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Large inhalable particles are present in the workplace, yet few
instruments exist to count and size such particles in situ.
Inhalable-aerosol exposure can be evaluated using mass-based
samplers such as the IOM or Button sampler, but these devices
do not provide information on particle size distributions. Size-
resolved samplers such as cascade impactors or the Aerodynamic
Particle Sizer are limited to particle sizes <20 pm due to
difficulties with particle aspiration and transmission losses. This
work describes the development of two samplers capable of
measuring the concentration and size distribution of airborne
particles from 20 to 100 pm in aerodynamic diameter. One
device is based on the principles of an upflow elutriator, whereas
the other eliminates the potentially adverse effects of an upward-
facing jet to separate particles from a quiescent airstream.
Analytical models and computational fluid dynamics simulations
were used to predict the performance of the two samplers.
Sampling efficiencies of these devices were tested in a calm-air
chamber with polydisperse, fluorescent microspheres (10—
100 pm). Epifluorescent microscopy of settled dust was used to
determine reference particle counts and sizes. Both devices are
capable of size-selective sampling; however, the second sampler
produced higher sampling efficiencies and sharper cut points
compared to the simpler elutriator design. Experimental
sampling efficiencies for both samplers showed good agreement
with computational and analytical solutions. This work suggests
that these devices can size-segregate inhalable aerosols in
quiescent environments.

INTRODUCTION

Inhalable particles are defined as those that penetrate into
the head airway region and beyond. Ogden and Birkett (Ogden
and Birkett 1975) were the first to present the idea of the
human head as a blunt aerosol sampler and to demonstrate that
the head does not effectively inhale particles of all sizes. The
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inhalable particulate mass (IPM) criterion was subsequently
developed to describe the fractional sampling efficiency of the
human head (the inhaled fraction, or IF) as a function of parti-
cle aerodynamic diameter:

IF=0.5 % (1 +exp(0.06 * dy) [1]

for wind speeds <4 m s~ ' and particles <100 pm (Soderholm
1989).

Exposure to inhalable aerosols is traditionally assessed
using time-integrated personal samplers with gravimetric anal-
yses to determine dust concentration (Eller and Cassinelli
1994). The 37 mm cassette is the most commonly used per-
sonal sampler in the United States for industrial hygiene sam-
pling. However, the 37 mm cassette under-samples large
particles (>20 pm), relative to the human head (Kenny et al.
1997; Kenny et al. 1999). Compared with the 37 mm cassette,
the IOM and Button samplers have sampling efficiencies that
better match the IPM criterion (Mark and Vincent 1986;
Grinshpun et al. 1995; Kalatoor et al. 1995). All of these size-
selective samplers are limited; they do not report size distribu-
tions, only mass concentrations. Instruments capable of report-
ing the size distribution of aerosols exist, such as the
Aerodynamic Particle Sizer (APS), Scanning Mobility Particle
Sizer (SMPS) and various cascade impactors; however, these
instruments are limited to particle sizes less than about 20 pwm
in aerodynamic diameter.

The APS reports concentration and size distribution for air-
borne particles from 0.5 to 20 wm and has been extensively
used in laboratory and field studies (Chen et al. 1985; Baron
1986; Marshall et al. 1991; Armendariz and Leith 2002; Peters
et al. 2006; Gorner et al. 2010). Although extremely useful,
the APS provides size distribution information for only a frac-
tion of the inhalable range. At approximately 10 pm, the APS
begins to experience issues with particle transmission effi-
ciency into the detector (Volckens and Peters 2005).
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Gibson, Vincent, and Mark (Gibson et al. 1987) developed
the personal inhalable-dust spectrometer (PIDS), an eight-
stage, cascade impactor with an entry designed to match the
IPM criterion. The PIDS has been used to characterize the size
distribution of aerosol particles in coalmines, bakeries, and
primary lead smelters, where most of the mass is coarse. Mass
median diameters of 41.6, 60.7, 67.3, and 71.4 pm were found
in ore storage and milling, sinter pants, blast furnace, and
drossing areas, respectively (Spear et al. 1998). Bimodal dis-
tributions were found in an automated bakery, egg powdery,
cement factory, steel mill, spice factory, and in furniture car-
pentry, with large mass median diameters for the coarser mode
ranging from 14 to 59 pm (Lidén et al. 2000). These studies
demonstrate the presence of coarse dust in workplaces, with
mass median diameters often above 40 pm.

Although the measurement of inhalable particles is diffi-
cult, accurate knowledge of their concentration and size is nec-
essary to assess exposure and dose. Substantial differences
exist in deposition to the oral, nasal, pharyngeal, and laryngeal
regions for particles between 10 and 50 wm (Cheng et al.
1999); thus, the health effects of these particles can be substan-
tially different. Particle deposition in the tracheobronchial
region could potentially cause health effects such as asthma
and bronchogenic cancer. Particles depositing in the oronasal
cavities could result in health effects centered primarily in the
upper respiratory region.

A high prevalence of occupational illnesses is related to
inhalable-particle exposures. For example, occupational rhini-
tis occurs three times more frequently in occupational settings
than occupational asthma (Bush et al. 1998). Exposure to ani-
mal dander (Slovak and Hill 1981; Kup 1985), flours (Moscato
et al. 2008), wood dust (Kanerva and Vaheri 1993; Moscato
et al. 2008), textile dust (Slavin 2003), food, spices, organic
dusts, latex, and chemicals have all been associated with occu-
pational rhinitis, as has exposure to pesticides (Slager et al.
2009). Furriers, spice workers, vegetable pickers, hemp work-
ers, and grain handlers all have increased prevalence rates for
self-reported sinusitis (El Karim et al. 1986; Zuskin et al.
1988a,b, 1990, 1993).

