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Abstract

Several low-volume inlets (flow rates <16.7 liters per minute (Lpm)) are commercially available as
components of low-cost, portable ambient particulate matter samplers. Because the inlets
themselves do not contain internal fractionators, they are often assumed to representatively sample
“total” mass concentrations from the ambient air, independent of aerodynamic particle size and
wind speed. To date, none of these so-called “TSP” inlets have been rigorously tested under
controlled conditions. To determine their actual size-selective performance under conditions of
expected use, wind tunnel tests of six commonly used omnidirectional, low-volume inlets were
conducted using solid, polydisperse aerosols at wind speeds of 2, 8, and 24 km/hr. With the
exception of axially-oriented, isokinetic sharp-edge nozzles operating at 5 and 10 Lpm, all low-
volume inlets showed some degree of non-ideal sampling performance as a function of
aerodynamic particle size and wind speed. Depending upon wind speed and assumed ambient
particle size distribution, total mass concentration measurements were estimated to be negatively
biased by as much as 66%. As expected from particle inertial considerations, inlet efficiency
tended to degrade with increasing wind speed and particle size, although some exceptions were
noted. The implications of each inlet’s non-ideal behavior are discussed with regards to expected
total mass concentration measurement during ambient sampling and the ability to obtain
representative sampling for size ranges of interest, such as PM, 5 and PM1q. Overall test results
will aid in low-volume inlet selection and with proper interpretation of results obtained with their
ambient field use.

Introduction

Ambient samples of particulate matter (PM) are routinely collected for purposes of
determining their mass concentrations and chemical constituents, assessing health effects
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associated with their exposure, determining the effectiveness of PM control strategies, and
for determining compliance with regulatory standards designed to protect public health
(Dockery et al. 1993, Chow 1995, McMurray 1999, Wilson et al. 2002). Critical to the
accurate collection and characterization of ambient PM is the ability of the sampler’s inlet to
representatively obtain ambient aerosol samples independent of aerodynamic particle size,
wind speed, and wind direction. Ideally, the sampler’s inlet would sample all particles of
interest with 100% efficiency independent of sampling conditions, while minimizing the
inadvertent intrusion of insects, rain, snow, and other airborne debris. Further, particles
aspirated by the inlet would ideally be transported without loss to the sampler’s internal
fractionator (if any) and to its collection/sensing zone.

With the exception of isoaxially oriented, isokinetic samplers (whose inherent design is
impractical to implement into routine field monitoring), all sampling inlets display some
degree of measurement bias particularly with regard to their ability to effectively sample
large airborne particles at high ambient wind speeds (Durham and Lundgren 1980, Liu and
Pui 1981). As a result, a “total” suspended particulate sampler cannot be realistically
achieved for all ambient size distributions and wind conditions. For example, the actual size-
selective performance of the high-volume TSP sampler specified by the U.S. Environmental
Protection Agency (EPA) for ambient Pb compliance testing (U.S. EPA 1987) has long been
recognized to depend upon wind direction, wind speed, and aerodynamic particle size
(Wedding et al. 1977, McFarland et al. 1980, Krug et al. 2017). This variability in sampling
performance is despite the sampler’s high sampling flow rate (1100 Lpm to 1950 Lpm), the
large geometries of the sampler’s inlet, and the fact that its upward suction velocity is
designed to approximately match the settling velocity of a 100 um aerodynamic diameter
particle.

The successful development of efficient low-volume inlets has long been a goal in ambient
aerosol sampling (Chow 1995). Low-volume samplers are relatively inexpensive, have a
small footprint, are lightweight and portable, and often do not require line power for
operation. These features lend themselves to supporting special studies to “saturate” an area
of interest with multiple low-volume samplers for purposes of determining spatial aerosol
distributions, optimizing compliance monitoring siting, and conducting spatial PM exposure
studies (Baldauf et al. 2001). Moreover, these low-volume samplers employ smaller filters
(47 mm diameter or less) than do high-volume samplers, thus making the filters more
directly compatible with modern microbalances and sensitive analytical techniques for
chemical and elemental analysis. However, due to the appreciable inertia of large airborne
particles at elevated wind speeds, biases in efficient sampling may be unacceptably high
when low sampling flow rates are used in conjunction with the small inlet geometries that
are typically associated with low-volume samplers.

