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Abstract

Stage responses for an Andersen Mark III cascade impactor have been experimentally
determined using monodisperse oil droplets. The impactor was operated upright and fully
assembled so that interstage interference and wall losses could be properly studied.
Interstage losses reached a maximum of about 15% for particle aerodynamic diameters of
about 10 ym. The observed stage responses, defined as the fraction of particles entering the
impactor that are collected on a stage, showed maxima that fell significantly short of unity
(as low as 0.6). Physically, maxima less than unity indicate that a monodisperse aerosol is
never collected exclusively on one stage, but is distributed among several stages and
internal losses. Correlations for the stage responses are presented so that the experimental
results can be used to determine size distributions with available data—inversion
algorithms. One potential application of this technique is the characterization of droplet
clouds generated by explosive events.

*
This work was performed at Sandia National Laboratories supported by the U.S. Department of Energy

under Contract DE—AC04—76DP00789 M AST ER

:t497.4uﬂd\‘ OF THIS DOCUMENT (8 UNLg;vﬁTED



Contents

[

0 I O Gt o W N

Introduction

Background

Experimental Methods

Experimental Stage Response Function

Analytic Representation of Stage Response Functions
Particle Bounce

Conclusions

References

12
15
18
18
20



List of Figures

Andersen Mark III cascade impactor.

Single—nozzle preimpactor for the Andersen Mark III cascade
impactor.

Stage response function for an Andersen Mark III impactor
— preimpactor (PI), stages 0 and 1.

Stage response function for an Andersen Mark III impactor

— preimpactor g’l), losses, staiw 2 through 6, and the sum

of stage 7 and the after filter (AF+7). Filled symbols from ratio
technique, open symbols from fluorescent technique.

List of Tables

Stage Parameters for the Andersen Mark III Cascade Impactor
at 14.4 ALPM.

Fitted Parameters for the Andersen Mark III Cascade Impactor
at 14.4 ALPM.

10

13

14

18



1 Introduction

Cascade impactors are widely used for the measurement of aerosol size distributions;
their ruggedness and simplicity of operation make them an attractive choice in a variety of
environments. In one common application, the aerosol of interest is drawn through the
impactor, and the amount deposited on each stage is determined gravimetrically. The
primary objective is to extract as much information as possible about the initial size
distribution from the resulting set of weights. Unfortunately, the reconstruction of
continuous size distributions from finite data sets is an ill-posed problem. Not
surprisingly, a variety of such reconstruction techniques are presently in use; the success of
each method depends on the particular nature of the aerosol sample and the instrument
response.

These techniques all share the requirement that the response functions for each stage
be known. The stage response function gives the fraction of particles entering the impactor
that deposits on that stage. Values of the response function range from zero to one, and
depend on impactor operating conditions (e.g., geometry, flow rate, and gas properties) and
particle properties (e.g., diameter, density, and shape factor). As interstage interferences
and particle losses will affect each stage's response, the response of each stage should be
measured for a fully assembled impactor. Unfortunately, impactor stage response functions
are rarely reported; rather, single—stage efficiency curves are given which provide an
incomplete description of impactor performance.

This paper presents an experimental determination of the stage responses for a fully
assembled Andersen Mark III cascade impactor (Andersen Samplers Inc., Atlanta, GA).
Since our primary application is the measurement of the droplet distribution within an
explosively—generated cloud, the calibration has been performed with monodisperse liquid
droplets. Losses within the impactor are measured, and their treatment within data
inversion techniques is discussed. In addition, correlations for the impactor response
functions are presented so that the experimental results can be used to determine size
distributions with available data—inversion algorithms.

