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ABSTRACT

A Low Pressure Impactor aerosol sampler was designed
fabricated and tested. The system injeg&ts a fixed aerosol flow rate
of 1 cfm at inlet conditions and causes the particulate matter to be
separated and collected on four atmospheric pressure and three
reduced pressure impaction stages and an after-filter. Cutpoint
sizes of the stages are 9.7, 5.0, 2.46, 1.21, 0.355, 0,141, and 0,05
micrometers for spherical particles with a density of 2 gm/cm?®.
Each of the impaction stages is fitted with a glass fiber media
collection substrate to facilitate gravimetric analysis of the collected
samples.

Experiments conducted with laboratory aerosols show the
system to have wall losses less than 6 percent when the mass median
diameter of the aerosol is 0.6 micrometers. For particles 6.1 microns
in size, the wall losses on the upper stages are less than 11 percent.
Both particle rebound and re-entrainment from the collection surfaces
are shown to be negligible. Each low pressure stage can be loaded
with more than 10 mg of deposited aerosol without re-entrainment

occurring.

1ii



TABLE OF CONTENTS

Title

Page Number

INTRODUCTION

INERTIAL IMPACTOR PERFORMANCE

LOW PRESSURE IMPACTOR DESIGN

EXPERIMENTAL PROGRAM

FIELD TESTS

SUMMARY AND CONCLUSIONS

REFERENCES

iv

16

20

37

43

46



LIST OF ILLUSTRATIONS

Figure Title Page Number
1 Impactor Stage-Single Jet Type 3
2 Low Pressure Impactor Unit 6
3 Low Pressure Impactor System 7
4 Collection Characteristics of 10
Multi-Jet Inertial Impactor
for Rejz 100

5 Effect of Jet Reynolds Number 15
upon KO, 5

6 Apparatus Employed in Aerosol 21
Tests

7 Size Distributions-~Typical Test 23
Aerosols

8 Size Calibration of Low Pressure 25
Impactor

9 Particle Bounce Characteristics of 33
Stage LP-3 (0. 05pgm Cutpoint)

10 Loading Curve for Stage LP-3 36
(0. 05 pm Cutpoint) of Low Pressure
Impactor

11 Size Distribution of Cigarette Smoke 38

12 Size Distribution of Atmospheric 40
Aerosol June 30-July 20, 1973 at
Urbana, Illinois

13 Size Distribution of Atmospheric 41

Aerosol July 21-August 15, 1973
at' Urbana, Illinois



Table

LIST OF TABLES

Title

Page Number

Low Pressure Impactor
Design and Operational
Parameters-1 cfm Inlet
Flow Rate

-24,3 mm Hg Pressure
in Expansion Chamber

Wall Losses for Individual
Impactor Components

Wall LLoss Characteristics

of Original Stages '""A" and
HBH

vi

19

29

31



LIST OF SYMBOLS

1.23, a constant
Cunningham's Correction
Jet Diameter

Particle Diameter

Particle Diameter for which Stage Efficiency is 50
percent

Inertial Parameter

Value of Inertial Parameter for which Stage Efficiency
is 50 percent

Value of Inertial Parameter Corresponding to Conditions
Employed in a Particular Test

Distance from Jet Exit Plane to Collection Plate
Air Pressure at Jet Exit Plane

0.41, a constant

Jet Reynolds Number

Air Temperature at Jet Exit Plane

Air Velocity at Jet Exit Plane

0.44, a constant

Stage Efficiency

Value of Efficiency Obtained Experimentally
Mean Free Path of Air Molecules

Dynamic Viscosity of Air

Density of Particulate Matter

vii



INTRODUCTION

Background

The deleterious effects of atmospheric particulate matter are
numerous and varied. These include:

Reduction of solar radiation (which causes a decrease in

seasonal temperatures) Landberg? reported that urban
areas receive up to 20% less insolation than rural areas.
Robinson? and Holzworth® demonstrated that there is a
relationship between visibility and the amount of particulate
matter in the atmosphere.

Corrosion of metals Hudson? observed that industrial

locations with high concentrations of particles and oxides
of sulfur are more corrosive to steel and zinc than less
industrialized ares.

Interference with photosynthesis Particles settling on

vegetation interfere with light required for photosyn-
thesis thereby lowering starch production by the plant
(Czaja® and Bohne®).

Human health hazard Atmospheric particles are suspect

as being a threat to human health? since these may be
intrinsically toxic, may carry an adsorbed toxic material
or may interfere with the clearance mechanisms in the

in the respiratory tract.



