disadvantage of imposing significant pressure drops.

The applicability of the impaction theory at reduced
pressure was verified by S. C. Stern et al.lo taking into
account the pressure dependence of the Cunningham~Correction
in Eq. (1). Another proof was given by A. F. McFarland and
H., W, Zeller,8 in their experimental results of the ". .
Impactor for High Altitude.'" These findings indicate that
the cascade impactor can be used to separate particles in

the small size range of interest.



The Cunningham-Correction C, based on the work of

R. A. Millikan'! is defined according to Eq. (2).871°
C =1+ %l-<1.23 + 0.41 e 0-44 D/l> (2)

where A is the mean free path of the gas molecules which

constitute the gas phase and D is the diameter of the

particles. In air:
-2
C =1+ 135“ (1.23 + 0.41 e‘86pD> : (2a)

where p is the air pressure (mm Hg) and the particle diameter,
D, is in cm. C increases, if the mean free path of the gas
molecules increases. C is larger for smaller particles. At
atmospheric pressure, C is about equal to unity for particles
larger than 1 u (see Fig. 2). By decreasing the pressure,

C can be readily increased by more than two orders of magni-
tude for the particle sizes of interest. D50 is decreased

by more than one order of magnitude, because (C) x (DEO) is
constant according to Eq. {(1).

The correction Millikan applied was relatively small,
because A/D was smaller than 47, whereas in the device
reported by McFarland and Zeller8 reasonable results were
also obtained for A/D = 1000, which means that C was about
6000. Thus, the application of Eq. (2) is justified for high
correction values, too. In the experiments reported here,

C was always less than 1000.

The jet velocity at the nozzle outlet may be replaced
by the gas flow Q into the nozzle, a function of the nozzle
diameter 7/4 D§ and the ratio of gas density at the inlet
and outlet, p/p.

v = Q . (3)

If Q is replaced by the external gas flow Qa’ the ratio of
external to internal pressure pa/p and the number of nozzles

N, Eq. (3) becomes,




p,Q

a

. ' (4)

(SR \FT 4\

i
p 7z DTN P/PO
Denoting p (p/po) = P,, inserting (4) into (1) one obtains

. 2
_ C(po, DSO)p paQ D50

. (5)

¥ a
50 3 T
187 ng) I N

If p (mm Hg) x D50 (em) < 10~3, C is approximately,
-2
C ~ 3.3 A - 1.7 x 10 ,
D50 p (mm Hg)DSO(cm)
and {(5) becomes
-2
1.7 x 10°° pp,Q, D4
Y50 ” 187 0> p2 I N ' )
n j o 4

Assuming a constant jet velocity, Eq. (4) and Egq. (6) may be

combined to obtain
50 ~ PoP5

and Qa ~ D50 Dj N .

These are fundamental relationships in low pressure impactor
operation. D50 depends only on the internal pressure and
nozzle size, whereas the external gas flow depends on the
number of nozzles too, It is easier to obtain a small D

50

value at low gas flow than at high gas flow, Small D50 at
a high flow rate can be achieved only with a great number of

nozzles,

The slip effect, which on the one hand enables the im-
paction of small particles, on the other hand reduces ac~
celeration of the particles to the jet velocity. Particles

not at jet velocity would have a smaller deposition



efficiency. An estimate of the slip in velocity is easily

obtained from the basic equations of the impaction theory.6’8

The motion of particles in a nozzle of constant diameter
can be described by equating the force of inertia of the
particle to the force of viscous drag by the medium as shown
in Eq. (7),

3mn D
my, =  ———b {VP - v.) (7)

P C J
where vp is the component of velocity of particles in the
direction of the jet, Vj is the jet velocity (parallel to the
nozzle axis), m is the particle mass and is equal to p % D;,
Dp is the particle diameter.
dv d

p dx _ “Vp

On taking vp = dx " 3t

ax Yp ¢

Substituting and rearranging, one obtains

dv V.
a__g-_ﬂn@__;) )
X pCD; vp

and if Vj is assumed to be constant, then

L
v Vv
X
By ogn (1 -o2) [ 287 x| , 9
V. V. 2 V.
J J pCD J-
p 0

At the limiting values of x, the following are true;

at x = 0, v_ = 0
p

at x = L, vp ¥ 0.

Applying Eq. (1) it follows that,



Yp Vp L

—£ 4+ 4n <1 - -) - . (10)
V. V. @D.

J J J

This equation is plotted in Fig. 3. Beyond L/(¢Dj) = 10

the slip in velocity is negligible. 1In practice, the region
in which Vj is considered to be constant should be twice as

large as the diameter.

The size distribution of the aerosol is obtained from
the amounts of deposited material on the stages and the
stage constants. T. T. Mercer12 prefers the use of the ef-
fective cut—~off diameter, ECD, rather than the mass median
diameter, MMD, as the stage constants, because with the
latter one depends much more on the aerosol size distribution
than with the ECD, In the ECD approximation the efficiency
curve is approximated by a step function. Below ECD the
collection efficiency is presumed to be zero and above ECD
the efficiency is unity. 1In this approximation the actual
amount of material collected below ECD is compensated by
the amount lost above ECD, The following shows how the size
distribution of the aeroscl can be evaluated in the ECD
approximation if the relative amount of material on the im-
paction stages is known. Ni is the amount of material on
stage i, ni(D) is the efficiency of deposition of particles
of diameter D. n(D) x dD is the number of particles in

the size range D ... D + dD.