2 Background

In a single—stage impactor, a gas jet containing suspended particles impinges on a flat
plate; particles of sufficiently large inertia are deposited on the plate, while smaller
particles are carried on with the flowing gas. A stage efficiency, F, is defined as the
fraction of particles entering the stage that are collected on the plate. E can range between



zero (no particles are collected) and one (all particles are collected). The collection
efficiency of an ideal impactor stage would be a step function, for which all particles
smaller than some critical size pass through, while those larger than this size are collected.
Practically, boundary layer and centerline effects result in the S—shaped efficiency curves
that are predicted theoretically (e.g., Rader and Marple, 1985) and observed
experimentally (e.g., Rubow et al., 1987). The stage efficiency depends on the impactor
geometry, flow rate, gas properties (density and viscosity), and particle properties
(diameter, density, shape factor, and slip correction).

A cascade impactor consists of a series of single—stage impactors, where each
subsequent stage collects progressively smaller particles. A stage response,! K o is defined
as the fraction of particles entering the impactor that are collected on the ith stage. The ith
stage response is obtained as the product of its efficiency, Ez-, and terms describing the
fraction of particles that are neither lost on walls nor collected on previous stages.
Neglecting particle losses within an impactor operating at a specific flow rate, the following
expressions for stage responses can be written (see also Puttock, 1981 or Crump and
Seinfeld, 1982a):

K,(d, )= E,(d

/] 1 pa) )
K{dy,) = E{d, ) 1~E;_y(d, ) (1=Ey(d,))  i=2,..,n

where the aerodynamic diameter,? d @ is introduced. Particles with equal aerodynamic
diameters will behave essentially the same in an impactor, independent of their particular
density, shape factor, or slip correction (Rader and Marple, 1985). With losses neglected,
the stage response for the first stage is identical to its stage efficiency, while the stage
responses for subsequent stages (with ideal, step—function efficiency functions) appear as
sharp—sided top—hat functions. Due to losses and to the S—shaped nature of stage
efficiency curves, however, experimentally observed stage response curves deviate from this
ideal top—hat shape, and instead appear Gaussian in shape.

The expected stage mass loadings, M p can be described by the following integral
expression:

M;= f K{d,)f(d,)dd,, 2)

1The stage response function is also called the kernel function.

2The aerodynamic diameter is the diameter of the unit density (pp = 1 g/cm3) sphere that
has the same settling velocity as the particle.



where f(dp a) is the mass distribution defined so that f(dp a) ddp o 18 the mass of particles
entering the impactor with diameters between dp g 2nd dp a+ddp o Given the response
functions K( dpa)’ the inversiop problem amounts to determining which inlet distribution
f(dp a) gives the best agreement with the measured data set M ;A variety of such
algorithms is available in the literature (e.g., Twomey, 1975; Raabe, 1978; Puttock, 1981;
Crump and Seinfeld, 1982a,b; Markowski, 1987, 1988; and Wolfenbarger and Seinfeld,
1988).

The choice of a data inversion method can influence the requirements for the stage
response function. For example, the histogram method is still frequently used. This
method assumes an ideal impactor, for which each stage has a characteristic cutoff size
which is usually approximated by its dpso (the aerodynamic diameter for which 50% of the
particles approaching the stage are collected). The mass collected on a stage is assumed to
come from particles with aerodynamic diameters larger than its cut—off, but smaller than
the cut—off of the previous stage. For impactors with sharp, well spaced cutoffs and low
interstage losses, this technique works well. Complete stage response functions are not
required in this case, instead the single—stage efficiency curves are used to determine the
stage cutoffs. With the histogram method in mind, the results from cascade impactor
calibrations are frequently presented as single—stage efficiency curves.

Inversion algorithms that include the integration of Equation 2 require that the
complete response function for each stage be specified. In demonstrating their inversion
method, Crump and Seinfeld (1982a) neglected losses and formed each Kz.(d a) from the
theoretical, universal efficiency curves of Marple and Liu (1974). Puttock (1981)
constructed response functions based on Rao and Whitby's (1977, 1978) experimental data,
although further assumptions were required to describe stages that were not characterized
by Rao and Whitby. Knuth (1984) presented his calibration results for a Sierra 235
cascade impactor in terms of stage response functions; losses were measured but were not
presented with the results.

In the present study, the calibration method is designed to provide direct
measurement of the stage response functions whenever possible. By operating the impactor
as a fully assembled unit, interstage effects on both stage collection efficiencies and losses
are properly accounted for.