Sinonasal tumors are rare, but of all cancers have the sec-
ond highest fraction attributable to occupational exposures
(Rushton et al. 2012; Youlden et al. 2013). Exposure to wood
dust (Andersen et al. 1977; Kleinsasser and Schroeder 1988;
WHO 1995; Pesch et al. 2008), leather dust (Bonneterre et al.
2007), nickel compounds, radium-226, radium-228 and their
decay products, and acids used in isopropyl alcohol production
are all known risk factors for sinonasal cancer (Baan et al.
2009; El Ghissassi et al. 2009; Straif et al. 2009). Textile dust
(Luce et al. 1997) and hexavalent chromium are possible risk
factors for sinonasal tumors as well, but evidence is limited.

Retrospective epidemiological studies, exposure assessments,
and the design of industrial hygiene controls are all hindered by
this inability to monitor inhalable particles accurately. The
objective of this study, therefore, was to develop a particle

separator capable of characterizing concentrations and size dis-
tributions of inhalable-aerosol particles from 30 to 100 wm in
aerodynamic diameter. The designs described here focus on
sampling in calm air environments, as mean indoor wind speeds
are generally less than 0.3 m s™' in most workplaces (Baldwin
and Maynard 1998).

DESIGN CONCEPT FOR THE PORTABLE INHALABLE-
PARTICLE SEPARATOR (PIPS)

A schematic of the PIPS sampler is shown in Figure 1. The
PIPS is based on the principles of a vertical elutriator. In the
Stokes drag region, the terminal settling velocity of a particle,
Vrs, occurs when the upward drag on a particle equals the
downward force of gravity,

dzp C.g
Ve = 222 2
s 18M ) [ ]

where d,, is particle diameter, p, is particle density, C, is the
slip correction factor, g is the acceleration due to gravity, and
. is fluid viscosity (Hinds 1999).

For particle settling outside the Stokes region, where parti-
cle Reynolds number (Re,,) is greater than unity, Equation (2)
loses accuracy. Instead, an alternative equation accurate within

Vi< VT:‘ .Vz‘y_r > Vg
E L
Vo |
7 Fully developed
region

Entrance length

— Developing region

\i

Tube Walls

e

Filter AirinletV g
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T

FIG. 1. Velocity profile in PIPS collection tube. The shaded triangular region
depicts the width of the inviscid core region for a developing laminar flow.



Downloaded by [Stephen B. Thacker CDC Library] at 14:31 13 April 2016

PORTABLE INHALABLE PARTICLE SEPARATOR 1197

3% for 1 < Re, < 600, can be used (Hinds 1999),

Vs = | exp(—3.070+0.9935/ —0.0178J%)  [3]
pgdp

where

4p,p,d>
s (y) n

and p, is the gas density. For spherical particles settling in air
at normal conditions, non-Stokes settling occurs for particles
larger than approximately 80 wm in aerodynamic diameter.

The PIPS sampler operates by directing filtered air upward
(vertically) through an open collection tube, in the opposite
direction to a settling particle. If the upward air velocity in the
tube is less than the particle’s terminal settling velocity, then
the particle should penetrate down through the tube and
deposit on a filter at the bottom of the collection tube. If the
upward air velocity is higher than the particle’s terminal set-
tling velocity, then the particle should be blown upward and
out of the tube. Thus, the upward velocity can be varied in the
PIPS collection tube to select a minimum particle size that
will penetrate to the detection region. In this work, collection
tube velocities were chosen to equal the terminal settling
velocity of particles with aerodynamic diameters of 30, 40, 50,
60, 70, and 80 wm.

Ideally, the PIPS sampler would provide a sharp cut; that is,
no particles smaller than the cut size, for which the particle’s
terminal settling velocity equals the upward air velocity in the
collection tube, would be collected at all. Furthermore, all par-
ticles larger than the cut size would be collected completely.
In this case, the cutoff curve, a plot of PIPS collection effi-
ciency against particle diameter, would increase from zero to
unity at the particle cut size.

Air Flow in PIPS Collection Tube

At the base of the PIPS, where the filter is located at the bot-
tom of the collection tube, air exiting the filter is assumed to
have a uniform upward velocity, V,. As air flows upward
through the tube, its velocity along the walls is reduced by fric-
tion. As the air velocity within this viscous boundary layer is
reduced, conservation of momentum increases the velocity
within the inviscid core (i.e., the centerline flow outside the
boundary layer); for laminar flow, these phenomena produce a
parabolic velocity profile (Figure 1). For fully developed lami-
nar flow in a tube, the average velocity is approximately half
of the velocity at the centerline. This parabolic profile will
cease changing shape after a certain length, known as the

entrance length, L., given by (Fargie and Martin 1971):
Le ~ 0.06 DT Ref, [5]

where Re,is the fluid Reynolds number and D7 is the diameter
of the tube. Beyond L, the inviscid core disappears and the
fully developed flow maintains the same parabolic shape
downstream.

The fluid flow inside the PIPS collection tube presents sev-
eral challenges in the prediction of particle trajectories and
collection. First, a nonuniform velocity profile at the top of the
collection tube and beyond may affect particle trajectory
toward the tube. Second, once particles are in the tube, the
developing flow profile and corresponding velocity magni-
tudes, which change as a function of depth, may affect particle
collection. Thus, particles that penetrate past the inlet of the
sampler still may not reach the detection zone (in this case, a
filter located at the base of the PIPS). If air at the top of the col-
lection tube has a parabolic velocity profile, then a particle
with aerodynamic diameter equal to the cut size that falls
towards the tube could enter the tube or be blown out, depend-
ing on its initial radial position (Figure 1). Consider a 50 pm
particle and a PIPS sampler operating at a cut size of 50 pm.
If the particle falls relatively close to the tube wall and in the
region where V,, < Vg, then the particle will enter the collec-
tion tube. If the 50 wm particle falls close to the centerline and
in the region where V,, > Vg, then the particle will be ejected
from the collection tube. As a result, the PIPS would not have
the desired, sharp cut at 50 wm as some particles smaller than
the cut size could enter but some particles larger than the cut
size could be ejected.

