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ABSTRACT
Experiments were carried out in an impactor, where the distance between the impactor nozzle and
the impactor plate was small, much less than one nozzle diameter in separation. The aerosol
deposition patterns in this impactor were investigated for aerosols in the 3–15 mm diameter range.
Ring-shaped deposition patterns were observed where the internal diameter and thickness of the
rings were a function of the particle diameter. Specifically, the inner diameter and ring thickness
were correlated to the Stokes number, Stk; the ring diameter decreased with Stk, and the ring thick-
ness increased with Stk. At Stk» 0:4 the ring closed up, leaving a mostly uniform disk deposition
pattern. These ring patterns do not appear to correspond to patterns previously described in the lit-
erature, and an order of magnitude analysis shows that this is an inertially dominated process.

EDITOR
Pamod Kulkarni

1. Introduction

Aerosols have significant health (Schwartz and Dockery
1992; Schwartz 1994; Pope et al. 1995; Davis et al. 2002;
Schwartz et al. 2002; Seaton et al. 1995; Docker and
Pope 1994) and environmental (Pruppacher and Klett
1978; Horvath 1993; Ramanathan et al. 2001; Kanaki-
dou et al. 2005) effects whose magnitude depends on,
among other things, the size and number density of
these aerosols. It is therefore critical to have accurate
and robust methods for measuring the aerosol size dis-
tribution. A commonly used instrument for this pur-
pose is the impactor (Hinds 1982; Vincent 2007;
Liu 1975; Marple 2004) which operates by accelerating
an aerosol-laden flow through a nozzle onto a plate-ori-
ented normal to the nozzle axis. This setup results in a
low-diameter band-pass filter since large particles will
deposit on the plate due to their inertia, while small
particles pass around the impaction plate without depo-
sition. By combining several of these plates, or stages,
in series, an impactor cascade is created where each
subsequent stage captures progressively smaller particle
diameters. The particle size distribution can then
be determined by gravimetrically measuring the mass
deposited on the plate of each stage, with the number
of bins in the resulting distribution equal to the number
of stages in the cascade. Typical cascades have from five
to eight stages, though impactors with more stages do
exist such as the Sierra TAG, the MOUDI, nano-
MOUDI, and the ELPI impactors which have 9, 10, 13,

and 13 stages, respectively. (Marple and Willeke 1976;
Marple et al. 1991; Marple 2004; Marjam€aki et al. 2000).

Impactor stages are typically characterized by their
cutoff diameter, d50, which is defined as the particle
diameter for which 50% of the sampled particles will
deposit on the impactor plate. The plot of the fraction of
particles collected, h, versus particle diameter d is typi-
cally sigmoidal in shape, quickly approaching zero to the
left of d50, and quickly approaching unity to the right of
d50. The steeper this curve at d50, the less uncertainty
there is in the diameter range collected by each impactor
stage (Arffman et al. 2011; Chen et al. 2011). The steep-
ness of the sigmoidal collection curve is determined by
the characteristics of the flow through the impactor
stage, and is primarily controlled by the ratio of the dis-
tance between the impaction plate and the nozzle, S, and
the nozzle diameter, W. Typically, impactor stages are
designed to have S=W> 1 to maximize the steepness of
the deposition curve. This is likely the reason that explo-
ration of small S=W impactors has been minimal. It has
been shown that by decreasing S=W, the steepness of the
deposition curve decreases, collecting more particles
below d50 and fewer particles above d50 than is the case
for S=W> 1. Decreasing S=W also decreases d50
(Grinshpun et al. 2005; Marple and Willeke 1976; Liu
1975; Marple et al. 1974).

In an unrelated experiment, the authors used small S=
W impactors. The goal in that work was to capture mon-
disperse particles for subsequent sizing via microscope
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imaging. Because the particles were monodisperse, the
steepness of the h versus d curve was not relevant. The
resulting deposition patterns were unexpectedly ring
shaped. The goal of the present work is to further explore
these small S=W impactors. Specifically, we sought to
determine if the ring-shaped patterns were robust and to
find whether the geometry of the ring patterns were
determined by impactor parameters.