In all of the above areas the knowledge of the size of the par-
ticle is vital to understanding its effects and determining the best
methods to control particulate emissions from man made sources.

In the case of examining the role of aerosols as public health
hazards, the Task Group on Lung Dynamic58 noted the utility of a
sampler which can be used to determine the size of particles in aero-
dynamic terms. The degree of penetration and retention of particles
in the respiratory system is a function of aerodynamic size?,
Particles are, to a large extent selectively deposited by aerodynamic
size in the nasopharyngeal, tracheobronchial, and pulmonary areas
of the respiratory system. Final deposition site also depends on
variations in the respiratory air flowrate, and on physiological
considerations.

The use of aerodynamic sizing is of interest not only because
it allows simulation of the important size parameter in lung deposition
but also because it renders itself to the measurement of the aerosol
mass-size distribution. Although there are various types of apparatus
which could be used to acquire size distribution data based upon
aerodynamic size, the most widely used are cascade impactors.

With reference to Figure 1 the cascade impactor draws an aerosol
sample through a series of two or more stages made up of a jet or
orifice plate and a collection surface. As the air flows through the

jet it is accelerated to a specific velocity and directed towards the
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collection surface and through the following jet stage. Particles with
sufficient inertia cross the air flow stream lines and impact on the
collection surface. The smaller particles, which have insufficient
inertia, follow the stream lines into the next impactor stage. By
employing several stages in series it is possible to separate an
aerosol into size groupings. Samplers which characterize atmos-
pheric particles in this manner have been available since 1945 when
May!© developed a four stage cascade-type inertial impactor.

May's first impactor employed rectangular jets, however,
Ranz and Wong!? found better efficiency characteristics and sharper
cuts could be obtained with round jet impactors. In 1958, A. A. Ander-
senl?® developed a cascade inertial impactor for bacterial sampling
which employed multiple jets on each stage. Subsequently developed
versions of the apparatus have found application in atmospheric and
stack sampling.

Inertial impactors commonly used up to the present time
have had the capability of sizing particles to a lower limit of approxi-
mately 0.4 micrometers. This operational characteristic has
limited the study of the submicron components of aerosols such as
motor vehicle exhaust (which at cruising speeds consists of particles
of carbon, motor oil, aldehydes, ketones and lead) approximately
70 percent of which have an equivalent size for unit density particles

of less than 2 microns.*® Indeed, ninety percent of the lead by



weight is associated with particles of sizes less than 0.5 micrometers. 4
Other important submicron aerosols include, stationary source combus-
tion products, photochemical aerosols, oil mists and metallic fumes.
The limitation on particle size can be extended to much smaller
diameters if the impactor is operated at a reduced pressure. Basic
investigations by Stern and Zeller!® demonstrated the feasibility of
such an approach. Subsequently, McFarland and Zeller'® conducted
in-depth studies to determine the operational characteristics of a low
pressure impactor and, recently, Bucholz!”? conducted tests with an
impactor operating at reduced pressure for separating particles of
0.1 micrometers and smaller,

Purpose of Study

Although the feasibility of particle collection by low pressure
impaction has been demonstrated, the concept has not been extensively
used in air sampling. The reason is principally due to the lack of
specially designed apparatus.

The burpose of the present study was to design, construct and
test aprototype cascade impactor which can be used to determine the
mass-size aistribution of atmospheric aerosols as small as 0. 05
micrometers for a density of 2 gm/cm®. The basic design of the
resulting device, which is shown schematically in Figure 2 and photo-

graphically in Figure 3, incorporates the configuration of a conventional

Andersen non-viable impactor® in four stages of a high pressure section

* Andersen-2000 Inc. Atlanta, Georgia
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(to separate particles larger than l.21 ym) followed by three stages
in the low pressure section which effect separation of particles down
to 0.05 micrometers. The first four stages operate at atmospheric
pressure and the low pressure stages operate at approximately 1/30
atmosphere.

The unit has been laboratory tested to determine efficiency
characteristics and to evaluate the performance limiting character-
istics of (1) the loss of particles to internal surfaces other than the
collection plate (wall losses), (2) the particle rebound or bounce
characteristics for the stage which has the highest air velocity,
and (3) the mass loading capability of the low pressure stage which

should be most susceptible to re-entrainment of a deposited sample.