The axial velocity profile within the collection tube also
changes as particles approach the filter at the collection tube
bottom. Particles smaller than the cut size that enter near the
wall will encounter air with higher upward velocity as they
approach the filter. Thus, the tendency for a velocity profile to
allow particles smaller than the cut size to enter the collection
tube near its wall is self-correcting, as these particles should
not reach the filter (where velocity, V), is uniform across the
filter face). On the other hand, particles larger than the cut size
that fall near the tube centerline will be ejected and will not be
sampled. PIPS collection should be low, as intended, for par-
ticles smaller than the cut size, but incomplete for particles
larger than the cut size. A more pronounced velocity profile
should cause a more gradual increase in collection efficiency
with size.

The entrance length, L,, at the top of the PIPS collection
tube was calculated for each cut point from Equation (5). The
percent of developed flow at the top of the collection tube was
calculated by taking the ratio of the tube length to the entrance
length (Table 1). Because the collection tubes used here were
only a small fraction of L., the effect of velocity profile on par-
ticle sampling should be small.
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TABLE 1
PIPS cut sizes (aerodynamic particle diameter) and associated
filter velocity and flow properties

Particle cut PIPS filter Entrance % Developed
size, wm velocity, m g1 length, m flow

30 0.027 0.111 13

40 0.048 0.197 7.6

50 0.075 0.307 4.9

60 0.108 0.440 3.6

70 0.148 0.570 2.6

80 0.193 0.709 2.1

ANALYTICAL FLOW SOLUTION AND SAMPLING
EFFICIENCY

The Reynolds numbers associated with air flow through
the PIPS collection tube are very low, from 60 to 370 for
particle cut sizes from 30 to 80 um, so that the air flowing
out from the collection tube forms a dissipated laminar jet
(Reynolds 1962; McNaughton and Sinclair 1966). Under
these conditions the jet projects without mixing a certain
distance into the still air, then disperses laterally. Analyti-
cal methods to describe jet flow at these low Reynolds
numbers are not available. Although jet flow does not
become fully turbulent until Reynolds number exceeds
about 3000, equations for the propagation of a turbulent jet
(Schlichting et al. 2000) were used here with the under-
standing that, at best, they give a rough approximation to
actual flow conditions.

As a turbulent air jet enters quiescent air, a velocity shear is
created between the jet and the air causing turbulence and mix-
ing. The jet gradually expands, its upward velocity decreases
(Figure 2), and it entrains some surrounding air. The radius of
the jet is proportional to the distance downstream from the dis-
charge location (Schlichting et al. 2000).

Calculated Velocity Profile

Schlichting’s boundary theory (Schlichting et al. 2000)
defines the characteristics of turbulent jets. The axial velocity
profile is described by

Vz,r —e 94(r/z)? (6]
Vinax

and the centerline velocity by

D
Vi = 1222V, [7]
2z

—> <—
_> f_

m U
—> <«
D

---=7¥--1------Plane of orifice

Collection tube

Vi I

Are irtua

AR Filter
irinlet, VO

(r_Tz

FIG. 2. Diagram of a turbulent jet exiting the PIPS. The shaded region repre-
sents the spreading jet. The virtual source is located inside the tube geometry
and is the point from which the jet originates.

Combining Eqgs. (6) and (7) gives
D .
V=127 Ve~ 42 [8]

which allows the axial velocity profile to be solved as a func-
tion of axial distance from the jet origin, z, and radial distance
from the jet centerline, 7.

The initial radius of the jet that comes from the top of the
collection tube is the radius of the tube. The equations of tur-
bulent jet spreading are solved from a single point for the jet
origin, called the virtual origin, located inside the tube where
z =0, and set as the axial distance where the axial velocity at
the edge of the tube is half that at the centerline (Schlichting
et al. 2000).
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Radial air velocity was calculated using (Bird et al. 2007)

(2)(9) - 0.25((9))

U., = :
(1+025(c)?)

; [9]

where C is a dimensionless integration constant (15.1), v* is
the turbulent kinematic viscosity given by (Bird et al. 2007).

o

T

* (E)O-S VOT‘ [10]

Axial and radial air velocities were solved for turbulent jets
for the upward PIPS flow velocities defined in Table 1.

Calculated Particle Trajectories

Particle trajectories approaching the PIPS were calculated
using the particle terminal settling velocity (Equations (3) and
(4)) and jet velocities (Equations (8)—(10)). The initial particle
release height was 100 cm above the jet at specified radial
positions. The upward and radial velocities for the jet at the
initial release position were calculated. The particle’s axial
velocity was estimated as a function of time and location by
subtracting the axial jet velocity from the particle’s terminal
settling velocity. The particle’s axial velocity times a nominal
time step (0.05 s) was then subtracted from the initial axial
position to compute the new axial position. The particle radial
position was then updated using the initial radial distance plus
the outward radial velocity times the time step. The particle’s
axial and radial positions were calculated until the particle’s
axial position was below the top of the PIPS collection tube.
At that axial position, the particle’s radial position was com-
pared to the location of the tube wall. The initial radial particle

(@) Vs <V,

Inlet cap

cylinder
Particle

tube
Filter

collection

release position was varied until the particle’s final radial posi-
tion was just inside the tube wall. PIPS efficiency was then cal-

culated using
2
X,
E= (é) . [11]
2

where x), is the initial radial particle release location and D7/2
is the radius of the collection tube.