D=co ©
Ny = [ a® 7,® d> = / n() dD (11)
B0 ECD
1
o0

N, = g" n(@) 7,M® [(L - 7] a0 -

Q0 o0

g‘ n(D) n,() dd - g"n(n) 1,(®) 7,[D) dp -



o0 ) ECDy
J am a - g" n(®) dp = [ n®) a0 . (11a)
ECD, ECD, ECD,
ECD, 4
N, = f n(d) db . (11)
ECD,

Assuming infinitesimal steps, the size distribution is

obtained:

n(D) = Ni . (12)

ECD. - ECD.
i-1 i

It is easy to see from Eg. (11) that ECD depends on the
aerosol size distribution. Therefore in practice the ECDi
are usually not known and the smoothness (and hence the
accuracy) of the frequency distribution [n(D)] is limited

by the number of impactor stages. In a reasonable approxi-
mation, ECD is replaced by the stage constants (DSO) which

is only a characteristic constant of the impaction stage and
does not depend on the aerosol size distribution. The closer
the efficiency curve approaches a step function the more

accurate this approximation becomes.

3. EXPERIMENTAL APPROACH

3.1 General Assembly

The general assembly used in most cases is shown
schematically in Fig. 4, and a photograph of the assembly
is given in Fig. 5. Air is drawn by suction through the
furnace (in which particles are formed by vaporization and
condensation in the cool air stream) and through valve V-2.
A dryer unit D and a charcoal cartridge F reduces humidity

and the concentration of natural aerosol. The air flow is
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controlled by valve V-1 and indicated by the flow meter R-4.
After steady state conditions for the furnace temperature
are established, the by-pass to the 70-liter containment
tank (V-2) is closed and the containment tank is filled with
the particles by suction through valve V-5, Filter samples
taken upstream of V-2 enable one to check the approach of a

steady—-state particle generation rate,

The particles are enclosed in the containment tank for
a certain time (about 1 hr). During this aging period, the
mass median diameter increases by agglomeration until the
right size for the sampler is reached. Before the particles
are directed into the sampler, steady flow conditions in the
sampler are established by suction of the pump below the
sampler and flow through an open by-pass line, V-5. The
particles are directed to the sampler, by closing valve V-5
and opening V-4. At the same time the flow from the furnace
to the containment tank is replaced by a supply of cleaned

air.,

The low pressure in the sampler is generated by a
pressure drop at a flow nozzle and by the amount of air
added through valve V-7. 1f desired, the air flow through
the sampler can be changed by another nozzle size. The
first stage of the saumpler is positioned in a distance far
enough from the nozzle (about 5 times the sampler diameter)
so that it can be assumed that the sprea? of the jet is
sufficient to cover the whole diameter of the first stage.
All particulate matter penetrating the stages are held up
in a back~up filter. Provisions are made to measure the
pressure at several points in the sampler as indicated.
Additional flow controls are provided by flow meters R-1,
R-2, and R-3. A closer look at the arrangement of the flow
nozzle, impactor stages and back-up filter is presented by
Fig. 6.
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The first operation in nuclear safety research was per-
formed during a CRI run, in which the behavior of released
fission products was the main interest. Two gas samples
were taken and analyzed with the Low-Pressure Cascade Impactor,
A description of the Containment Research Installation (CRI)
and the release of simulated fission products is reported
elsewhere.l3 More experimental details will be given in

Section 3.6.

3,2 Particle Generation

In the cases in which only the function of the low-
pressure cascade impactor was tested and a variable supply of
aerosol was acceptable, material was vaporized from an open
boat and condensed in a cool air stream. The boat was in~—
serted into a tube heated by an electric furnace (see Fig. 4).
By this technique, particles from nichrome wire, Pbl, and

CsNO; were generated.

To achieve a more reproducible size distribution and
number concentration, the material was vaporized intoe a gas
stream of low linear velocity over the hot surface, so that
the solid-vapor equilibrium was only slightly disturbed.
Under these circumstances the vaporization rate is much less
{(than in the case in which the partial pressure is much
lower than the equilibrium value). The vaporization is also
more independent of surface aging. The gas volumes drawn
from the saturated atmosphere always contain the same amount
of material per unit volume, but a high flow rate requires a
high effective surface. A quartz tube, 18 mm I.D. by 200 mm
long was filled with fine quartz wool on which the aerosol
material (NaCl) was adsorbed. 1.4 g of fine quartz wool was
wetted with 2 g NaCl in 40 cc H,0 and dried slowly. Care
was taken to limit the amount of salt solution so that it

did not drip from the quartz wool prior to drying.
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Filter samples taken downstream indicated some wall
loss at lower flow rates. The NaCl concentration in air
continuously increases as air flow increases (Fig. 7). This
shows that the saturated partial pressure at the evaporating
surfaces was not disturbed, otherwise the curve would bend
down.

The aerosol taken in the CRI experiment was produced

as described by G. W. Parker et 31.13

Some experiments were performed at the University of
Minnesota with spherical particles of known size and a very
narrow size distribution, in order to calibrate the low-
pressure cascade impactor. These particles were produced
either in a atomizer-impactor combination from a uranine
dye solution or in a spinning disk generator from a uranine
dye solution with methylene blue added, as described by
K. T. Whitby et al.l4 The characteristic data with these

particles are summarized in Table 1.

3.3 Low-Pressure Cascade Impactor Mark I

The first tests were performed with the Andersen

Sampler 0101,15 the deposition efficiency of which has been

measured, for instance, by J. C. Couchman,17 The stage
constants were calculated as a function of pressure using
Eq. (6) and assuming that the reported impaction parameter,
¢50 = 0.2, is unchanged under low pressure operation. The
results are shown in Fig. 8 in which the stage constants are
plotted versus the stage number for different pressures and
specific gravity of particles., Decreasing pressure and in~
creasing specific gravity will lower the stage constants in
all stages. At about 40 mm Hg the sampler covers just the
size range of interest. On this basis the work was started
with the Andersen Sampler 0101 after some modifications were

done (the modified Andersen Sampler is called Mark-1).
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Table 1. Characteristic Data of the Uranine Aerosols

Generator Material MMD (u) Og

Spinning disk Methylene blue

plus uranine 3.5 1.15
Spinning disk Methylene blue

plus uranine 1.5 1.15
Atomizer~-impactor Uranine 0.26 1.67
Atomizer-impactor Uranine 0.10 1.41
Atomizer-impactor Uranine 0,049 1.49
Atomizer-impactor Uranine 0.028 1.45

The MMD's of the particles generated in the spinning
disk device were obtained by counting the particles which
were deposited on filter media under the light microscope.