INERTIAL IMPACTOR PERFORMANCE

The size selection characteristics of an inertial impactor
stage are reflected by the efficiency with which the stage collects
variously sized particles. In turn, the efficiency, which is commonly
called the impaction efficiency, 77, is a function of three dimension-

less parameters:

n = K, L/Dj, Rej)
where:
K = Inertial Parameter
L/Dj = Aspect Ratio
Re. = Jet Reynolds Number

Of these dimensionless groups, K has the most significant influence
upon 7 - - the other two may be considered to be second order
variables.

Ranz and Wong?'* carried out studies with impactors which
had single circular or slit jets on each stage and related the collections
efficiency to the inertial parameter. Later an experimental investi-
gation by McFarland and Zeller!® showed the relationship between
K and 7 for a stage with multiple circular jets. A typical curve

relating these two variables is shown in Figure 4.
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In this work, the inertial parameter is defined as:

Co Vv D?
K = P o p

18 D.

Hs
where:
C = Cunningham's slip correction factor
op = particle density
V, = Jet exit velocity
Dp = particle diameter
p = air viscosity

Dj = jet exit diameter

It is customary to attempt to represent the n vs. K curve by
a single value, namely that of the inertial parameter which corresponds
to 50 percent efficiency, K. 5 For a given stage operating with fixed
values of all variables involved in K other than particle size, the
n vs. K curve can also be represented by the diameter of a spherical
particle which would be removed with 50 percent efficiency. This
parameter is called the stage cutpoint and is denoted by Dp. 5

In the design of an inertial impactor stage it would appear
possible to achieve small values of the stage cutpoint through either
increasing the jet velocity or reducing the jet size. However, this

approach does have its limitations. When velocities much greater
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than 3000-4000 cm/sec are used, small particles may .tend to either
rebound or become re-entrained from the collection surface. In
addition, it is presently not practical to use jet diameters smaller
than approximately 0. 0l inch. As a consequence, the smallest
cutpoint which can be reliably achieved through varying the jet
velocity and diameter is approximately 0.5 micrometers,

Closer observation of the impaction parameter reveals that
if the value of Cunningham's correction, C, can be increased, it may
be possible to achieve a cutpoint diameter without resorting to high
jet velocities or extremely small jet diameters.

Cunningham's correction, C, takes into account the non-
continuum nature of gas flow about the particle. The factor C
increases directly with the increase in the mean free path length of
the molecules while increasing inversely with particle size.

Millikenl® has shown C to accurately be represented by:

C = 14 2) (A+Qe—pr/>\)

D

P
X = mean free path of gas molecules
= 0.0685 micrometers at standard atmospheric
temperature and pressure

A = 1.23
Q = 0.41

b = 0.44
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For small values of _A_, C =& 1, where as for large values

Pp

of D)‘ , C = —IZD-L\(A+Q). For a perfect gas, the mean free path )\
p p

can be represented by:

A = 1.70x 10°5T/p
T = temperature, °K
P = pressure, mm Hg

It may be noted that ) is inversely proportional to pressure.
Reference to the definition of the inertial parameter indicates that
a reduction in pressure will increase C thereby giving a larger
values for K and thus allowing for collection of smaller aerosols
with a given stage.

The effect of pressure upon C may be noted by the example
that the value is 1. 6 for a 0.3 micron particle at atmospheric pres-
sure whereas it is 23. 1 for the same particle at 1/30 atmosphere.

While the influence of the aspect ratio, L/Dj, and the jet
Reynolds numbers, Rej, are of second order importance, they do
somewhat affect the collection efficiency of an impactor. The air
jet effluxing from the nozzle remains relatively intact, independent
of aspect ratio, as it approaches the collection plate. There is,
however, a small change in strearnline curvatures as the aspect

ratio is varied and, as a consequence, a variation in collection
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efficiency. For values of L/Dj between 0. 55 and 5, I\/Iarple]‘9 shows
that the shift in K g is less than 3 percent.

Both the velocity profile at the jet exit plane and the boundary
layer on the collection plate are affected by the jet Reynolds number,

As Rej is decreased the value of K 5 increases. McFarland and

Zeller, 10

in their study with multiple-jet stages, made a linear
interpolation of experimental data to show this effect. A plot of
their results, adjusted to show K g = 0.14 for large values of the
Reynolds number, is presented in Figure 5. In the design of an
inertial impactor, it is possible to take into account the shift in
K g caused by the Reynolds number effect, thus a well defined.Dp. 5

exists for a given impactor stage operated under fixed conditions.
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LOW PRESSURE IMPACTOR DESIGN

The fundamental criteria employed in the development of the
Low Pressure Impactor were that the system should sample at a flow
rate of 1.0 cfm, that the cutpoints of the first and last stages should
be approximately 10 and 0. 05 micrometers, respectively, and that
the collected samples should be compatible with gravimetric analysis.