2. Experimental method

Experiments were conducted at small S=W for a range of
particle diameters to determine if any dimensional char-
acteristics of the rings might be a function of particle
diameter. The apparatus used to do this is shown in
Fig. 1. The particles used in these experiments were com-
posed of disodium fluorescein which were generated
using a vibrating orifice aerosol generator (VOAG, TSI
Model 3450). The disodium fluorescein was dissolved in
a 50/50 water/isopropyl alcohol solvent. This solution
was flowed through the VOAG, creating a monodisperse
distribution of drops. Upon evaporation of the solvent, a
monodisperse particle distribution remained having a
diameter, d, determined by

dD 6QC
pf

� �1
3

(1)

where C is the solution concentration, Q is the solution
flowrate, and f is the vibration frequency of the VOAG
orifice (Berglund and Liu 1973). Disodium fluorescein
was used since it is a bright green dye which is easily
visualized.

As shown in Fig. 1, the aerosol stream was convected
from the VOAG through a vertically oriented drying col-
umn having a diameter of 100 mm using house air. The
house air passed through a Kr-85 source (TSI Model
3077A), so that all of the air used in the jet was subjected
to charge elimination. The house air had a relative humid-
ity that was typically 5% and which facilitated evaporation

of the solvent to create particles. The particles were flowed
through a diffusion drier (ATI Model DD250) to ensure
that they were fully dry and had a density, r, equal to that
of pure disodium fluorescein and a diameter predicted by
Eq. (1). The dry particles were then passed through a noz-
zle with an exit diameter, W, of 12.7 mm. As shown in
Fig. 2 this nozzle consisted of three stages, an expansion
plenum, followed by a flow straightener comprising
packed 3 mm straws approximately 30 mm in length in a
50 mm straight plenum, and then the nozzle whose profile
conformed to a fifth-order polynomial defined by Bell and
Mehta (1988). Wire mesh diffusers with a mesh size of »
0:5 mm were installed between each stage. The region sur-
rounding the nozzle orifice had a flat face indicated as F in
Fig. 2, and which was 2 mm wide. This nozzle is designed
to provide a flat velocity profile at its exit. The jet exit
velocity, U , was measured with a hand held anemometer
(TSI Velocicalc).

A microscope slide mounted on a precision transla-
tion stage served as the impactor plate. As particle
bounce was a concern, a sticky coating was applied to
the microscope slide to aid in particle retention (Tsai
et al. 2012; Pak et al. 1992; Turner and Hering 1987).
This coating was created by pretreating the slide with a
solution of Vaseline brand petroleum jelly dissolved in
heptane at a 1:20 volume ratio in a method similar to
that used by Sethi and John (1993). The microscope slide
was dipped in this solution and then allowed to dry,
resulting in a » 4 mm thick film of petroleum jelly coat-
ing the microscope slide. The spacing between the nozzle
and the slide, S, was set to 0.6 mm using the micrometer
traverse, giving S=WD 0:047. The coated microscope
slide was exposed to the aerosol laden jet for a period of
time sufficient to allow a visible accumulation of particles
on the slide. This duration ranged from 30 s to 5 min
depending on the particle number density in the jet.

Attempts were made to confirm the particle diameter
predicted by Eq. (1) by imaging the particles deposited
on the slide at 10x using a microscope (Leica DM750)
with a mounted digital camera (Cannon Rebel T3).

Figure 1. Apparatus used to generate monodisperse disodium
fluorescein particles and measure the resulting deposition
pattern.

Figure 2. Schematic of the Bell and Mehta (1988) nozzle used to
produce a uniform velocity jet. The diagram is not to scale.
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However, due to humidity in the laboratory the depos-
ited fluorescein particles, which are very hygroscopic,
would begin to absorb water from the laboratory air
almost instantly upon removal of the microscope slide
from the dry jet air. This would cause the particles to
“melt” and either combine with each other on the slide,
or grow in diameter. In an attempt to minimize the
degree of water absorption by deposited particles during
this transition, the microscope was enclosed and flushed
with 5% relative humidity air. However, when transfer-
ring the slides from the jet to the microscope enclosure
there was still significant water adsorption from the
ambient lab air. When the laboratory air had a relative
humidity > 30%, imaging measurements revealed devia-
tions from Eq. (1) > 40% and deviations on the order of
15% for dryer lab conditions. It should be noted that the
absorbtion of water and growth of the particles did not
occur until after the particles had deposited on the
microscope slide and the microscope slide was removed
from the jet apparatus. Hence, none of the absorbtion
issues described above affected the particle trajectories or
impact location on the slide. In light of the above, Eq. (1)
was used to obtain d for all of the results presented
herein.