The other MMDs are known from previous calibrations.14

The density of the particles was 1.3 g/cm3.
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Petri dishes filled with a liquid were used in the
original design as sample area, They were replaced in the
modified design by sample plates made out of aluminum in
order to have a more accurate adjustment of the clearance
between sample plate and hole plate, as well as to provide a
simple throw-away sample plate, This modified sampler is
shown in Fig. 9. The sample plate is fixed with some wvacuum
grease on a support plate, (In Fig. 9, the sample plate is
black and the white spots are deposited NaCl particles.)
Each support plate is connected by three screws to the stage.
The clearance between sample plates and hole plates was
chosen for all stages to be three times the hole diameter.
Thus, the performance of the stages are easily comparable,
Smaller clearance would tend to make the efficiency curve

approach a step function,7’16

but would cause an intolerably
high radial pressure drop. Some of the interesting data of
the Mark-I are listed in Table 2, The hole diameters were

measured by an optical apparatus.

Tubes were connected to each stage to allow pressure
measurements. This is important because the pressure at
each stage has to be known in order to calculate the stage
constant according to Eq. (6). Pressure and pressure drop
at the sampler is shown in Fig. 10 as a function of the inlet

air flow (flow adjusted upstream of the sampler).

As descryribed in the Appendix, the stage constants* of the
Andersen Sampler under low pressure were obtained by an experi
mental method. Calculated and measured stage constants* do
not agree in the {first stages but vecome quite comparable for
stages 4 to 6. Some reasons for this behavior are discussed
in the Appendix. Based upon the calibration, the stage
constants for each stage were calculated for several specific
gravities of particles using Eq. (6). The pressure at each
stage was taken at an air flow rate of 8 liters/min. Figure

11 graphically shows the results.

ot
Particle diameter cutoff point or D in Eq. (6).

50
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Table 2. Hole Diameters and Clearance Between Plates
for the Mark-1I Impactor

Stage No. DJ (cm) L* (cm) Nk %
1 1.1 x 107t 4.2 x 10°% 400
2 8.97 x 10™% 3.1 x 107% 400
3 7.37 x 1072 2.8 x 107" 400
4 5.22 x 1072 2.0 x 107t 400
5 3.43 x 1072 1.25 x 10°Y 400
6 2.44 x 1072 9.0 x 1072 400

*
L denotes clearance between sample plate
and hole plate.

*%
Denotes number of holes.
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In order to prove the uniformity of deposition, the
black painted impaction plates were heavily loaded with white
NaCl particles. The size distribution was not wide enough to
cover all 6 stages, therefore only the last 4 stages show
particle deposition in Fig. 12. The sizes of the spots are
not as equal as they should be, indicating slight differences

in deposition efficiency between the jets.

3.4 Low-~Pressure Cascade Impactor Mark-I1

Besides the modified Andersen Sampler (Mark-I1I), our own
design (Mark-1I) was built. This model was specially designed
for low pressure operation, small pressure drop, easy de-
contamination and guick exchange of sample plates. Again,
as for the Andersen Sampler, the sample plates were designed
for easy fabrication so that they could be discarded after
one use and reduce the efforts required for decontamination.
Hole diameter and number of holes were calculated to provide
a desirable increase in D50 of a factor of three from stage
to stage for particles of specific density 6 g/cc. The im-
paction parameter was assumed to be 0.15 in this calculation.
Smaller clearances between sample plates and hole plates
were used than in the modified Andersen Sampler to improve
the particle size separation, i.e.,, to make sharper sepa-
rations. Design data are shown in Table 3. Details of the

design may be taken from Figs. 13 and 14,

Sealing between the stages is provided by O-rings.
Spring loaded pins press the sample plates against three
points of the support. This allows the sampler to be oper-—
ated in any orientation. Tubes are connected to the stages
to allow pressure measurements. At the standard air flow
of 8 liters/min, the pressure drops listed in Table 4 were

observed.
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Table 3. Design Data for Sampler Mark-II

Stage No. DJ(cm) L** (cm) N x* (cm) y* (cm) d* (cm)

1 0.56 0.20 20 0.50 3.3

2. 0.386 0.14 20 0.44

3 0.257 0.14 20 0.44 3.3 1.0
4 0.15 0.10 38 0.40 2.8

5 0.10 0.05 51 0.35

6 0.071 0.05 49 0.35 2.7

*Symbols refer to dimensions shown in Fig. 13.

**Penotes clearance between sample plate and hole plate.

Table 4. Pressure Drops (mm Hg)

AP A\ AP P6**

19.5 0.9 3.1 14 22.7

*APi, pressure drop at stage 1i.

**P pressure at sample plate 6.

6’



18

A photograph of the stages is shown in Fig. 15. The white

spots represent deposition of NaCl particles.

It was found in the test, described in the Appendix,
that the calculated stage constants® and the experimental
ones are practically identical for all stages, showing that
the chosen impaction parameter (¢50 = (0,15) was Jjust the
right one. With this verified value,; stage constants for a
greater variety of specific gravity of particles were calcu-
lated. The results of the calculations are plotted versus
the stage number in Fig. 16. As in Fig., 11, these stage
constants are to be expected only at an air flow rate of
8 liters/min and at the corresponding pressures at each

stage.

The uniformity of the deposition was checked (as it
was for Mark-I)with a heavy load of solid NaCl particles on
the black painted impaction plates. Depositions of particles
were found on all 6 stages (see Fig. 17), and the particle
spots on each stage are nearly equal in intensity. The
particle size distribution was the same in both experiments,
thus Figs. 12 and 17 are comparable, It is apparent that
deposition was more uniform and that more stages cover the
same particle size range in Mark-I1I (Fig. 17) than in Mark-I
(Fig. 12).