The approach selected was to use a system which is divided
into two sections-- a set of four impactor stages which operates at
atmospheric pressure and a set of three impactor stages together
with an after-filter which operates at reduced pressure (See Figure 2)
The two secticns are separated by a throttling plate which serves not
only to create a pressure drop but alsc limit the flow through the
system to an equivalent of 1 cfm at inlet conditions. 7To minimize
aerosol losses from jets effluxing from the throttling nozzles, an
expansion chamber with an axial length of over 1 ft. has been employed.

Basically, the upper four stages of the system are similar to
the Andersen non-viable sampler, however the unit has been modified
to the extent that the jets of the first two stages are few in number
(only 36 per stage) and have tapered inlets., Also, the collection
plates of these two stages are designed to permit air to flow both

collection

around the edges and through one-inch holes in the/plate centers,

Collection in the upper stages is effected upon 81 mm diameter
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substrates composed of glass fiber filter media.

The principal elements in low pressure stages of the unit are
three jet plates, a collection plate, an after-filter support and gaskets.
The stages are arranged such that air is passed through the jet plate
of the first stage and directed towards the second stage jet plate.

The holes in the two plates are offset to permit the second stage jet
plate to serve as the collection plate for the first stage. Particles

are deposited on a special glass fiber filter media collection substrate.
Proper values of the aspect ratio are obtained through the use of a
neoprene gasket to separate the jet plates. To preclude the glass
fiber media from adhering to either the gasket or the jet plate, thin
teflon gaskets are placed on either side of the media.

The air from the first stage impaction process is directed
through the jets of the second stage (which are situated under opening
in the first stage collection substrate) and the process is repeated.
For the third stage, impaction takes place upon a surface designed to
serve only the purpose of holding a collection substrate. After passing
the third stage, the air flows through a glass fiber filter and is dis-
charged from the system.

The system is setup such that the only variable that need be
controlled during sampling is the pressure level in the expansion
chamber. This value is measured with the aid of a percision Wallace

and Tiernangage and is to be maintained at 24.3 mm of mercury.
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Stage cutpoints for the system were calculated using the data
shown in Figures 4 and 5. The resulting design specifications for
the system are presented in Table 1. The four atmospheric pressure-
stages are denoted by A, B, C and D whereas the low pressure stages
are listed as LP-1, LP-2 and LP-3. Selection of cutpoints was set to
provide a ratio of approximately two between successive stages in the
high pressure section and a ratio of approximately three between

successive low pressure stages,



TABLE 1,

Loow Pressure Impactor Design and Operational

Parameters - 1 ¢fm Inlet Flow Rate

- 24.3 mm Hg Pressure in Expansion Chamber

Aspect Jet Jet Reynolds

Number of Diameter Ratio Velocity Number Stage Cutpoints
Stage Jets (inches) L/DJ. cm/sec Rej (Dp. 5 pm)
A (Modified) 36 0.161 0.55 100 254 9.7
B (Modified) 36 0.104 0.9 240 393 5.0
C 400 0.0295 3 269 127 2.46
D 400 0. 0187 5 668 200 1.21
LP-1 600 0.0547 2.2 1606 45.9 0.355
LP-2 600 0.0398 3.0 2886 61.4 0.141
LP-3 1762 0.0208 2.9 4158 40.5 0.050

61
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EXPERIMENTAL PROGRAM

A set of laboratory tests was conducted with the prototype
Low Pressure Impactor to verify the design stage cutpoints and to
quantify the performance limiting factors of: losses to internal
surfaces of the impactor other than the collection surface (wall
losses), pa'rticle bounce and re-entrainment, and the mass loading
characteristics. Basically, these tests involved subjecting the
sampler to an aerosol which has known (or easily measurable)
properties and which is readily identifiable. The aerosols were
generated with two types of apparatus: a spinning disc atomizer
and a nebulizer, 19 with the first device serving the purpose of form-
ing large (>1 micrometer diameter) particles and the latter device
being used to generate the smaller aerosols. For both systems, the
aerosol generators formed a spray from a solution of 70 percent
uranine dye and 30 percent methylene blue dye dissolved on a solution
of 67 percent ethyl alcohol and 33 percent water, Evaporation of the
spray droplets produced the actual test aerosol. Particle size was
varied by changing the concentration of the dye solutions.