In theory, low-volume samplers could be designed and evaluated solely from numerical
modeling of fluid streamlines and the predicted behavior of airborne particles within those
streamlines. In reality, the complex interaction of ambient wind speed, wind direction, and
turbulence levels with an inlet’s complicated geometry typically results in uncertain
predictions of a sampler’s ability to extract representative aerosols from ambient airstreams
(Liu and Pui 1981). Moreover, it is often difficult to fully account for particle loss
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mechanisms of particle settling, inertial deposition, diffusion, and electrostatic effects inside
the sampler itself as a function of location and particle size. These loss mechanisms are also
often a function of the local properties of both the loss surface and of the aspirated particles,
and are thus difficult to accurately predict (Kenny et al. 2005). In practice, therefore, the
development of low-volume inlets has historically been based on a qualitative understanding
of inlet performance. Unfortunately, these qualitative considerations often result in the
fabrication and use of inlets whose performance is not subsequently verified in the
laboratory under controlled conditions. As a result, use of the inlet and its resulting
measurement data may result in inaccurate observations and decisions regarding the PM
concentrations under consideration and the intended purpose of the data.

The goal of this study was to review the design and operational characteristics of several
commonly used “TSP” low-volume inlets, and summarize published literature regarding
their laboratory and/or field use. Comprehensive wind tunnel tests of each these
omnidirectional inlets were then conducted at wind speeds of 2, 8, and 24 km/hr to
determine their actual size-selective sampling characteristics as a function of wind speed. In
some cases, inlets were evaluated as a function of multiple operating flow rates and different
inlet materials. Implications regarding these empirical test results will be discussed
regarding potential selection of these inlets, interpretation of PM field data collected with
their use, and their potential as inlets for candidate reference method samplers for PM.

Description of Low-Volume Inlets

Following a survey of widely used and commercially available low-volume TSP samplers,
six omni-directional inlet designs from five separate manufacturers were selected for wind
tunnel evaluation as a function of aerodynamic particle size and wind speed. All inlets are
omni-directional about a vertical axis and operate in the low-flow rate range of 16.7 Lpm or
less. Table 1 provides key specifications for these inlets including manufacturer, model
number, volumetric flow rate(s), exterior dimensions, inlet suction velocity, filter diameter,
and whether optional internal fractionators are available. This table also includes scaled
photographs of each inlet’s design to illustrate geometry and to show relative size to one
another. These inlet designs had not been quantitatively developed using computational
fluid/particle modeling, had not previously undergone extensive wind tunnel evaluations
prior to this study, nor are currently a component of an EPA-approved Federal Reference
Method (FRM) or Federal Equivalent Method (FEM) sampler or analyzer for PM; s,
PM10.2 5, or PM1o compliance determinations.

Isokinetic, Sharp-Edged Nozzles

To demonstrate the overall feasibility of the aerosol collection, extraction, and analysis
system, a series of sharp-edged, isokinetic nozzles were fabricated of stainless-steel by the
U.S. EPA. Designed to operate at a fixed volumetric flow rate of 16.7 Lpm, nozzles of 2.52,
1.26, and 0.73 cm internal diameters were fabricated to sample isokinetically at wind speeds
of 2, 8, and 24 km/hr, respectively. Isokinetic nozzles of 1.4, 0.7, and 0.4 cm internal
diameters were also fabricated for operation at a flow rate of 5 Lpm at these same wind
speeds. The nozzles were designed to mate with commercially available stainless-steel filter
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holders (Pall Life Sciences, Port Washington, NY) which housed 47 mm diameter collection
filters.

Mesa Laboratories PQTSP

The 16.7 Lpm PQTSP inlet from Mesa Laboratories is of identical geometry to that of
EPA’s PMyq louvered inlet specified in 40 CFR Part 50 Appendix L except that the internal
fractionator of the PM1q inlet has been eliminated from the design. Under the assumption
that all particles aspirated by the inlet are efficiently transported to the sampler’s collection
filter, the PQTSP inlet is marketed as being capable of measuring “total” suspended particle
concentrations. To date, the PQTSP inlet has not been widely deployed nor has its “total”
measurement performance been demonstrated in published field studies.

Kenny et al. (2005) conducted limited wind tunnel tests of the PQTSP inlet using solid
Aloxite polydisperse aerosols. At the sampler’s 16.7 Lpm sampling flow rate, the measured
50% sampling efficiencies (i.e., Dpsg cutpoints) at winds speeds of 5.4 km/hr and 10.8
km/hr were determined to be approximately 28 pum and 35 pm aerodynamic diameter,
respectively. The noted increase in sampling efficiency with increasing wind speed supports
the conjecture that the airborne particles efficiently enter the inlet through the motion of the
approaching air through the inlet’s parallel louvers, rather than solely through active suction
by the sampler’s flow rate itself.

URG TSP (Model 200-30G)

The URG Incorporated (Chapel Hill, NC) model 200-30g inlet is designed to fit directly
over any FRM or FEM’s standard 1.25 inch (3.18 cm) diameter downtube as a replacement
for the sampler’s conventional PMyg inlet, thus providing a “TSP” sample. The inlet’s
downward-oriented annular aspiration slot was designed to provide a mean upward suction
velocity of 25.3 cm/sec at 16.7 Lpm, to match the settling velocity of a 100 um aerodynamic
diameter particle. All surfaces of the machined aluminum inlet are Teflon coated and the
inlet does not contain an insect screen. The inlet does not appear to have been widely
deployed and no published data exists regarding its actual size-selective performance in the
field.