To obtain images of the rings, the microscope slides
were back-lit and imaged at 1x using a digital camera
(Cannon Rebel T3i) with a 65 mm macro lens (Canon
MP-E 65 mm). The diameter and thickness of the rings
were then measured using these 1x images. Measure-
ments obtained from both the 1x and 10x images were
generated by importing the captured images into ImageJ
(Schneider et al. 2012). The 1x ring images were mea-
sured by manually drawing a circle over the inner and
outer diameter of the rings and obtaining a pixel mea-
surement of the diameters, which were then converted to
lengths via calibration images of a fine-scaled rule which
was imaged at the same location as the microscope slide.

3. Results

Representative ring-shaped deposition patterns are
presented in Fig. 3. This figure shows that the ring
inner diameter, outer diameter, and, concomitantly,
ring thickness (one-half the outer diameter minus the
inner diameter), vary with particle diameter d. Visual
observation of Fig. 3 shows that the inner diameter gets
smaller as the particle diameter increases from 6.16 mm
to 12.98 mm. At dD 12:98 mm, the inner diameter of
the ring has decreased to zero, as the entire circular
region is filled in. There are a few anomalies in Fig. 3
which warrant discussion. First, the blurred checker-
board pattern in the background of all four images is a
result of the LED array which was used to back-light

the microscope slides for imaging; the checkerboard
pattern is simply an out-of-focus image of this array.
Second, in Fig. 3(b), and to a lesser extent Figs. 3(a) and
3(c) there is some dust contamination visible. These
dust particles are the linear objects visible inside the
ring in Fig. 3(b), and the large dark particles in Figs. 3
(a) and 3(c). In color images, it is clear that these are
dust since it is easy to distinguish between the orange-
brown fluorescein particles generated in this experi-
ment and the ambient dust, however this distinction is
lost when reproduced in grayscale. Third, in Fig. 3(a)
there is a faint second ring inside the well-defined pri-
mary ring. This is the result of the particle distribution
not being perfectly monodisperse and will be discussed
in more detail in Section 4. Fourth, in Figs. 3(a)–(c) the
top portion of the deposit appears darker than the bot-
tom. We hypothesize this is due to a slight cant in the
mounting of the slide, making the top » 20 mm further
from the nozzle than the bottom. Finally, the regular
“cell” pattern in the deposit in Fig. 3(d) is due to the
flow straightener in the nozzle, as there are the same
number of “cells” within the deposit as the number of
straws used in the flow straightener.

The particle velocity, U , and aerosol diameter, d, were
varied. In Fig. 4, the ring dimensions are plotted against
the particle Stokes number typically used to characterize
impactors (Hinds 1982; Marple and Willeke 1976; Liu
1975):

StkD rd2U
9mW

(2)

where m is the dynamic viscosity of air. These plots show
the result of 182 deposition rings, binned in Stk, with bin
widths of 0.03. The error bars show 95% confidence
intervals for the ring dimension. As Fig. 4(a) shows, the
inner diameter of the ring is very sensitive to Stk, varying
from 15 mm to zero as Stk increases from 0.05 to 0.49.
The ring outer diameter is relatively insensitive to Stk,
decreasing from » 15 mm to slightly more than 12 mm
over the same range of Stk. It is noted that no deposition
was observed below Stk» 0:035, and at Stk» 0:4 the
inner diameter approaches zero and is equal to zero at
the largest Stk explored giving a ring thickness of W=2.
This condition corresponds to a uniform deposition,
which would be expected for a traditional impactor. Also
of note, for a circular nozzle with S=W> 1, d50 will occur
at Stk50 = 0.24 (Hinds 1982), and 100% collection of par-
ticles occurs at slightly higher Stk. Interestingly, this
100% collection would correspond approximately to the
point in Stk space where the observed depositions from
the small S=W impactor tested herein cease to be rings,
and become uniform.
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To investigate the influence of S=W on the ring
dimensions, additional data was gathered at smaller
S=W. This data is presented in Figs. S1 and S2 in the
online supplemental information, and shows that the
ring internal and external diameters increase with S=W .

The ring thickness is essentially unaffected by variation
in S=W for the data collected.

To ensure that the rings formed during these experi-
ments were truly a function of particle diameter, and not
caused by some unknown process varying from
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Figure 4. Relationship between ring dimensions and Stk: (a) Ring inner diameter versus Stk; (b) ring outer diameter versus Stk; (c) ring
thickness versus Stk. The nozzle diameter,W; is shown as the dashed line.