The basic layout of apparatus employed in the testing is shown
schematically in Figure 6. Aerosol from either the spinning disc or air
blast atomizer was passed through an 8-inch diameter duct. One

sample stream of the aerosol was drawn at a flow rate of 1 cfrn
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into the Low Pressure Impactor and a second sample stream, also at
a flow rate of 1 c¢fm, was drawn through a 47 mm glass fiber filter
mounted in a membrane filter holder. The purpose of the latter
sample was to monitor the constancy of aerosol output.

For each test performed with the spinning disc generator, a
sample of aerosol was collected on a membrane filter and a micro-
scopic size distribution was made. Figure 7 shows the results
obtained from such a determination. The characteristic aerosol
size was represented by a mass-average size which was obtained
by converting the microscopic data to a mass basis and calculating
the average value.

The nebulizer used to generate the submicron aerosols was
a Model 099 Dispos- A-Neb manufactured by Bio-Logics, Incorporated.
For determination of the particle sizes created with this device,
samples were collected on electron microscope grids using a
Thermosystems, Incorporated electrostatic sampler. These were
subsequently sized from photomicrographs taken with the aid of a
Hitachi HU-11 transmission electron microscope. Figure 7 shows
results obtained from sizing a typical submicron aerosol.

Stage Cutpoint Sizes

To obtain the desired cutpoint of 0, 05 microtneters for the
final stage, LP-3, of the Low Pressure Impactor, it is necessary

that the pressure level at the jet discharge plane be 22,1 mm Hg.
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Since the pressure level for the system is sensed at the expansion
chamber and there are pressure losses as the air flows through
each impaction stage, it was necessary to determine pressure

variations in the low pressure system. The results of such a check

show:

LOCATION PRESSURE
Jet Exit Plane of Stage LLP-3 22.1 mm Hg
Jet Exit Plane of Stage LP-2 23.6
Jet Exit Plane of Stage LP-1 24,2
Expansion Chamber 24.3

Design cutpoints for stages LP-1, LP-2 and LP-3, which are shown
in Table 1, are based upon these pressure levels. The predicted
cutpoints are also shown graphically in Figure 8 wherein the cutpoints
are presented not only for a particle density of 2 gm/cm? but also
for 1 and 4 gm/cm®. Operation of the impactor with the predicted
cutpoints is obtained when the expansion chamber pressure is set
at 24.3 mm Hg. Use of lower pressure levels will shift the cutpoints
of the low pressure stages to smaller values.

In order to verify the design cutpoint particle sizes of the
low pressure stages, detailed tests were conducted with stage LP-3.
Since this stage has the smallest jets, largest value of L/Dj’ and

smallest value of Rej of the low pressure stages, it is anticipated
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that any deviations from design predictions would be most easily
observed by testing this stage.

The tests were conducted using the apparatus arrangement
shown in Figure 6 with the aerosol generated by the nebulizer. The
high pressure stages of the impactor were left in place during these
tests in order to strip the largest particles from the distribution.

The low pressure stages were re-arranged such that LP-3 was placed
above LP-1 and LP-2. During operation, aerosol was drawn through
the impactor system for a time sufficient to collect an easily measur-
able quantity of uranine dye. The amount of uranine collected by
stage LLP-3 and the remaining components of the low pressure section
of the impactor was determined by washing the parts in distilled
deionized water to extract the uranine dye and subsequently analyzing
the wash water with a Turner Model 110 Fluorometer. From the
resulting data, the test efficiency 7 T’ of stage LP-3 was determined.

Next, a value of the inertial parameters, K which corresponds to

rI-!

the test efficiency was taken from Figure 4 and the following equation

employed:
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This expression was solved for Dp. 5 based upon knowledge
of the size and density of the test particles and upon an assumed
value of two for the density of the cutpoint size particles.

This method was chosen because the cutpoint size can be
determined from a minimal number of tests. Reliance is placed
upon the impaction efficiency curve only to the extent that the slope
is utilized.

The results for triplicate tests with stage LP-3 are shown
in Figure 8 superimposed upon the curve which gives the predicted
cutpoint size for the system. It should be noted the experimental
data verifies the calculated cutpoint of C. 05 micrometers for the
last stage.

Similar tests were performed on stages C and D of the
high pressure section using particles produced by the spinning disc
aerosol generator. In this case the impaction stage to be tested
was placed first in the impactor and its efficiency determined.
Following the prodecure given above the values of Dp. 5 were computed.
These results, which are also shown in Figure 8, support the predicted
cutpoint sizes.