3.5 Method of Analysis

The size distributions of the aeroscls under investi-~
gation were evaluated by the material distribution among the

impaction plates, the back-up filter and the stage constants.

In case ¢f uranine particles, these particles were
removed from the sample plates by dissolving in a known
quantity of water, The intensity of fluorescence of the
wash water was measured. It was proved that even from silicon

coated surfaces, which were usually used, nearly all uranine

3
Particle diameter cutoff point or D in Eq. (6).

50
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particles were dissolved and only a negligible amount
remained. By the calibrated reading on a fluorometer, the

total mass of deposition could be calculated.

The other aerosols were radioactive tracered, in order
to calculate their relative mass distribution among the
stages from the radioactivity sampled on each impaction plate.
A homogeneous mixture between tracer and bulk material was
achieved by neutron activation in the case of nichrome wire
(Cr-51) and CsNO; (Cs-134). Radioactive Pbl, was produced by
mixing inactive iodine solution with I-131 tracer solution
before the Pbl, was precipitated. Neutron activated NaCl
(Na-24) was dissolved in water and then precipitated on the
quartz wool. A homogeneous distribution of Na-24 in the
total amount is therefore also established. The relative
radioactivity of the deposited material was measured by vy

counting.

The mass of the NaCl aerosol per volume of air was
checked downstream of the NaCl furnace by weighing and v
counting a Gelman GA-4 filter sample. This also provided
data of the mass deposition on the sample plates by compar-
ing the +vy—-count of the sample plates and the filter and

from the known mass deposition on the filter,

3.6 Containment Research Installatjion (CRI) Experiment

The release of fission products from molten UO, and
their behavior under reactor accident conditions was studied
in run 107 in the Containment Research Installation (CRI).
In order to lower the impractically high activity of a high
burnup fuel element, unirradiated U0, was heated and the
released fission products were simulated by radioactive
tracered fission product elements according to a technique
described by G. W. Parker et a1.13 Separately vaporized
iodine, cesium, ruthenium, and tellurium passed the hot UO,

zone in a steam atmosphere. Most of the condensation
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processes and particle coagulation took place in the UO,
furnace tube and the transfer line to the reactor core. Then,
entering the containment tank of the CRI the particle co-
agulation rate became very small because of the high dilution
of their number concentration. Data of the amount of vapor-
ized materials and their distribution on the components of

the CRI were not available at the time this report was written.
They will be published in the Annual Progress Report of the
Nuclear Safety Program 1967.

In its first Containment Research Installation test,
two impactor gas samples were taken. The first gas sanmple
of 27 liters STP was taken from the contaiunment atmosphere
between 15 and 18.5 min after meltdown and mixed with dry
air in a 70-liter vessel. A second sample of 36 liters STP
was transferred between 63.5 and 68 min after meltdown to
the 70-liter vessel and also mixed with dry air. The vessel
was swept with fresh air before the second sampling. The
gas flow rate from the CRI into the vessel was limited by an
orifice or nozzle. Steam condensation in the pipe between
the CRI and the sampling vessel and the flow nozzle device

was eliminated by heating the walls to about 120°C,

Since the primary purpose of the cascade impactor is
size classification of radiocactive fission product particu-
lates, the presence of a large amount of gaseocus radioiodine
could confuse the results by non—-selective plateout on the
sample plates. In order to minimize this effect, silver
screens were used in conjunction with the impactor to re-
duce the fraction of gaseous iodine., The efficiency of
silver screens (80 by 80 mesh silver plated copper screen)
for adsorbing gaseous iodine and the corresponding low re-
tention for sub-micron particles was tested. 1In the iodine
test, the iodine was produced by the bichromate method and
the iodine deposition checked by the radioactivity of its
tracer I-131. The penetration of NaCl particles was also

measured with the screens in place,
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The Low~-Pressure Cascade Impactors were fitted with three
silver screens in front of 5 impaction plates followed by two
additional silver screens and the back-up filter. Both
samplers were used in this experiment, the first gas sample
was analyzed by the Mark~I and the second by the Mark-II.
Fifty-eight liters (STP) of the gas contents of the vessel
were passed through the sampler. All impaction plates were
silicone o0il coating as described in Chapter 4.2.

4. RESULTS AND DISCUSSION

4.1 Experimental Verification of the High Retention
of Small Particles in the Cascade Impactor Under
Reduced Pressure

In order to test the retention efficiency of the modi-
fied Andersen Sampler for small particles under low pressure,
two runs were performed, one at 40 mm Hg and the other at
750 mm Hg. A 3-hr agglomeration time in the 70-~liter
containment tank was assumed to be sufficient to equalize
slight differences in the initial particle size distribution
and concentration for both aerosols under test. Of course,
the sample conditions were nearly the same in both cases.
CsNO; with Cs-134 tracer was heated from an open boat, see
3.2. The fractional deposition of Cs-134 activity on the
stages and filter is given in Fig. 18. It is evident that
the sampler was efficient enough under low pressure but not
under normal pressure. The same test was performed with
PbI, indicating the high efficiency for small particles too.
In all other cases, the main portion of the activity was
found in the sampler and only a small portion on the back~
up filter. This means that the low-pressure cascade impactor
was adequately efficient for the aerosol under investigation.
The operation of two Andersen Samplers in series is also
instructive, one operating in the designed way (that means

normal pressure), and the other one under reduced pressure.



22

Results of such an experiment are given in Table 5. The air
in this experiment (No. 57) first passed the Andersen Sampler
then the flow nozzle which produces the pressure drop and
finally entered the modified Andersen Sampler (Mark-I).
Experiment No, 50 in which the first Andersen Sampler was
left out is given for comparison. Both experiments were
performed at 8 liters/min flow rate, the Andersen Sampler at
atmospheric pressure and the Mark-I at about 40 mm Hg. NaCl
particles were used as the aerosol. The deposition is ex~-
pressed in ug. On comparing both experiments, one sees no
significant difference in the deposition. Size distribution
and number concentration are practically not affected by the

Andersen Samplier placed before the Mark-I1.