3 Experimental Methods

The Andersen Mark III cascade impactor used in the present study is a multistage,
multinozzle instrument that aerodynamically classifies aerosol samples. The main



assembly (see Figure 1) consists of eight multinozzle collection stages (numbered 0 through
7) and a backup filter; in our test configuration the unit is preceded by a single—nozzle
preimpactor (see Figure 2). Table 1 summarizes the operating parameters for the impactor
at 14.4 ALPM (actual liters per minute at Panbient = 630 mm Hg, Tanbient = 22°C), the
flowrate used throughout this study. A critical orifice was used for flow regulation; the
flowrate through the impactor was checked with a mass flow meter before each test. All
data reported here were obtained with the impactor operated in a vertical orientation with
the inlet at the top.

For the multiple—nozzle stages, the jet diameter indicated in Table 1 is the measured
average for ten randomly selected nozzles: observed diameter variations between the
nozzles for a particular stage were at most one percent. Note that the jet velocity for stage
7 includes a density correction; pressure drops through earlier stages are small enough that
density corrections can be neglected. Jet Reynolds numbers (Re = pVD/pu) are also shown.
Untreated, precut glass—fiber impaction substrates as shown in Figure 1 were used.

Table 1. Stage Parameters for the Andersen Mark III Cascade Impactor at 14.4 ALPM
(p=19.86-10"4g/cm3, p = 1.83-10"4 g/(cm-s) )

Stage No. of Orifice Reynolds Jet Cut—Point
No. Jets Diameter Number Velocity Diameter
D (cm) Re V (m/sec) dpso(pm)
PI 1 1.23 1339 2.0 10.7
0 264 162 38 04 13.7
1 264 122 51 0.8 10.5
2 264 .0916 68 14 6.62
3 264 .0744 84 2.1 4.88
4 264 .0548 114 3.9 2.80
5 264 .0362 172 8.8 1.42
6 264 .0270 231 16. 0.65
7 156 .0259 407 30. —

Calibration test aerosols were generated with the Vibrating Orifice Aerosol Generator
(VOAG)(Model 3450, TSI Inc., St. Paul, MN), which relies on the uniform, periodic
breakup of a liquid jet to create monodisperse droplets (Berglund and Liu, 1973). One
drawback with using VOAG—generated calibration aerosol is that coagulation can result in



Figure 1. Andersen Mark III cascade impactor.



Figure 2. Single—nozzle preimpactor for the Andersen Mark III cascade impactor.
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multiplet populations. Since they are formed from monodisperse droplets, these multiplets
have diameters that can be accurately calculated, i.e., a doublet would have a diameter
equal to the cube—root of two (1.26) times the singlet diameter. Singlet and multiplet
concentrations were continuously measured during the tests with an Aerodynamic Particle
Sizer (APS)(Model 33B, TSI Inc.), so that the multiplet contribution to the impactor
response data could be accounted for. Droplets were generated from solutions of oleic acid
in isopropyl alcohol; the size of the oleic—acid droplet after the alcohol evaporates was
calculated from the solution concentration and from the operating parameters of the
VOAG. The droplets were brought to a Boltzmann charge equilibrium by exposure to a
bipolar ion cloud generated by a 210Po radioactive source. Sufficient residence time allowed
the alcohol to evaporate before the droplets were drawn into the impactor. The density of
the oleic acid droplets was 0.895 g/cm3.

For diameters between 1.3 and 20 ym, a fluorometric method was used. In this
method, the droplets are tagged with trace amounts of a fluorescent dye (uranine) and
introduced into the impactor. After the test, the impactor was disassembled: oleic
acid/uranine deposits on each glass—fiber substrate and on the after—filter were dissolved
with metered quantities of an aqueous solution of 0.001 N sodium hydroxide. Particle
collection by the preimpactor was determined by washing the bottom and inside of the
collection cup, as well as the outer surfaces of the three vent tubes (see Figure 2). All
other internal surfaces were washed to account for total losses. Only particles which passed
the exit plane of the preimpactor nozzle were considered to have entered the impactor;
losses within the inlet to the preimpactor were considered to be sampling losses and were
not considered. The relative fluorescence of each wash was measured with a fluorometer
(Model 112, Turner Associates, Palo Alto, CA). With proper choice of dilutions, all
solutions could be measured on the same fluorometer scale, for which the instrument
response is linear with uranine concentration.