Wall Losses

Wall losses in cascade impactors can be altributed to the
following factors; high jet and other internal velocities, close

spacing of internal components and abrupt changes in air direction
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at locations other than collection surfaces. Use of an impactor with
any of these design deficiencies may result in a high ratio of internal
wall losses to sample collected. The relatively large geometric
scale of the low pressure impactor together with the multi-jet
principle renders it a device which has inherently low wall losses.

At the present time, the only method to reliably quantify wall
losses is through the use of controlled laboratory experiments. The
approach used to acquire these data for the low pressure impactor
involved the following procedure.

Prior to the onset of each test run, the entire impactor was
washed with a laboratory grade detergent and rinsed with distilled,
deionized water. The unit was then subjected to a heterogenous
uranine-methylene blue aerosol created by the nebulizer (geometric
standard deviation of approximately three). At the completion of
each test run, the individual collecting surfaces and the internal wall
surfaces were again washed with a measured volume of distilled,
deionized water to extract the dye. The wash water was then subjected
to fluoroscopic analysis to quantify the uranine mass which has been
deposited on the impactor surfaces.

The results obtained for aerosols with mean sizes of 0.3
and 0.6 micrometer are shown in Table 2. It méy be noted that

totally the losses were less than 6 percent in each case.



TABLE 2.

Impactor Components

Inlet

Jet Plate A (Modified)
Jet Plate B (Modified)
Jet Plate C

Jet Plate D

Interface

Throttling Plate
Expansion Chamber
Jet Plate LPI-1

Jet Plate LPI-2

Jet Plate LPI-3

All other extraneous
surfaces

Total Wall Losses

Wall Losses for Individual

Impactor Components

Percent Wall Losses for given

Aerosol Size

0.3 micrometers

0.053

0.160

0.193

0.226

0.206

0.034

0. 866

1.545

0.499

0.293

0.149

1.307

29

0.6 micrometers

0.

0.

0.

0.

031

170

230

190

. 230

. 015

. 860

. 530

. 990

. 460

. 090

. 058

. 85
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Early in the experimental testing phase of the program it
was noted that stage A and B had inordinately high wall losses
(Table 3). To reduce this phenomenon a design change was under-
taken. For both stages A and B the number of jets was reduced
from 400 to 36 and, correspondingly the diameter of the jets was
increased (to 0.161 inches for stage A and 0.104 inches for stage
B). In addition the intake sides of jets were chamfered 60°. A one
inch diameter circle was cut in the center of the collection plates of
both stages A and B to reduce the volumetric flow rate (and hence
the velocity) of gas passing around the periphery of the collection
plate. These modifications provided a drastic reduction in wall
losses when tested with a monodisperse 6,1 micrometers diameter
uranine aerosol (Table 4).

Wall loss data for the remaining upper stages, C and D,
were also acquired. Here it may be noted that the losses for each
stage are approximately 2 percent when the stage is tested with
particles of size similar to the stage cutpoint size.

Particle Bounce

Particle bounce can greatly reduce the efficiency of an
inertial impactor. If the collection surface is a smooth plate, as
: s . (16) .
the jet velocities are increased beyond 3200 cm/sec in the

lower stages of the impactor an increase in particle bounce and

re-entrainment can be expected. The problem may be partially
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TABLE 3. Wall Loss Characteristics of
Original Stages '""A'* and '"'B"

Jet Sampler Flow Test Aerosol Wall Losses
Stages Rate (cfm) Size (pm) Percent

A and B 1.3 6.1 32.4

A and B 1.0 6.3 40.0

TABLE 4. Wall Loss Characteristics
of Upper LPI Stages (''A" & "B'" Modified)
-Flow Rate = 1 ¢fm

Jet Test Aerosol Wall Losses
Stages Size ( pm) Percent
A and B (Modified) 6.10 10.7

C 3,44 2.2
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controlled by employing thin viscous coatings on the collection
surfaces, since the coating will both create a condition of inelastic
impact and at the same time provide an adhesive force to retain the
particles on the collection surface. An alternate approach, which
serves to increase adhesion, is to employ glass fiber filters as the
collection substrates. This method offers a considerable advantage
over the use of viscous coatings in that less substrate preparation
is required and the substrates render themselves better to standard
analysis procedures.

To determine if the glass fiber filters used in the low pressure
section of the system were effectively preventing rebound of impacted
particles, a set of tests was conducted with stage LP-3. This par-
ticular stage was chosen for detailed study because it has the highest
jet velocity, 4160 cm/sec. In conducting these tests, the stage was
operated in a manner in which the velocity could be varied yet the
predicted efficiency could be held constant.