DESIGN CONCEPT FOR JET-FREE PIPS (PIPSv2)

As discussed above, jet effects at the air outlet (particle
inlet) at the top of the PIPS collection tube could affect particle
sampling efficiency. To reduce any such problems a second
sampler design, the PIPSv2, was developed to create a stagna-
tion point directly above the inlet of the upward-facing collec-
tion tube.

Figure 3 is a diagram of the PIPSv2 sampler with relevant
dimensions. As in the PIPS design, clean air flows upward
through a filter and into a collection tube. However, the
PIPSv2 sampler has a cap with a round inlet opening that is
centered directly above the collection tube. Below this cap, air
coming from the collection tube is pulled radially outward into
an annular space between the cap and tube walls, and from
there out the bottom of the sampler. This exhaust flow is set to
equal the upward flow through the collection tube so that no
air enters the sampler through the cap inlet opening. Table 2
gives the flow rates for the PIPSv2 sampler. As the upward
flow from the collection tube bends radially outward, it forms
an axial stagnation point below the cap inlet. From this stagna-
tion point, smaller particles that fall through the cap inlet
opening are carried away with the radial, outward flow,
whereas larger particles fall into the collection tube. This

(b)

0.0150r0.025 m

0.005 or
0.01m

FIG. 3. PIPSv2 design schematic illustrating (a) airflow and particle behavior and (b) dimensions. White arrows indicate airflow direction; dashed lines indicate

potential path lines for particles entering the sampler.
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TABLE 2
PIPSv2 flow rates for each cut size

1

Particle cut size, pm Flow rate, L min™

30 1.31
40 2.34
50 3.64
60 5.21
70 6.76
80 8.40

design eliminates the jet that emanates from the top of the col-
lection tube and should improve the sharpness of the resultant
cutoff curve.

Separation distance, defined as the gap between the bottom
of the inlet cap and the top of the collection tube, was varied
to determine its effect on the cutoff curve. Two separation dis-
tances were investigated: 5 and 10 mm. The diameter of the
inlet opening in the PIPSv2 cap was varied as well (15, 20,
and 35 mm).

COMPUTATIONAL FLUID DYNAMICS (CFD)
MODELING OF PIPS AND PIPSv2

CFD modeling was conducted to investigate airflow, parti-
cle transport, and sampling efficiencies for the PIPS and
PIPSv2 operating in calm air. Ansys software (Design Mod-
eler, Meshing application, and Fluent 14.0, Ansys Lebanon,
NH, USA) was used to create the geometry, generate the
mesh, and solve the equations of fluid flow. Steady-state,
incompressible Navier-Stokes equations were used to model
flow. Once the fluid flows were solved and the quality of the
solution assessed, laminar particle trajectories were simulated
to determine sampler efficiency. Six cut sizes were investi-
gated: 30, 40, 50, 60, 70, and 80 pm (Table 1). CFD modeling
details are included in the online supplementary information.
The PIPS sampler was modeled as a tube with an inner diame-
ter of 0.032 m, an outer diameter of 0.037 and 0.015 m high.
The PIPSv2 sampler was modeled as an interior collection
tube with an inner diameter of 0.035 m, an outer diameter of
0.037 m and 0.030 m high. The cap had an inside diameter of
0.052 m and outer diameter of 0.060 m. Six sampler geome-
tries were investigated for PIPSv2: three cap inlet openings
and two separation distances (Table 3). The effect of sampler
geometry on efficiency was investigated for the 50 pwm cut
size. Both PIPS and PIPSv2 were modeled 0.254 m above the
floor in the center of a calm-air chamber with dimensions of
I m x 1 m x 1 m. Simulated sampler efficiency was calcu-
lated by taking the ratio of the upstream area where particles
were aspirated to the cross-sectional area of the collection tube
and filter, analogous to Equation (11).

TABLE 3
CFD simulation variables
Inlet Separation
Sampler opening, m  distance, m Cut sizes, pum
PIPS 0.032 NA 30, 40, 50, 60, 70, 80
PIPSv2 0.015 0.005 30, 40, 50, 60, 70, 80
0.010
0.020 0.005 30, 40, 50, 60, 70, 80
0.010
0.035 0.005 50
0.010

Sampler Fabrication and Design

The PIPS sampler (Figure 4a) utilized a vertical collection
tube 32 mm inner diameter (ID) and 15 mm in length, with its
base fitted into a 37 mm filter cassette. A short tube length
was selected so that the effects of nonuniform axial velocities
on particle sampling efficiency (i.e., a parabolic laminar flow
profile) were minimized within the tube. The PIPS collection
tube was made from aluminum to minimize electrostatic
effects. An O-ring was situated at the base of the collection
tube to provide sealing between the tube and the filter cassette.
A coarse filter (Cellulose Support Pad, Pall) was chosen
because of its rigidity under positive pressure (via upward air-
flow). A rubber plug with a hose-barb fitting was placed over
the top of the collection tube to calibrate airflow through the
PIPS.

The PIPSv2 sampler (Figures 4b—d) had a vertical col-
lection tube 30 mm long with an inner diameter (ID) of
35 mm and an outer diameter (OD) of 37 mm, which also
allowed a 37 mm filter and cassette to be attached to its
bottom. Cap openings of 15 and 20 mm, and separation
distances between the bottom of the cap and the top of the
collection tube of 5 and 10 mm, were investigated to
inform the optimal settings for a sharp cutoff (Figure 4c).
The outer tube had ID and OD of 40 and 42 mm, respec-
tively. The PIPSv2 was made from aluminum for durability
and to minimize electrostatic effects, and weighed approxi-
mately 750 g. Two rotary vane pumps (GAST rotary vane
oil vacuum pump, model 0323) provided the necessary air-
flows (Table 2); each was controlled by a separate needle
valve. Calibrated rotameters monitored flows during a
given test and were adjusted as necessary to ensure bal-
anced flow. If the flow varied more than 10% over the test,
then the test was considered invalid and repeated.