The material found on stages 1, 2, and 3 of the Andersen
Sampler is about constant and probably due to collection by
interception and diffusion. The amount of material deposited
by impaction increases from stage 4 to 6 without going through
a maximum deposition, as found on the Mark-I. It seems, that
the stage constant of stage 6 of the Andersen Sampler lays
between the one of stage 2 and 3 of the Mark-I, indicating a
shift of stage constants at low pressure operation over at

least three stages.

4,2 Particle Loss

Particles are not only deposited on the impaction plates,
they are found also on the walls of the sampler. Several

8,16,18 and loss mecha-

wall loss studies have been reported
nisms have been discussed, but the results depend sc much
on the impactor design and operating conditions that they
cannot be generalized. It was decided to study the wall
loss with a particle size close to the stage constants of
stage number 3 or 4 and a narrow size distribution which
should be more instructive, in studying the bounce of parti-

cles from the impaction plates, than the use of a wider size
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Experiment No. 50

Experiment No. 57

Mark-1
Stage 1 2.5
Stage 2 5.8
Stage 3 213.5
Stage 4 4620.0
Stage 5 1178.0
Stage 6 102.0
Filter 28.7
Total 6150.5

Andersen Sampler

Stage
Stage
Stage
Stage
Stage

Stage

Sub-~total

Mark-~1

Stage
Stage
Stage
Stage
Stage
Stage

Filter

Sub~total

GRAND-TOTAL

1

2

3

4

5

6

1

2

3

9.8
9.7
9.9
10.2
28.2

248.5

316.3

4.2
6.9
665.0
4600.0
773.0
38.7

23.3

6111.1

6427.4
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distribution., Furthermore, maximum deposition on the middle
stages seems Lo be more realistic with respect to application

in the CRI experiment, see 4.3,

NaCl particles were selected for these experiments,
because they are easily washed off the components with water
and then recovered in a cation exchanger (DOWEX 50 W x 12).
Another advantage is that the NaCl aerosol generator gives
a reproducible production rate, which is necessary for
comparing depositions under different conditions. About
10 mg of NaCl particles were enclosed in the 70-liter
containment tank for 1 hr. During this time the MMD grew
to the desired size. Then part of the volume was filtered
in either the Mark-I or Mark-IX.

4.2.1 Particle Loss on the Wall. Wall loss studies

were performed on both types of cascade impactors, Mark-I
and Mark-II. The flow rate through the sampler was adjusted
by the size of the flow nozzle to 8 liters/min in experi-
ments Nos. 48, 50, and 56 and to 0.8 liters/min in No. 61.
The sampling time was chosen according to the desired amount
of deposition. Table 6 shows the amount of material found
on the nozzle, nozzle stage (tube bhetween nozzle and im~-
paction stage 1), walls of impaction stages 1 to 6 and
filter stage, in percent of the total amount on impaction
plates and back-up filter. In general, as the total amount
of material increases the relative loss increases. But the
relative loss as a function of stage number seems to be due
to two processes, one whose importance is decreasing with
increasing stage number superimposed on a second process,
which leads to a loss proportional to the amount of deposited
material in the corresponding stage. Comparing the experi-
ments Nos. 48, 56, and 61, the first process (considered as
background) depends on the flow rate, whereas the second one

depends on the amount of deposition. The loss due to the
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Table 6. Particle Loss on Walls
Exveriment No. 48 No. 50 No. 56 No. 61
p Mark-I1  Mark-I Mark-I1  Mark-1I
Total amount on plates
and back~up filter 5529 6151 849 380
(ug)
Loss related to total
amount(%a
Nozzle 0.31 1.74
Nozzle~Stage 0.21
Wall of Stage 1 0.070 0.12 0.091 -
Wall of Stage 2 0,094 D.16 0,054 0.55
Wall of Stage 3 0.154 0.39 0.067 0.17
Wall of Stage 4 4,25 0.78 0.375 0.24
Wall of Stage 5 2.04 0.28 0.137 0.12
Wall of Stage 6 0.04 0.037 0.039 0.06
Filter Stage 0.010 0.0067 0,006 -
Flow rate (liters/min) 8 8 8 0.8
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second process seems to increase relatively faster than the

deposition load.

The background effect (first process) is probably re-
lated to loss by diffusion, because it increases at lower
flow rates. Particle bounce from the stages causes the
second effect. This effect is less in the Mark-1 in which
the jet number is higher, but it may be noticed that the

background loss is higher in the Mark-1,

Material loss at the nozzle, within the tube between
nozzle and first stage and in the filter stage, is small.
The loss on the smaller nozzle in Experiment No. 61 is

higher but could be reduced by redesigning the intake nozzle.

4,2,2 Particle Loss from the Impaction Plate. Parti-

cles with high inertia which should settle by impaction on

a surface will bounce if the collision is elastic and the
kinetic energy higher than the energy absorbed by the

surface. 1In cases in which the particles are deformed or
break into fragments, the collision is to he considered in-
elastic and part of the energy is absorbed by these processes,
but this will not necessarily reduce bouncing. Inelastic
collisions can also be obtained by coating the surface with

a liquid, as reported by several authors. This would reduce
bouncing, because kinetic energy is absorbed in the liquid

and the adhesion force is increased too.

Some of the particles which bounce off the impaction
plate will even penetrate the next stage, because the depo-
sition efficiency is not 100% for this size and bounce becones
easier at the higher velccity on the next stage. Thus, some
of the particles penetrate all stages intact, and finally get
caught on the filter. If the material transport from one
stage to the other by bouncing is neglected, then the size
distributions based upon the material distribution among the

stages will be incorrect.
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The influence of coating, load and particle velocity
on the material distribution among the stages was investigated
in both samplers. The particle size distributions and number
concentrations were kept as constant as possible in all experi-
ments. The plates were coated with 1 cc of a 7% solution of
Dow Corning Silicone 0il 250,000 c¢s in hexane. On evaporation
of the hexane, each impaction surface was left with an oil

coating of several microns in thickness.