If particle bounce were a problem, the expected result of
a plot of efficiency vs. velocity would show a decrease in efficiency
with increasing velocity as the particle bounce phenomenon comes
into play. The results of the tests, which are presented in Figure 9,
show the efficiency of the stage increases slightly with increasing
jet velocity (due to a jet Reynolds number effect not adequately

compensated for in the test conditions), The efficiency curve in the
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vicinity of the design velocity 'did not drop which gives evidence that
particle bounce is not a significant problem with the low pressure
section of the impactor.

With respect to the high pressure stages, McGregor(Zo)
conducted bounce tests with a standard Andersen non-viable sampler
and found that a stage with a cutpoint of 1.1 micrometers (for unity
density particles) could be operated at a velocity five times as large
as the velocity encountered in stage D of the present system with-
out a rebound phenomenon being noticeable, Based upon this result
it would be expected that the upper stages of the present design would

not be subject to a limitation caused by particle bounce.

Loading Characteristics

When substantial quantities of aerosol are deposited on the
collection plate of a given stage, it is possible that portions of the
collected material could be re-entrained by the air stream and be
subsequently re-deposited on lower stages. Under such circum-
stances, misleading size distribution data would be obtained.

The tendency of an impactor stage to be susceptible to
re-entrainment problems can be tested experimentally by subjecting
the stage to a known aerosol and studying the relationship between
the mass of material sampled and the collection efficiency, Should
re-entrainment occur, the efficiency would show an apparent drop

as the mass loading is increased. Tests of this type have been
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conducted with a standard Andersen non-viable sampler by
McGregor. (20) His results, when applied to the upper stages
of the low pressure impactor system, indicate that the permissible
mass loadings of Stage A would be approximately 2 mg, that of
Stage C would be about 13 mg and that of Stage D should be approxi-
mately 8 mg. Loadings above these values do not show abrupt
re-entrainment effects, but rather a gradual decrease in efficiency
of the stage. In addition for the stages with smaller cutpoints, the
loadings limitation is more pronounced as the jet diameter is
decreased and the velocity increased. Since Stage LP-3 has both
the highest velocity and the smallest jet sizes of the low pressure
stages, it was selected for an investigation of the loading charac-
teristics. It was assummed that if the loading limitations of stage
LP-3 were acceptable, so would be those of stages LLP-1 and LP-2.
The tests were conducted by exposing stage LP-3 for varying
times to a dye aerosol generated by the nebulizer. After each run,
the efficiency of the stage as well as the total quantity of uranine
aerosol collected by the impactor was determined for each test.
The results, shown in Figure 10 demonstrate that the efficiency of
LP-3

stage/ is constant up to a sample load of over 10 mg, indicating

that overloading is not a problem.
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FIELD TESTS

The Low Pressure Impactor system was setup to simultan-
eously sample aerosol in parallel with a standard Andersen non-
viable unit. For the first ¢cxperiments the two devices were exposed
to a well-inixed and diluted cigarette smoke. The mass collected
on the various stages of both impactors was determined through
measurement of the weight change of the glass fiber collection
substrates using a semi-micro analytical balance. All collection
substrates were conditioned for several hours to the laboratory
environment before the weight measurements were made. The
resulting data, which has been converted to cumulative distributions,
is shown in Figure 11. In this case the particle size parameter
represents that of equivalent spheres of unit density. It may be
noted that there is good agreement between the data obtained from
use of the two devices for sizes larger than approximately 0.6
micrometers. Below this size the Low Pressure Impactor tends
to show a greater relative abundance of small particles.

With respect to the mass of aerosol collected by each unit,
the sum of all differential weights for the Low Pressure Impactor
was 78.9 mg whereas that of the standard non-viable sampler was
79.5 mg.