Figure 3. Representative particle deposition patterns imaged at 1x magnification for various particle diameters and jet velocities:
(a) d = 6.16 mm, Stk = 0.07; (b) d = 7.18 mm, Stk = 0.12; (c) d = 12.69 mm, Stk = 0.20; (d) d = 12.98 mm, Stk = 0.38.
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experiment-to-experiment, rings were obtained for the
case where two particle diameters were present in the jet
at the same time. This was done by slightly detuning the
VOAG to produce a bimodal aerosol. The existence of a
bimodal distribution of drops leaving the VOAG is easily
confirmed by providing a slight horizontal air flow over
the VOAG head which, when illuminated from the side,
shows two separated jets instead of one when the system
is appropriately detuned. Running the VOAG in this
detuned condition produced two different particle diam-
eters as shown in Fig. 5. The bottom images in Fig. 5
show the 1x images of the deposition pattern resulting
from the bimodal aerosol, revealing two well-defined
rings, separated by a particle-free gap. The top images in
this figure show a 10x view of the deposit, clearly show-
ing that the larger diameter particles are located in the
inner ring and the small particles in the outer ring, in
agreement with the results presented in Figs. 3 and 4. Of
note, some of the particles have soft, fluid-like edges and
some appear to be in the process of merging, this is likely
due to the hygroscopicity of the fluorescein particles dis-
cussed in Section 2. The possibility of particle merging
prior to acquisition of the images presented in the images
in Fig. 5 does not invalidate our conclusions, however,

since this occurs once the particle has been deposited
and therefore could not have influenced the particle’s
trajectory as it traveled from the nozzle to the slide.

4. Discussion

The deposition patterns on impactor plates for tradi-
tional impactors have been previously investigated and
described in the literature. These investigations have
found that for typical operating conditions, the deposi-
tion pattern of a polydisperse aerosol is nominally a
Gaussian distribution centered on the nozzle axis (Rock-
lage et al. 2013; Roeber 1957; Berner 1978; Sethi and
John 1993; John et al. 1991). These studies did not, how-
ever, investigate the size distributions within the particle
deposits. Studies of monodisperse particles have shown
that there is some correlation between the spatial distri-
bution of deposited particles and particle diameter for
particles near d50, with larger particles tending to deposit
closer to the centerline of the jet, and smaller particles
migrating outward (Sethi and John 1993; John et al.
1991). However, this behavior appears to be the result of
aerosol focusing in the impactor nozzle. Aerosol focusing
will preferentially concentrate selected diameter particles

Figure 5. Deposition rings produced by bimodal particle distributions. The bottom images show two distinct deposition rings, separated
by a thin particle-free region. The top images show magnified regions of the deposition rings, showing the size segregation of the
deposited particles. The inner and outer deposition rings contain particles with d of (a) 12.98 mm and 7.9 mm and (b) 5.54 mm and
4.4 mm, respectively. This corresponds to Stk of (a) 0.40 and 0.14; and (b) 0.06 and 0.04, respectively.
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to the centerline of the flow, the selected particle size
being a function of the flow conditions and the nozzle
geometry (Dahneke and Flachsbart 1972; Cheng and
Dahneke 1979; Dahneke et al. 1982; Rao et al. 1993;
Vidal-de Miguel and de la Mora 2012; Rennecke and
Weber 2013). Burwash et al. (2006) found a similar
deposition pattern with fixed particle sizes for high Rey-
nolds number jets, and that the relationship between the
deposition location was correlated with S=W. However,
it should be noted that none of the above studies reveal a
clear separation between particle deposition locations
based on size, showing only a gradual shift in the radial
extent of a Gaussian pattern.

In addition to the deposition patterns discussed
above, secondary deposits, or “halos”, have been occa-
sionally observed ringing the main deposit on an
impactor stage (Berner 1978; Roeber 1957; Rocklage
et al. 2013; Oodo et al. 1981). The particles in these
“halo” deposits have diameters smaller than d50 for
the impaction stage, suggesting some relationship
between deposition location and particle diameter, at
least for particles smaller than d50. However, we are
unaware of any studies which explored whether and to
what extent particles were geometrically segregated in
these halos according to their size. Several mechanisms
have been proposed to explain the formation of these
“halo” deposits, including gravitational settling, Mag-
nus lift, Saffman lift, and particle resuspension. How-
ever, we are unaware of any studies which examine the
role of these proposed mechanisms in the formation of
“halo” deposits on a diameter-resolved basis. All of
these deposition patterns appear to be significantly dif-
ferent from those presented in the present work, as the
observed rings, such as those presented in Figs. 3 and 5,
are very well-defined with minimal blurring around the
edges compared with those described in the literature
above. Hence, the results presented herein showing a
clear ring pattern for a monodisperse aerosol, where the
ring diameter is clearly related to the particle diameter,
is a new result.