Test Chamber

A vertical, calm-air chamber (2.5 m high with 1 m x 1 m
cross-section) was used to investigate the collection efficiency
of the samplers (Figure 5). The aerosol dispersion system,
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FIG. 4. (a) PIPS sampler, (b) top view of the opened PIPSv2 sampler, (c) PIPSv2 seen from above with inlet cap, and (d) side view of the PIPSv2 sampler. The
annular slit in (b) carries the upward flow away from the inlet, forming a stagnation point and the center of the PIPSv2 inlet in (c).

located in the upper section of the chamber, was comprised of
a cap holding 0.1 g of test powder connected to a compressed
nitrogen source. A solenoid valve was attached to the com-
pressed nitrogen line. When the valve was opened, a jet of
nitrogen ejected the test powder into the chamber. The nitro-
gen jet was activated once, for fewer than 5 s, to aerosolize
the test particles. A honeycomb diffusor (25 mm cell size) was
located in the center of the chamber (at a height of 1.25 m) to
break up any turbulent eddies generated during powder disper-
sion (keeping the lower half of the chamber relatively quies-
cent). The aerosol was then allowed to settle for 10 min,
sufficient for the smallest particles of interest to reach the base
of the chamber.

Three reference samplers and either the PIPS or PIPSv2
were located in a square pattern centered in the middle of the
chamber floor. The reference samplers were open, 37 mm

cassettes holding filters like the one used in the PIPS or
PIPSv2 sampler. They were located 250 mm above the cham-
ber floor, above the inlet of the PIPS or PIPSv2 sampler, to
minimize the influence of jet effects or particles ejected from
the PIPS or PIPSv2 sampler during measurements. After each
powder injection, the filters in the reference and test samplers
were changed, and the PIPS or PIPSv2 rotated to a different
corner of the square. This process was repeated until four tests
were made, one with the PIPS or PIPSv2 in each corner of the
square pattern. This set of four tests comprised one
experiment.

The polydisperse test powder was fluorescent, polyethyl-
ene microspheres of unit density with sizes ranging from
10 to 90 pm (UVYGPMS, Cospheric LLC). An epifluores-
cent microscope (Orthoplan, Leica) and fluorescence filters
(Vivid Plus Set XF05-2/B, Omega Optical) were used to
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FIG. 5. Schematic of the calm-air chamber and experimental setup. Particles
are aspirated into the upper section of the calm-air chamber and settle into the
testing section. Reference samplers are located in the testing section.

image collected particles. Filters were imaged under a 1.6x
objective lens and a 10x objective eyepiece. Imagel] soft-
ware (NIH, V1.46r [Rasband]) was used to obtain the area
of each particle, from which the corresponding particle
aerodynamic diameters were calculated using Microsoft
Excel. A stage micrometer provided a reference for ImageJ
size analysis. Size distributions of the reference samplers
were measured using microscopic analysis following the
procedure outlined above. Particles were sorted by aerody-
namic diameter into one of nine size bins from 15 to
95 wm, each with a 10 wm bin width. Figure 6 shows par-
ticles from a reference sampler photographed and analyzed
using this procedure.

Deposition patterns in the chamber were assessed to ensure
that particles were dispersed uniformly. The test aerosol was
dispersed into the chamber, and size and count statistics gener-
ated at the four sampling locations.

Measurement of Sampling Efficiency

Three replicate experiments of four tests each were con-
ducted for six particle size cuts (30, 40, 50, 60, 70, and
80 wm) for a total of 18 experiments per sampler. Fractional
sampling efficiency (m;) was computed for each size cut,

Ny,
= S 12
m; Na, [12]

where Nj; is the number of particles observed on the sampler
filter for the jth size range and Ny ; is the average number of
particles observed on the three reference filters for the jth size.

Velocity Measurements

Velocity measurements for the 70 wm cut were taken above
the PIPS collection tube to compare experimental jet velocities
to those estimated by the analytical and CFD models. Jet veloc-
ity was measured using a thermal anemometer (AVM440, TSI,
Shoreview, MN, USA) directly above the center of the PIPS
inlet and at distances of 10, 20, 40, and 100 mm above this
location. Measurements were also taken radially from the flow
axis centerline at £10 and £15 mm. Measurements were taken
for 10 s and then averaged. This process was repeated five
times at each location. Measured velocities were plotted and
compared to the simulated laminar and analytical turbulent
velocity profile.

Data Analysis

The spatial uniformity of test aerosol dispersed within the
test chamber was assessed using ANOVA to compare the size
distributions at each reference sampling location. Tukey’s
method of multiple comparisons was used to determine
whether any locations were significantly different.

A general linear mixed model was used to compare cutoff
curves of the PIPS and PIPSv2 samplers. Tests of the slopes
were conducted to determine if the PIPSv2 sampler had

-
100 pym

FIG. 6. Image of particles on a reference filter. On the left is the raw fluorescent image and on the right is the ImageJ rendering.
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significantly sharper cuts. Percentage difference between
experimental sampling efficiency and simulated sampling effi-
ciency was calculated for each cut point. An ANOVA was
used to determine whether cap inlet diameter and separation
distance had a meaningful influence on the slope of the sam-
pling efficiency curves of the PIPSv2 sampler.