Both units were exposed to atmospheric aerosol for times

sufficient to collect several tens of milligrams in each unit. The
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purpose of collecting these substantial quantities of mass was to
minimize any errors associated with the process of measuring
differential weights of the substrates. Results for two separate
atmospheric aerosol runs are represented in Figures 12 and 13,

In both runs the Low Pressure Impactor yielded data which indicates
greater percentages of particles of size less than 0.6 micrometers.
Additionally, the data presented in Figure 12 shows that the Low
Pressure Impactor collected substantially greater fractions of the
very large particles. Nineteen percent of the aerosol mass was
associated with sizes larger than 16 micrometers. With reference
to Figure 13, it would appear that the Low Pressure Impactor
collected less material of large sizes than did the standard non-
viable unit. However, the cumulative distribution curve is misleading
for this test since it presents percentages rather than actual mass
values. The raw data showed nearly identical quantities of large
particles were collected by the two devices (for example the total
mass of all particles larger than 7 micrometers in size collected by
the Low Pressure Impactor was 3. 79 mg whereas that of the standard
non-viable unit was 4. 13 mg). But, the Low Pressure Impactor
System collected more total mass (41.99 mg versus 31. 04 mg)

therefore the curnulative distribution of the Low Pressure Impactor

is shifted to the left.
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In addition to determinations of the aerosol size distribution,
comparative values of average aerasol concentrations were calcu-

lated. These results, presented in the following table, show that

Average Concentrations

Test Std. Non-Viable Unit Low Pressure Impactor
June 30 - July 20 39.0 pg/m?* 86.2 pg/m?®
July 21 - Aug. 15 30.3 42.9

the Low Pressure Impactor yields higher values of mass concen-
tration. This is due, at least in part, to the better collection charac-

teristics of the Low Pressure Impactor for large particles,
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SUMMARY AND CONCILUSIONS

Although the cascade impactor has been a useful tool in the
measurement of aerosol mass-size distribution, most systems in
current use are limited to a usable lower particle size limit of
approximately 0.4 micrometers, However, operation of specially
designed impactors at reduced pressures can extend this lower limit.
In the present study a Low Pressure Impactor system has been de-
signed, fabricated and tested which has a particle cutpoint size for
the last stage of 0.05 micrometers for particles of density=2 gm/cm?®

The impactor has four stages which operate at atmospheric
pressure and separate particles into fractions with size ranges of
> 9.7, 5.0-9.7, 2.46-5.0 and 1.21-2.46 micrometers. These are
followed by three stages and an after-filter which separate the aersol
into size interva}.s of 0.36-1.21, 0.14-0.36, 0.05-0.36 and <« 0.05
micrometers.

Laboratory testing was performed to verify the predicted
cutpoints and to evaluate the performance-limiting characteristics
of a) wall losses b) particle rebtound from collection surface and
c) collected deposit re-entrainment (mass loading limitation). The
results of these experiments confirmed the predicted cutpoints of
the stages which were tested. Data points for the tests are shown

in Figure 8 superimposed upon a curve which represents the calculated

cutpoint values.
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Wall losses for the entire system were shown to be less than
6 percent when tested with aerosols of 0.3 and 0.6 micrometers
median diameter which had geometric standard deviations of 3,

Initial tests with the upper stages indicated that substantial wall losses
resulted when the stages were used to sample large particles. A
re-design of the first two stages reduced these losses by 2/3; the total
loss for these stages, when tested with 6.1 micrometer diameter
aerosol, is now 10.7 percent.

Tests with the last stage of the low pressure section, a stage
which has a normal jet velocity of 4160 cm/sec, indicate that particle
rebound from the collection surface is not a significant problem. In
these tests, the jet velocity was increased to over 7000 cm/sec while
the other impaction parameters were adjusted in such a manner that
the predicted collection efficiency with the test aerosol would remain
nearly constant. Even at this high value of velocity, there was no
reduction in the efficiency of the stage which demonstrates that a
substantial fraction of the particulate matter did not bounce off of
the collection media during the impaction process.

The last impaction stage of the low pressure section has design
parameters (high velocity and small jet sizes) which make it the most
vulnerable of the low pressure stages to re-entrainment of collected
deposits. This- phenomenon is obs‘erved to occur in impactors when

substantial deposits are collected on a given stage. Portions of the
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Jdeposits are subscequently eroded away during further sampling, Tests
with the last low pressure stage showed no tendency for re-entrainment
for deposits as large as 10 mg,

The Low Pressure Impactor system was operated in paraliel
with a standard Andersen non-viable cascade impactor and usced to
sample cigarctte smoke and atmospheric aerosol. FFor cigarette
smoke, which has tew larpe particles, the agreement between data
obtained from the two devices was excellent for particles larger than
0.6 micrometers. The Low Pressure Impactor showed a greater mass
fraction for the smaller sizes.  Tests with atmospheric acrosol
showed the Low Pressure Impactor to yield larger fractions of small
(- 0.6 micrometer) particles and higher overall values of aerosol
concentration. In one case the Low Pressure Impactor collected a

substantially greater quantity of larger (> 7 micrometers) particles.
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