From the measured uranine concentration and the volume of diluent, the mass of
uranine in the wash was obtained, which is proportional to the mass of deposited droplets.
The total mass of aerosol entering the impactor was obtained as the sum of all the stage
deposits, the filter deposit, and the total losses; a stage response was calculated as the ratio
of the mass collected on the stage to the total mass. For each test, all stage responses and
the total mass were adjusted to account for the multiplet concentration as measured by the
APS (Marple et al., 1987). Doublets were typically found to account for about 6% of the
total mass, while higher multiplets were rarely observed.
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The generation of particles with diameters between 0.8 and 1.3 um required such low
concentrations of oleic acid (and uranine) that the sampling times required to obtain
accurate fluorescence measurements became too long. Since the particle losses in this size
range are low, it was possible to use an alternate calibration approach in which two
impactors are set up in parallel. In the first, all plates below the nozzle—plate of interest
are removed from a fully assembled impactor. In the second, a collection plate is included
beneath the nozzle—plate of interest, and all following plates are again removed. Using the
APS, the concentration ratio of particles exiting the second impactor to those exiting the
first gives the number of particles collected for the stage of interest. In the absence of
losses, the response function is obtained by dividing this value by the concentration
measured upstream of the impactors. For the small diameters used in this method, losses
were less than a few percent.

Since the generation of particles smaller than 1.3 um requires the use of dilute
solutions of oleic acid in alcohol, the concentration of impurities begins to affect the
accuracy with which the droplet diameter can be determined. By comparing the APS
response for these particles with that for PSL (polystyrene latex) monodisperse spheres
(Duke Scientific, Menlo Park, CA) and for particles in the overlapping size range from
stronger solutions, it was possible to estimate these impurities for each test. The measured
range of impurities was 5 to 15 ppm. Although particle diameters have been corrected for
impurities, uncertainties for particle diameters less than about 1.3 um are greater than for
larger sizes. The estimated uncertainties in diameter are 3% for particles below 1.3 ym in
size, and 2% for particles above 1.3 um. The presence of impurities limited the present
study to particles above about 0.7 um. Thus, no information was obtained beyond stage 6.

4 Experimental Stage Response Function

The experimental stage response functions, K P for the preimpactor and stages 0 and 1
are shown in Figure 3; total losses and the response functions for the preimpactor and
stages 2 through 6 are shown in Figure 4. The symbols indicate experimental data, while
the solid curves are semi—empirical fits (see Section 5). Data obtained with both the
fluorometric and concentration-tatio techniques are shown, and are seen to be in good
agreement where the techniques overlap. The preimpactor curve displays the classical
S—shape since, as the first collection surface encountered by the aerosol, the preimpactor
stage efficiency and stage response are identical. Later stages show bell-shaped stage
responses that arise from the interaction of their nonideal collection efficiencies and those
of earlier stages.

12
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The presence of the preimpactor has a dramatic effect on stages 0 and 1. As will be
shown later, the dpso for the preimpactor is essentially equal to that for stage 1, and is
actually less than the dpso of stage 0. The maximum response of stage 1 is less than 20%,
while no more than 5% of the aerosol entering the impactor is ever found on stage 0. The
preimpactor efficiency curve does not show a sharp cutoff, so that its presence is also felt
(although to a lesser extent) by stages 2 through 4. The estimate for the preimpactor dpso
obtained in this work (10.9 pm at 14.4 ALPM) agrees well with that found by McFarland
et al. (1978) (10.8 ym at 14.2 ALPM).