Sampling efficiency curves for the PIPS and PIPSv2 sam-
plers were well represented by logistic functions:

(4=D)
)

where 1; is the modeled sampling efficiency for a particle with
aerodynamic size j, and the coefficients A, B, C, and D were
obtained by nonlinear, least-squares regression (SAS, v9.4).
Tables 4 and 5 lists coefficient values at all cut sizes for both
the PIPS and PIPSv2 samplers.

fy=D+

' [13]

Data Inversion Procedure to Obtain Size Distribution

To determine how effectively the PIPS and PIPSv2 sam-
plers could measure the size distribution of a coarse aerosol,
additional experiments were conducted with both samplers
operated at each of its six cut sizes. For these experiments,
only the total number of particles collected on the PIPS or
PIPSv2 filter at each cut size was measured. These data were
then used to estimate the number concentration and size distri-
bution of the test aerosol as described below, then compared
with data collected simultaneously using the reference
samplers.

Data inversion techniques can be used to estimate a contin-
uous size distribution from measured particle counts in dis-
crete bins. The simplest approach is to assume a perfectly
sharp cut, then to fit a curve through a plot of the cumulative
counts deposited in successive stages as a function of particle
aerodynamic diameter. Typically, prior assumptions are made
that the aerosol is log-normally distributed; however, many
distribution curves can be fitted to the discrete data points. The

TABLE 4
Experimental coefficients for Equation (4) for the PIPS sam-
pler and each cut point PIPS Sampler

Coefficient

Particle aerodynamic cut size, pm A B C D
30 50e-2 62 36 12
40 0.00 6.8 49 1.0
50 0.00 55 73 13
60 1.0e-2 103 71 0.95
70 3.0e-2 14 79 0.85
80 2.0e-2 16 77 0.61

TABLE 5
Experimental coefficients for Equation (4) for the PIPSv2
sampler and each cut point PIPSv2 Sampler

Coefficient

Particle aerodynamic cut size, pum A B C D
30 0.00 53 25 1.0
40 1.0e-:2 11 48 0.86
50 40e-2 13 54 1.1
60 1.0e-:2 13 62 0.98
70 0.00 14 71 0.82
80 2.0e-2 23 74 0.67

sampling efficiency curves for PIPS were not sharp so that this
simplistic approach was not appropriate; as a result, the fol-
lowing data inversion procedure was used.

A logistic function was fitted to the sampling efficiency
curves for each cut point. The coefficients were obtained by
nonlinear, least-squares regression. Next, an initial approxima-
tion of a count median diameter (CMD) of 52 pwm and stan-
dard deviation (SD) of 15 m were used as a random starting
point; these CMD and SD values were then adjusted through a
series of iterations to arrive at the optimal solution. A data-
inversion spreadsheet was developed in Microsoft Excel
(2010, Microsoft Corp., Seattle, WA, USA) to estimate the
CMD, SD, and number concentration of a normally distrib-
uted, unimodal aerosol from particle number concentrations
measured with the PIPS sampler at six cut points following
the method described by O’Shaughnessy and Raabe
(O’Shaughnessy and Raabe 2003). An initial guess for the
number concentration was taken as the number concentration
for the 30 pwm cut.

RESULTS

Jet Velocities

For the PIPS sampler, the laminar jet profile from the CFD
simulations was compared to the turbulent jet from the analyti-
cal solutions for the 70 wm cut. The centerline velocity
decayed more rapidly for the turbulent analytical model com-
pared to the simulated laminar jet. These trends compared
well to published experimental observations (Labus and
Symons 1972). Measured velocities decayed more rapidly at
lateral distances from the PIPS centerline. At increased verti-
cal distances from the PIPS sampler, velocity decayed more
rapidly than predicted by laminar jet theory.

Inspection of the CFD velocity vectors and flow streamlines
showed the PIPSv2 had a flatter velocity profile than the PIPS
sampler throughout its collection tube. As intended, small par-
ticles were pulled radially outward, and large particles fell into
the PIPSv2 collection tube.
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Spatial Uniformity of Particles in the Calm-Air Chamber

Particle deposition in the test chamber was relatively uni-
form across the four quadrants on the chamber floor (Table 6).
Location C had slightly higher particle counts than the other
locations; however, variations in the size distributions between
the locations were not significantly different (p = 0.23).

PIPS Sampling Efficiency

The experimental and simulated sampling efficiency curves
at the six cut points for the PIPS and PIPSv2 samplers are dis-
played in Figure 7. The error bars in this figure represent one
standard deviation based on the variability between sampling
efficiency measurements for repeated experiments. The exper-
imental PIPS sampler efficiency showed good agreement with
the CFD model and the theoretical solution. As particle size
increased, the measured PIPS sampler efficiency deviated
more from the simulated sampling efficiency: the cut point
became less sharp, and measured sampling efficiency for par-
ticles larger than the cut size was less than 100%. Experimen-
tal sampling efficiency was substantially higher than the
simulated sampling efficiency for the 80 pm cut.

Although the PIPS sampler was predicted to perform rea-
sonably well, particle separation curves were not as sharp as
desired (Figure 7). Analytical solutions and CFD simulations
both predicted sampling efficiencies less than 100% for par-
ticles above the cut size for all cut sizes investigated. The ana-
lytical solutions predicted slightly lower sampling efficiencies
than the CFD simulations, with the differences most apparent
for particle sizes near the cut point. Analytical and CFD deter-
mined efficiencies deviated most for the largest cut size,
80 pm.

Airflow in the PIPS tube that was more developed than pre-
dicted by the analytical equations could account for some lack
of sharpness in the sampling efficiency curves. Velocity vec-
tors and flow streamlines in the CFD simulations showed cen-
terline velocities 10% higher than appropriate for the desired
cut point, despite the use of a collection tube just 15 mm long.