From the amount of material found on each stage, the
cumulative material distribution was calculated and plotted
versus the stage constants in Fig. 19 for Mark-Il. In general,
the results for Mark-I are the same and are not given. Material
found on stage 1 was not taken into account because it was
considered as contamination; probably due to interception and
diffusion losses. The particle size distribution of the NaCl
aerosol is expected to be log-normal, that means, this size
distribution is represented by a straight line in the type
of diagram used in Fig. 19, But all curves reported deviate
from a straight line at small particle diameters. The higher
the load of NaCl particles, the more the curves bend down at
small particle diameters. In addition to the load effect,
the coating of the impaction surface appears to be very im-
portant too, but reducing the particle velocity (by a factor
of 5 in Experiment No. 61) had no significant effect. The
effect of less load (than indicated upon the size distribution
curves) could not be investigated because of difficulties in
detecting small amounts of radioactivity. On the other hand,
the specific activity was as high as safe loading and hand~

ling of the NaCl furnace would allow.

A one percent material loss from stage No. 4 would
expldin the deviation of the curves from the straight line
for Nos. 64 and 65. 1If particles are lost from one stage and
deposited on the next ones, a higher apparent amount of small
particles is indicated than that which is in accordance with

a log-normal particle size distribution.
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Particle bounce from the stages seems to occur by two mecha-
nisms, one which is influenced by coating and the other one
which depends on the load. The first mechanism assgociated
with impaction and adhesion onto the impaction surfaces and
the second one is associated with the same processes onto
particles already deposited. Particle bounce from the surface
is reduced by the silicone film but, on the other hand, inter-
action with material already deposited is not much affected
by the coating. The wall loss, studied in the previous
chapter, is not as easy to explain on the basis of simple
particle bounce. Because of the large open space between
the impaction plate and the wall, the gas velocity is very
low and the efficiency for elastically bounced particles to
impact onto the wall is very low. But if fragments of
particles are released from the impaction plates, as a
consequence of impact, their deposition efficiency onto the
walls is higher as a result of their greater slip and higher
diffusion rates. Fragmentation of particles is more easily
obtained during impact on a bed of settled particles than

on the inelastic coating. This means that one has to deal
with both intact particles and particle fragments in the

bounced material,

4.3 Radiojiodine and Radiocesium in the CRI, Analyzed by
the Low-Pressure Cascade Impactor

Gaseous radioiodine may plate—out on impaction plates
and therefore interfere with the radioactive analysis of
particulates. But it was demonstrated that silver screens
at the front end of the sampler are very effective in re-
ducing the amount of gaseous iodine (molecular iodine)
without significantly retaining the particulates. These
tests were performed with molecular iodine produced by the
bichromate method and NaCl particles., Both runs were ac-

coumplished with the Mark-11 fitted with three silver screens

in front of stage 1 and coated plates. The results are shown
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in Table 7. Less than 1% of the molecular iodine was found
on all 6 stages. The load of iodine on the screens was un-
necessarily high, so that with less iodine loading, the

penetration through the screens should be even less. 1.5%

of the particles were lost on the screens which is acceptable.

It was also decided to place two silver screens in front
of the back-up filter in the CRI experiment in order to lower
the load of gaseous iodine on the filter. The transfer of
the gas sample from the containment tank of the CRI into
the 70-liter vessel was quickly accomplished, the Low-Pressure
Cascade Impactor was hooked up and a known part of the atmos-—
phere passed over the sampler. The amount of radioactive
material plated out in the vessel and the distribution of
the Cs-134 and I-131 nuclides among screens, plates and back-
up filter was then evaluated by y-counting and pulse height
analyses. Table 8 shows the result of both gas samples.

The listing sequence of tank retention, of silver screens,
impaction plates, second silver screens and back-up filter
corresponds to the actual arrangement. 1In cases in which

a proper I-131 activity evaluation was impossible because

of high Cs-~134 background, the upper possible limit of this
nuclide was estimated from the shape of the printed ~vy-spectrum.
In none of the vy-spectra of the impaction plates was there
found an indication of I-131. This should be the case, if
the iodine activity is higher than 1% of the cesium activity
in Sample 1 and higher than about 2% in Sample 2. Because
of some uncertainty in the iodine plate-out in the second
sample, the relative iodine distribution is given only for
Sample 1. Also because of high Cs-~134 background the Te-
125m and Ru-10l1 nuclides could not be detected with the

3" x 3" Nal crystal.

One important result of this experiment is the fact,
that the amount of particulate iodine in the first sample is

obviously very low, because the iodine activity on the
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Table 7. Relative Distribution of Gaseous Iodine and

NaCl Particles on Screens, Stages and Filter

Relative Amount in %

Gaseous Iodine NaCl Particles
Screen 1 . . . 3 98.02 1.50
Stage 1 . . . 6 0.72 98.06

Filter 1.26 0.44
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Table 8.

the Sampling Tank and the Low-Pressure Cascade Impactors

Distribution of Radioiodine and Radiocesium Between

1st Sample 2nd Sample
Analyzed Analyzed
by Mark-I by Mark-11
1 Cs Cs
(% (%) (%)
Total Inventory 100 100 100
Plate Out Inventory
(Sampling Tank) 97.6 55.6 52.4
Silver Screen 1 .55 .15 .23
S8ilver Screen 2 .16 .11 .13
Silver Screen 3 .08 .12 .14
Total 0.70 0.38 0.50
Impaction Plate 2 <.02 » 55 5.1
Impaction Plate 3 <.,12 7.4 29.5
Impaction Plate 4 <.82 33.6 12.2
Impaction Plate 5 <.1 2.5 .22
Impaction Plate 6 <.0009 0.002 . 009
Total Particulates <1l.0% 44, 0% 47.029
Silver Screen 4 . 11 - -
Silver Screen 5 . 134 - -
Filter . 008 .02 . 0007