Internal losses and the S—shaped responses of the stages result in maximum stage
responses that fall significantly short of unity. The maximum response of stages 2 and 3 is
only 0.6, while stages 4, 5, and 6 show somewhat higher maximums (0.8 to 0.9).
Physically, maxima less than unity indicate that a monodisperse aerosol is never collected
exclusively on one stage, but is distributed among several stages and internal losses.

Interstage losses reached a maximum of about 15% for particle aerodynamic
diameters of about 10 um, decreasing for both larger and smaller sizes. The decrease in
losses for particles smaller than 10 ym has been frequently observed, and results from the
decrease with size of both major loss mechanisms (inertial and gravitational deposition).
Diffusional and electrical deposition, which increases for smaller particles, are not
significant in this study (particle diameters greater than 0.7 ym). The decrease in losses
for particles larger than 10 ym is not typically observed, and results from our definition
that a particle enters the impactor only by passing the exit plane of the preimpactor
nozzle. Particles that pass the nozzle exit plane see no surfaces until the impaction surface,
where they are collected with unit efficiency in the large—particle limit. By this definition,
particle losses approach zero in the large—particle limit, as confirmed by experiment.
Particle deposition certainly occurs in the preimpactor nozzle (and in upstream plumbing),
but these losses are considered issues of particle sampling and transport. Aerosol sampling
and transport mechanisms have been extensively studied, and a review of this work (Fissan
and Schwientek, 1987) has recently been published. A computer code (ASTEC) for
calculating sampling and transport efficiencies has recently become available (Yamano and
Brockmann, 1988).

5 Analytic Representation of Stage Response Functions
As discussed above, the reconstruction of a continuous size distribution from a set of
stage—deposit data requires the use of an inversion algorithm. The stage—response and

interstage—loss data shown in Figures 3 and 4 provide the complete characterization of the
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Mark III cascade impactor (for liquid droplets) required for such an analysis. Generally,
the inversion problem amounts to using Equation 2 to determine which inlet distribution,
f( dp o) Bives the best agreement with the measured data set, M. The integration required
in Equation 2 would be greatly simplified if an analytic representation of the data could be
found. Such a representation is presented in this section.
The present analysis is based on the expressions for stage response given in Equation
1 where interstage losses have been neglected. In order to use this formulation, an
interstage—loss function, L(dp a) (defined as the fraction of particles of size d , lost in the
impactor) is introduced and applied immediately to the inlet distribution. Reducing the
inlet distribution by the measured interstage losses is obviously nonphysical, since these
losses occur throughout the impactor. This assumption greatly simplifies the analysis and
yet, as shown below, satisfies our primary goal by providing an acceptable fitting of the
stage—response data. Under this assumption, Equation 2 can be expressed as:
*
Mi=f Kz.(dpa)f (dpa)dd

pa
where:

Fly) = fd)0-L(d,)

pa
KPI(dpa) = EPI(dpa) (3)
Ki(dpa) = Ez(dpa)(l_Ei—l(dpa))' . -(1—EPI(dpa)) i=0,1,.,7

Kppldy) = (=B ))1-Eg(d) ) (1-Fpy(d, ).

KPI is the response function for the preimpactor, and K ; are the response functions for
stages O through 7. The response K, describes the behavior of the after—filter following
stage 7, which is assumed to collect with unit efficiency all of the particles exiting stage 7.

Analytic representations for both L and the S—shaped stage—efficiency curves are
needed to complete the analysis. After investigating a variety of efficiency functions, the
following form provided sufficient flexibility in fitting the data:

E (dpa) = tanh [4o2] 1] @

where a; and b; are parameters for each stage that are fit to the experimental data using
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the least—squares minimization algorithm discussed below. The correlation of Equation 4
provides the expected efficiency limits: unit efficiency for infinitely large particles, and zero
efficiency for infinitesimally small particles. The cut—point diameter is easily shown to be

dpso = a3(0.5493)1/ 5.
The experimentally observed losses can be described with the following empirical
form:

L(dps) = (0.361y — 0.732y% + 0.7194°) - eap(—y>-58) (5)

where y = dpa/10.57 _

and the constants are the fitted parameters obtained using the least—squares minimization
method discussed below. Equation 5 tends to zero in both the large and small particle
limits.