Wall losses inside the PIPS collection tube were evaluated
using CFD modeling and found to be minimal. Fewer than 5%
of the incoming particles deposited on the walls for all cut

TABLE 6
Aerodynamic particle size and count statistics for locations in
the calm-air chamber

Count median Number of particles

Location diameter, wm (std. dev.) (std. dev.)
A 54.9 (30.2) 182 (22)
B 63.2 (29.2) 248 (63)
C 58.2 (30.0) 313 (64)
D 62.9 (29.8) 246 (41)

sizes. Thus, wall deposition should not substantially affect
sampling efficiency.

PIPSv2 Sampling Efficiency

The PIPSv2 sampler was designed to minimize the jet
effect at the top of the PIPSv2 collection tube while maintain-
ing a flat velocity profile throughout the tube. Experimental
sampling efficiency for the PIPSv2 sampler compared reason-
ably well to CFD simulations. The 70 and 80 pm cuts had the
greatest differences between experimental and simulated effi-
ciencies, with experiments underestimating simulated sam-
pling efficiencies by 20%-30% for particles larger than the cut
size. The PIPSv2 sampler had much higher sampling efficien-
cies and steeper cuts than the PIPS sampler, especially for the
50 and 60 pm cut points.

PIPSv2 inlet openings of 15 and 20 mm resulted in sharper
efficiency curves with sampling efficiencies near 100% for
particles just larger than the cut point (Figure 8). For inlet
openings of 35 mm, sampling efficiency was not as sharp. For
the 35 mm inlet opening, CFD particle trajectory simulations
showed particles impacting on the lip of the collection tube.
Separation distances of 5 and 10 mm, respectively, had little
effect on the sampling efficiency, on average less than 1%.
The 10 mm separation distance (for both the 15 and 20 mm
inlets) resulted in slightly steeper cutoff curves and less small
particle contamination. The 5 mm separation distance was less
effective at preventing small particles from reaching the detec-
tion region.

Data Inversion to Obtain Size Distribution

Fluorescence microscopy of the reference sampler filters
produced a CMD of 62 pm and a standard deviation of 20 pm
(Figure 9). Inversion of the PIPS data resulted in a CMD of
72 pm and a standard deviation of 16.5 wm. The PIPSv2 data
resulted in a CMD of 67 um and a standard deviation of
19 pm. Both samplers characterized the CMD and standard
deviation reasonably well, although the PIPS sampler some-
what overestimated the CMD.

DISCUSSION

The sampling efficiency of the PIPSv2 sampler was bet-
ter than that of the PIPS sampler. The separation efficiency
curves were sharper and overall sampling efficiency higher
for the PIPSv2 sampler. With PIPSv2, sampling efficiency
for particles larger than the specified cut was nearly 100%,
a substantial improvement over the PIPS sampler. Reason-
able agreement exists between the analytical solution, CFD
simulations, and experimental collection efficiencies of the
PIPS sampler (Figure 7). The CFD simulations and analyti-
cal solutions tended to slightly underestimate sampling effi-
ciency compared to the experimental tests; however,
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FIG. 7. Experimental and simulated sampling efficiency for the PIPS and PIPSv2 samplers for (a) 30, (b) 40, (c) 50, (d) 60, (e) 70, and (f) 80 wm cut points. CFD
modeling of the PIPSv2 sampler (20 mm inlet, 5 mm separation distance) is represented by the solid line; CFD modeling of the PIPS sampler is represented by
the dashed grey line. The experimental PIPSv2 results are represented by the solid markers and the experimental PIPS results are represented by the open

markers.

differences in sampling efficiencies among the three meth-
ods were within 10%.

Inlet openings of 15 and 20 mm resulted in sharp cutoffs
for the PIPSv2, while the inlet opening of 35 mm resulted in
sampling efficiencies similar to those found for the PIPS
design. Separation distance had minimal effect on sampling

efficiencies. Separation distances may have been too large,
which could have caused removal of large particles that
should have deposited on the filter. Cascade impactor theory
recommends minimum jet-to-plate distance (S) to jet width
(W) ratios of 1. The 15 mm inlet with 10 mm separation
resulted in a S/W ratio of 0.67, which of the design
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FIG. 8. Effect of inlet size and separation distance on PIPSv2 sampling efficiency. All tests shown for a 70 pm cut size. Error bars represent one standard devia-

tion about repeated tests.
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FIG. 9. Size distribution in the chamber estimated by (a) PIPS and (b) PIPSv2
samplers. The reference size distribution was measured by optical microscopy
of settled dust (solid line in both graphs). The light-gray bars represent the raw
particle counts for each stage.

parameters investigated in this study was closest to this rec-
ommended minimum. This fact could be why the 15 mm
inlet and 10 mm separation resulted in the sharpest cutoff
curves. Cascade impactor theory also recommends Reynolds
numbers between 500 and 1000 for sharp cutoff curves. The
Reynolds numbers for this study ranged from 27 to 256, well
below the recommendation. Although the PIPSv2 design is
quite different from that of a virtual impactor (air is not being
accelerated toward an inner collection substrate), future work
should take advantage of impactor theory to guide the next
design iterations. Although the collection efficiencies were
not as sharp or as high as desired, the PIPSv2 design did
remove the presence of the jet at the top of the collection
tube.

Although sampling efficiency is improved with the PIPSv2
sampler, flow control and sampler geometry are more com-
plex. The PIPSv2 sampler relies on balanced airflow between
the air flowing up and the air pulled out. If these flows are not
well balanced, sampling efficiency could be adversely
affected. Misalignment of the interior collection tube and the
outer cup could create a flow imbalance across the top of the
collection tube and affect the cutoff curves.

Upward flow from the PIPS collection tube was modeled as
a turbulent jet for the analytical work, but laminar for the CFD

work. Despite the differences in these models, the sampling
efficiency curves showed good agreement. Although airflow
within the PIPS collection tube compared well with theory for
laminar flow, flow in the jet outside the tube was higher. The
higher centerline velocity and radial spreading of the jet can
help account for the gradual increase in sampling efficiency
for the PIPS.