It is worth noting that an instrument does exist which
uses deposition location to size particles. This instrument
is the inertial spectrometer, which relates aerosol diame-
ter to the location along a curved path, where the aerosol
is deposited (Prodi et al. 1979; Belosi and Prodi 1987).
Obviously the flow conditions in this instrument are sig-
nificantly different from those which exist in the impac-
tor described in the present work.

The excellent correlation of the ring diameters with
Stk shown in Fig. 4 suggests that the observed ring
deposition patterns are governed by particle inertia.
To help confirm this, an order of magnitude analysis
is now presented to determine the degree of influence

that other processes, such as Saffman lift, Magnus lift,
and diffusion due to Brownian motion, as well as
inertia, would have on the deposition patterns. A free
body diagram is presented in Fig. 6 showing the
forces considered as well as the assumed velocity pro-
file within the slot separating the exterior of the noz-
zle (the region “F” shown in Fig. 2) and the impactor
plate. All the forces considered are assumed to occur
within the indicated slot.

The particle inertia was estimated using the accelera-
tion required to stop a particle traveling at velocity U
over a duration, t; where t is the relaxation time of the
particle given by:

tD W ¢Stk
2U

(3)

The particle inertial force, FI , was then estimated as:

FI D rpd3U
6t

(4)

The Saffman lift force, FS, on a particle traveling through
a velocity gradient, was estimated according to the work
of Saffman (Saffman 1965, 1968) as:

FSD 1:615rf d
2US

ffiffiffiffiffiffiffiffiffiffiffi
n
dUs

dy

s
(5)

where rf is the fluid density, n is the kinematic viscosity,
and US is the velocity through the slot. As indicated in
Fig. 6, it was assumed that the velocity gradient in the
slot was linear, and that there were no compressibility
effects.

Figure 6. Free-body diagram of forces acting on the particle in a
curvilinear path transitioning from the flow through the nozzle
to flow through the slot gap between the nozzle exterior and the
impactor slide. Also shown is the assumed velocity profile in the
slot for the purpose of this order of magnitude analysis.
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The lift due to the rotation of a sphere, the Magnus
effect, FM , was obtained using the work of Rubinow and
Keller (1961):

FM D p

8
d3vrf US (6)

where v is the angular velocity of the rotating particle.
The rotation of the particle was estimated as a solid body
rotation driven by the velocity difference across the par-
ticle.

Values of FI , FS, and FM are presented in Table 1 for a
range of conditions and particle diameters investigated
in this work. These numbers show that inertia is the
dominant force acting on the particles, except perhaps at
large Stk where FI is indeed larger than FS, but only dou-
ble its magnitude. Further investigation is needed, but it
seems likely that inertia is the governing factor in the for-
mation of these rings.

Finally, it is now demonstrated that the amount of
“blurring” in the rings caused by Brownian motion of
the particles is small compared to the measured ring
dimensions. The particle drift, dB, due to Brownian
motion was estimated as (Hinds 1982):

dBD
ffiffiffiffiffiffiffiffi
2Dt

p
(7)

where t is the transit time of a particle on the centerline
to completely pass through the curved portion of the
flow between the nozzle and the impaction plate, and D
is the particle diffusivity defined as (Hinds 1982):

DD kTCc

3pmd
(8)

where k is the Boltzmann constant, Cc is the Cunning-
ham slip correction, and T is the temperature. As
Table 1 shows, the particles will move less than a
micron due to diffusion, which is orders of magnitude
smaller than the millimeter scale thickness of the rings
presented here, and indicates that diffusion should be
negligible in the formation of the observed rings.

5. Conclusion

Experiments were conducted to measure the deposition
patterns resulting from an impactor with S=WD 0:047.
The resulting deposition patterns were in the form of
rings whose inner and outer diameter were correlated to
Stk. These rings appear to be distinct from the impactor
deposition patterns described by previous investigators.
An order of magnitude analysis has shown that inertia is
dominant for the particle sizes investigated and the most
likely cause of the ring-shaped depositions observed. As
the ring geometry is so well correlated with Stk, it may
be possible to use the spatial location of deposition to
help determine inter-stage particle size distributions if
the results presented herein can be applied in a tradi-
tional impactor cascade.
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