%k
Since an approximately equal amount of Cs~-134 particulate
activity plated out in the sampling vessel as was collected on

the impactor plates;

it is inferred that not more than a similar

ratio existed between the radioiodine in gaseous form and that
in a particulate form in the sampling vessel.
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impaction plates was estimated to be less than 1% of both

the Cs-134 activity and the total iodine whereas the ratio
between iodine and cesium was about one in the CRI atmos-~
phere at the time of the first sampling. This means that
most of the icdine in the gas phase was still in the reactive
gaseous state, May pack samples of the containment tank
atmosphere indicate that the iodine activity in the second
sample was only 1/4 of the first and the cesium activity
rdropped by about 20%. But one cannot determine on this

basis whether or not the relative amount of the particulate

iodine was higher in the second sample than in the first,

The amount of particles lost on the screens is only
about 1% which is in agreement with the data found for NaCl
particles. Allowing for the fast plate-out of molecular
iodine in the connecting pipe and the 70-liter vessel, the
relatively low I-131 activity on the screens becomes credible.
In comparing the Cs-134 deposition on the two samplers, the
different stage constants for the same stage number has to
be recognized. Both samplers were very effective in holding
back particulates. The cesium activity on the back-up
filters is supposed to be contamination by bounced parti-
cles. Stage 1 was not used in either sampler, because the
stage constants were too high over the mass median diameter

of the particles.

The cumulative deposition of particles carrying Cs-134
was calculated from the relative distrivution of Cs activity
on the impaction plates and plotted against the stage
constants in Fig. 20. The recording of the material transfer
into the containment tank of the CRI (by y~detection) showed
that the cesium transfer was accomplished before the main
part of UO, particles was released. Thus, the specific
gravity of cesium oxide (4 g/cc) was applied to obtain the
stage constants from Figs. 11 and 16.  Further reaction

between cesium oxide particles and UO, particles in the
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containment tank would be coagulation which occurs at a
negligible rate. The mass median diameters (MMD) found were
0.33 u for the first sample and 0.52 u for the second one.
1t is assumed that the particles entered the containment
tank with these relative high MMD values, because the mass
concentration in the tank was only about 0.001 ug/cc, which
is too small to produce such a high MMD by coagulation in a
short time. On the other hand, the particle concentration
was high in the transfer line and the transfer time (in the
range of seconds) was long enough, so that most of the
coagulation took place there. The particle sizes were
essentially frozen by dilution of the number concentration
into the containment tank. This explains the small increase

in MMD during a time of about 50 min between the two samples.

5. SUMMARY

Submicron particles are an important subject of investi-
gation in nuclear safety research. Instruments which would
separate these particles into different size fractions, and
make each size fraction available for further analysis are
of great interest. Cascade impactors are ordinarily limited
to particle sizes greater than 0.5 p and are therefore not
adequate for this task. But this range can be extended to
very small sizes by operating the impactor at low pressure.
This makes the cascade impactor of genuine use in nuclear
safety research., Small particles which would not impact
under normal pressure are deposited on the impaction plates,
at reduced pressure, by a slip effect in the gas stream. The
range of application is thus extended to particles of less
than 0.01 u diameter. Two samplers were calibrated and
tested with several aerosols., One was a modified Andersen
Sampler (Mark-I). A second sampler (Mark-~II) was designed and

built to better meet our requirements. Both samplers were
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first demonstrated in nuclear safety research during CRI
Run No. 107. Simulated fission products were analyzed and
it was estimated that the particulate iodine contributed

not more than one percent to the total iodine content.

The Mark-11 sampler is recommended for use in Nuclear
Safety containment research. It separates particles in
the size range about 0.01 u to several microns. 1t is
easily assembled or disassembled — for instance, in a hot
cell, (Disassembly and reassembly for another sample can
be accomplished on cold material in a few minutes.) It is
designed with throw—away plates which facilitate decontami-

nation and measurement by radioactivity.

Design data are given in the report, Calibration data
are given in Fig. 11 (for Mark-I) and Fig. 16 (for Mark-I1)
for flow rates of 8 £/min. Calibration for other flow rates

can be calculated [by means of Eq. (6)].

Bounce of particles from impaction plates can be reduced
by properly coating the impaction surface and by avoiding an
overload of particles. 1In general, a barely visible deposit

of sclid particles represents the best load.
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7. APPENDIX: CALIBRATION OF THE LOW-PRESSURE
CASCADE IMPACTORS

Both Low-Pressure Cascade Impactors were calibrated with
aerosols of a very narrow size distribution. The calibration
data were presented in 3.2, Table 1, The technique of parti-~
cle generation has been reported14 and shall not be discussed

here,

Each time before sampling with the cascade impactor was
started, the generators were operated for a certain time to
establish steady state conditions in particle size and number
concentration. The sampling time was kept as short as possi-
ble to avoid overloading the impaction plates with particles.
Normally the particle spots on the plate with the highest
particle density were just visible. All impaction plates of
the presented experiments were coated with several microns

of Dow Corning Silicone 0il 250,000 cs.

The aerosol particles were detectable by the fluorescence
of uranine. Therefore the deposited material on impaction
plates and back-up filter was washed off with water, and the
amount of uranine evaluated in a fluoremeter, Although the
plates were coated, washing with water was very effective in
dissolving practically all the uranine. The amount of
uranine particles per volume of wash water is presented in
Table 9. The Mark-I impaction plates were washed in 20 cc
H,0, the Mark-II plates in 40 c¢c H,0. Open spaces in the

table indicate that the corresponding stages were not used.