The parameters given in Equations 4 and 5 were found by minimizing the
sum—of—squares differences between the experimental data (Ki and L) and the responses
predicted with Equations 3-5. A gradient—expansion, nonlinear least—squares
minimization algorithm presented in Bevington (1969) was used to perform the fitting.
The present analysis used a two—step fitting process. First, the loss response function
parameters were obtained by fitting Equation 5 to the measured losses: these parameters
have already been given in Equation 5. Second, all eight of the stage response curves were
fit simultaneously using the expressions for K ; in Equation 3, the correlation formula for Ez.
in Equation 4, the measured Kz. data, and the fitted results for L from the previous step.3
Table 2 presents the fitted parameters (a; and b;) obtained with this analysis.

The fitted approximations for K ; are shown as solid curves in Figures 3 and 4. As
can be seen, the agreement with data is quite good. The maximum observed deviations
between experimental and fitted response functions is 6.7% of full scale, with typical
deviations of about 3% of full scale. Both the maximum and typical deviations are
consistent with estimates of experimental uncertainty, and thus the proposed analytic
expressions for the K ; are sufficiently accurate for use in the inversion of Equation 2.

Traditional cut—point diameters for the stages can be found by solving Equation 4 for
dpa With Ez. = 0.5. Cut—point diameters obtained in this way are given in Table 1.

3The techniques used in this study did not allow calibration of stage 7. In our field work,
the masses deposited on the after—filter and on stage 7 are combined, and an effective
response function, K, o p = (1—E6) +++(1-Epp), is introduced for data analysis.

17



Table 2. Fitted Parameters for the Andersen Mark III Cascade Impactor at 14.4 ALPM
p=986#404g/cm3, p=1.83-104 g/(cm-s)

Stage ai b

No.

PI 12.08 4.987
0 20.93 3.000
1 11.88 4.894
2 7.275 6.361
3 5.447 5.409
4 3.104 . 5.877
5 1.566 6.204
6 0.7465 4.124

6 Particle Bounce

Attempts to apply the present calibration study to interpretation of solid—particle
data should proceed with caution. The results of several investigators (e.g., Rao and
Whitby, 1977, 1978; Knuth, 1984; and Vanderpool et al., 1987) show that while glass—fiber
substrates reduce particle bounce when compared to untreated surfaces, they do not
eliminate it. Vanderpool et al. (1987) give evidence that even silicone—sprayed glass—fiber
filters show significant bounce effects; interestingly, stainless—steel foils coated with the
same spray showed no evidence of bounce. The use of other substrates, such as greased
foils, would likely require a recalibration of the impactor.4

7 Conclusions

This document presents an experimental determination of the stage responses for an
Andersen Mark III cascade impactor. The calibration method was designed so as to
provide direct measurement of the stage response functions whenever possible. By
operating the impactor as a fully assembled unit, inter—stage effects on both stage
collection efficiencies and losses are reliably accounted for. Internal losses and the
S—shaped collection efficiencies of the stages result in maximum stage responses that fall

4Collection efficiencies of %lass—ﬁber substrates have been shown to differ markedly from
oil—coated stainless steel plates. See Rao and Whitby (1977).
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significantly short of unity. Physically, maxima less than unity indicate that a
monodisperse aerosol is never collected exclusively on one stage, but is distributed among
several stages and internal losses. Also, the presence of the preimpa,c{%f has a dramatic
effect on stages 0 and 1, limiting their maximum responses to 0.2 and 0.05, respectively.

An analytic representation based on the response data is introduced; this continuous
correlation will be helpful in inversion methods that rely on the integral response function
given in Equation 2. The advantages associated with such inversions (as compared to
simple histogram methods) depend on the nature of the aerosol being sampled, and have
not been explored in this work. As the response curves obtained in this work strictly apply
only for liquid particles, their use with solid—particle systems should be approached with
caution.
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