If particles smaller than the cut size enter the collection
tube near its wall, they will be able to penetrate into the tube
but will not reach the filter collection zone. These particles
may hover in the tube until they either deposit on the wall or
travel radially into the center region of higher velocity where
they will subsequently be blown out. Particles with terminal
settling velocities near the cut point will penetrate into the
tube but then hover above the filter. As larger particles fall
through the tube, they may impact the hovering particles and
remove them from the airstream. Particles hovering above the
filter may also agglomerate and then deposit on the filter. Both
of these phenomena would result in particles smaller than the
cut size penetrating to the filter collection zone. The air veloc-
ity along the edges of the PIPS collection tube is slower than
along the centerline, due to viscous drag along the walls. If
particles enter the collection tube near the walls (within the
viscous boundary layer), particles smaller than the specified
cut point may penetrate past the inlet and into the collection
tube. As these particles descend, they eventually reach a point
where the viscous boundary layer is not sufficiently developed;
eventually the particle’s terminal settling velocity is matched
by the (developing) upward flow velocity. These particles the-
oretically “hover” in the collection tube until they either
deposit on the wall, travel radially into a region of higher
velocity where they are subsequently blown out, or the airflow
is turned off and they fall to deposit on the filter. Furthermore,
particles with terminal settling velocities slightly higher than
that of cut point particles will enter the tube, but then fall
slowly and tend to hover above the filter. Larger particles that
fall through the tube may impact these hovering particles and
carry them to the filter. Hovering particles may also impact
each other to form agglomerates that then deposit on the filter.
Images of the samplers were examined to determine if particle
aggolmerations were occuring in the collection tube. The sam-
pler filters had fewer agglomerates than the reference filters,
indicating that particle agglomeration in the collection tube is
rare. Particle deposition on the walls was not evaluated quanti-
tatively; however, visual inspection of the sampler walls did
not reveal substantial deposits on the walls (to note — the par-
ticles tested here were large enough to be visible by the naked
eye when present on the surface of the exterior of the sampler).

This article describes PIPS and PIPSv2 instruments that
employ a single collection tube that classifies a coarse aerosol
into two fractions — one larger and one smaller than a specified
cut size. To measure the size distribution of an aerosol, a PIPS
or PIPSv2-based spectrometer could be constructed in one of
two ways. One such spectrometer would employ multiple
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collection tubes that operate simultaneously, each with a dif-
ferent cut size. Another such spectrometer would employ a
single collection tube operated in a way that steps through a
series of cut sizes by sequentially adjusting its air flow and
changing the filter between cut sizes. This spectrometer would
be appropriate when the aerosol to be characterized is stable
over the time necessary to step through the required flows.
Both spectrometers would benefit from a real-time particle
sensor. Incorporating a photodiode/detector into the sampler
for particle detection by light scattering could provide real-
time analyses that would be useful for determining exposures
in workplaces. Although most of the diseases associated with
large particle exposure are chronic rather than acute, real-time
measurements would be helpful to pinpoint where sources of
exposure are occuring so that appropriate control actions can
be taken. Work on this topic is in progress.

This work was designed as a proof-of-concept. Further
investigation is necessary to determine the effect of particle
projections, cross-winds, and the range of low velocity wind
speeds on collection efficiency. For use in occupational set-
tings, the appropriateness of the inlet efficiency should also be
examined and compared to the inhalability fraction. Future
work could also simplify the PIPSv2 design by using one
pump, with suction from the annulus and pushing air out from
the pump through the filter at the bottom of collection tube.

CONCLUSION

This article describes the development of two devices capa-
ble of size-selective sampling of inhalable particles. Ideally,
both samplers would provide sharp cutoff curves. While the
PIPS sampler is capable of size-selective sampling, its cutoff
curves were not sharp. Compared to PIPS, the PIPSv2 sampler
provided considerably sharper efficiency curves and higher
sampling efficiencies for particles larger than the cut size.

These samplers could be beneficial to exposure assessment
scientists and industrial hygienists. Until now, hazards associ-
ated with exposure to large, inhalable particles have not been
quantified due to a lack of measurement technology. Develop-
ment of real-time capabilities for these samplers would expand
their usefulness, as large inhalable particles settle quickly
through air; such efforts will be the subject of future work.
The PIPS and PIPSv2 samplers could be used to determine
size distribution of aerosols as a function of job task or to eval-
uate how aerosol size distribution changes over time. The sam-
plers described in this article may allow practitioners to assess
worker exposure more precisely, select better control methods,
and improve our understanding of adverse health effects and
target organs from exposure to large inhalable particles.

NOMENCLATURE
C. slip correction factor
C dimensionless integration constant

CMD count median diameter

dae particle aerodynamic diameter

dy particle diameter

Dy collection tube diameter

g acceleration due to gravity

ID inner diameter

IF inhalable fraction

L, entrance length

Ny, number of particles observed on the sampler filter for
the jth size range

Ny average number of particles observed on the three ref-
erence filters for the jth size

OD outer diameter

r radial distance from the flow centerline

Rey fluid Reynolds number

Re, particle Reynolds number

SD standard deviation

U,, radial air velocity as a function of vertical distance
from the virtual origin (z) and horizontal distance (r)
from the flow centerline

Ve ~ maximum centerline velocity

vF turbulent kinematic viscosity

Vo air velocity at the base of the PIPS immediately after
the filter

Vrs terminal settling velocity

V.r axial air velocity as a function of vertical distance

from the virtual origin (z) and horizontal distance (r)
from the flow centerline

X, initial radial particle release position

z axial distance from collection tube filter face (z = 0 at
virtual origin)

W fluid viscosity

m; fractional sampling efficiency

Pg gas density

Pp particle density
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