In all runs with the exception of Nos. 17 and 18, the
inlet air flow rate was 8 liters/min. This rate was re-
duced to 1/10 of that value in Nos. 17 and 18. The pressure
inside the cascade impactor was maintained constant by
adding extra air (see Fig. 4, valve V 7). The maximum

deposition was shifted under reduced flow ih the Mark-1 by
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Table 9. Uranine Concentration, ug/cc

Mark-I plates washed in 20 cc H,O0
Mark~IY plates washed in 40 cc H,0

Mark-1I

Run 14 16 18 22 20 12
MMD (u) 3.5 1.5 1.5 0.26 0.1 . 049
Stage 1 0.0026
Stage 2 0.138 <0.001
Stage 3 0.64 0.43 0.0014 0.0102 0.017 0.0012
Stage 4 0.005 0.090 0.0046 0.0485 0.0046 0,0295
Stage 5 0.0013 ©0.42 1.20 0.61 0.295
Stage 6 0.113 0.595 0.137
Filter 0.003 <0,003 0.0084 0.060 0.006 0.0066
Total 0.7886 0.5213 0.4344 1.4317 1.2321 0.4693

Mark-I11I

Run 13 15 17 21 19 11
MMD (u) 3.5 1.5 1.5 0.26 0.1 1. 049
Stage 1 0.054 0.0016 0.0012
Stage 2 0.315 0.064 0.0028 0.0043
Stage 3 <0, 001 0.15 0.054 0.0011 <0.001 0.0010
Stage 4 0.0013 0.130 0.14 0.00275 0.0022
Stage 5 <0,001 0.0145 0.45 0.24 0.047
Stage 6 0.080 0,074 0,175
Filter <0.,003 0.0024 0.0017 0.0073 0.0054 0.0076

Total 0.369 0.2193 10,2042 0.6827 0.3221 0,2328
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2 stages, but in the Mark-II only by one stage. From a
theoretical consideration, a shift by two stages is expected.
Therefore, it is possible, that as a result of confusion of
the data for Run No. 17, the data are plotted on one

stage number too low. In the final graph, Fig. 22, they are.
plotted where they are presumably supposed to be.

In order to evaluate the stage constants, first, the
particle size distributions were drawn as 6 straight lines
in a log-probability diagram. MMD's and Gg's are known
(Table 1). Then the percent of the total uranine particles
which penetrated each stage was calculated, Table 10 shows
the results. Inserting the percentage of each stage (Table
10) in the right straight line, particle sizes are obtained
which are identical to the stage constants of the corre-~

sponding stage.

The quality of this procedure is better the wider the
size distribution of the aerosol is with respect to the size
range in which the impaction efficiency is increasing from
zero to one-hundred percent. For instance, a step function
would result in a very accurate evaluation of the particle
size at the step. On the other hand, a realistic efficiency
curve and an ideal monodisperse aerosol would not be handled
with this method. 1In practice the points close to the 50%

point are of higher accuracy.

Only about half of all available data in Table 10 were
finally used, these values are indicated by a star. The
selection of just these values was not mystical. Numbers
above 99% are not very reliable because of contamination by
diffusion or interception loss. At the stages with numbers
less than 1%, contamination by bounced particles is possible
and the values may be too high. The procedure of obtaining

the stage constants works best with numbers close to 50%.
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Table 10. Percentage of Total Uranine Particles

Which Penetrate Each Plate

Mark-I
Run 14 16 18 22 20 12
MMD  (u) 3.5 1.5 1.5 0.26 0.10 0.049
Stage 1 99.67
Stage 2 81, 2%
Stage 3 0.64 17.5% 99.3 99.75
Stage 4 0.25 98.94%* 95,87%* 99.62 93.6
Stage 5 1.93% 12, 1% 49, 4% 30.6%
Stage 6 4,2 0.5% 1.4
Mark-I1
Run 13 15 17 21 19 11
MMD  (w) 3.5 1.5 1.5 0.26 0.10 0.049
Stage 1 85.4% 99.26
Stage 2 <1.0 70.0% 98.6
Stage 3 0.60% 72.0% 99.84 99,57
Stage 4 8. 0% 79.2% 99.15% 98.71
Stage 5 0.84 12.8% 24, 6% 78.6%
Stage 6 1.03%* 1. 7% 3.4%

%
See text.
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Iin Run Nos. 15 and 20, the values less than 1% are also
plotted in order to get two points for the corresponding
stage., The results of Runs No. 17 and 18 are converted to
the standard air flow rate of 8 liters/min by Eq. (6).

The stage constants (DSO) obtained by this method are
plotted versus the stage numbers in Figs. 21 and 22. A
deviation between the calculated curve and the experimental
one may be noticed for Mark-I. The experimental curve can
be described by Eq. (6), if a decreasing impaction parameter
is assumed with increasing stage number. This is not the
case for Mark-II. All stage constants calculated with an

impaction parameter ¥ = 0.15 agree with the one calculated.

Based upon this calibration, the stage constants were
also calculated for specific gravities other than 1.3 g/cc
by Eq. (6). The results are plotted in Figs. 11 and 16.

A photograph of the particle deposition was shown in
Fig. 12. It is obviously that the spots differ in intensity.
19 .
with the

Andersen Sampler. According to his explanation the stage

The same phenomenon was discovered by K. R. May

constants change from the inner holes to the outer ones

because of a radial pressure drop. But this means, of course,

a superposition of several efficiency curves of different

s lopes. The resultant is of lower slope and the stage constant
is therefore shifted to a higher value. Because of decreasing

importance of the radial pressure drop effect19

with higher
stage number and higher total pressure drop across each stage,
the deviation of calculated and experimental stage constants
becomes smaller at higher stages. Larger clearance between
impaction plate and hole plate would reduce the radial pressure
drop but lower the slope of the efficiency curve too. In
consideration of this known problem, the Mark-11 was designed
with fewer but larger holes (and therefore larger clearance),

and also with a shorter path for exhausted air from the point
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of impaction to the next open space. Thus, the radial pressure

drop is small and the depeosition occurs equally on all spots

(Fig.

15). All stages can be described by the same impaction

parameter,

10.

11,
1z2.
13.
14.

15-

16.
17.
18.
19.
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