Kenny et al. (2005) conducted limited wind tunnel tests of a prototype inlet of similar
geometry and flow rate as the URG TSP sampler. Sampling efficiency was close to 100% for
small particles and observed to decrease monotonically with increasing aerodynamic particle
size. For simulated wind speeds of 3.6 km/hr and 7.2 km/hr, the inlet displayed cutpoints of
approximately 14 um and 12 ym aerodynamic diameter, respectively.

Mesa Laboratories OmniFT

Designed as a geometrically scaled-down version of EPA’s 16.7 Lpm louvered PMyg inlet,
the Mesa OmniFT sampler operates at a flow rate of 5 Lpm, is battery operated, and can be
deployed in numbers for spatial characterization of ambient aerosol over a wide area of
interest. The miniPM inlet of the OmniFT sampler is louvered, contains an insect screen,
and incorporates a 47 mm diameter collection filter. The OmniFT’s optional internal
fractionators are designed to provide cutpoints of 1, 2.5, 4, or 10 um.
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Limited wind tunnel tests were conducted by Kenny et al. (2005) of a 1/3 scale version of
the EPA louvered inlet, operating at 5.57 Lpm. This tested inlet was thus slightly larger than
the miniPM inlet, operated a higher flow rate, and did not contain an insect screen. For the
tests of the 1/3 inlet, the measured 50% sampling efficiencies (i.e. cutpoints) at winds speeds
of 5.4 km/hr and 10.8 km/hr were determined to be approximately 18 um and 17 pm
aerodynamic diameter, respectively.

To date, field deployment of the Mesa miniPM inlet has been relatively limited. Watson et
al. (2010) conducted fugitive PM1o emission measurements around aggregate producing
plants in Irwindale, CA and Upland, CA. However, each sampling event’s 5-hour sampling
time did not permit sufficient mass to be collected by the Mesa sampling systems to permit
either intra-sampler precision measurements or comparison with other collocated PM1q
FRM samplers.

Texas A&M LVTSP

As designed by Wanjura et al. (2005), the Texas A&M LVTSP (Low-Volume Total
Suspended Particulate) inlet was intended to enable TSP sampling at a flow rate of 16.7
Lpm, thus avoiding field deployment of more expensive and less portable high-volume TSP
samplers. The design of the LVTSP is similar to that of the URG TSP inlet in that its
downward-oriented aspiration slot is intended to provide a mean upward suction velocity
similar to the settling velocity of a 100 um aerodynamic diameter particle. However, the
diameter of the LVTSP is considerable larger than URG’s inlet which results in a much
narrower aspiration slot than that of the URG inlet. Fabricated from machined aluminum,
the LVTSP inlet has no insect screen and collects aspirated aerosols on a 47 mm diameter
filter for subsequent quantitation. To date, the LVTSP inlet has been used primarily for
collection and characterization of particulate emissions from rural agricultural operations
(Hughs et al. 2008, Park et al. 2009, Thelan et al. 2009, Faulkner et al. 2011).

Airmetrics MiniVol

The battery operated MiniVol sampler (Airmetrics, Springfield, OR) was designed to offer a
low-cost means of determining spatial distributions of ambient PM relative to fixed site
FRM or FEM samplers. Operating at a fixed flow rate of 5 Lpm, the MiniVol can be
equipped with PM5 5 or PM1q internal fractionators and collects particles on 47 mm
diameter filters for subsequent gravimetric and/or chemical analysis. Prior to 2007, the
MiniVol’s inlet cap was composed of PVC and featured a downward-oriented annular
aspiration slot with a mean suction velocity of 6.9 cm/sec. As part of the overall sampler’s
redesign in 2007, the inlet is now composed of spun aluminum and its louvered geometry
(including integral insect screen) is a geometrically scaled down version of EPA’s louvered
PMyg inlet. The PM; 5 and PMq internal fractionators of the MiniVol sampler have been
independently calibrated in the laboratory under controlled conditions for their size selective
performance (Hill et al. 1999).

The MiniVol sampler has been widely deployed during field studies to determine spatial
distributions of PM mass and its chemical composition (Salter and Parsons 1999, Heal et al.
2000, Chung et al. 2001, Baldauf et al. 2001, Chow et al. 2002, Kingham et al. 2006,
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Martinez et al. 2012). The value of the battery-operated MiniVol sampler to saturate areas of
interest was clearly demonstrated in these studies and favorable correlation of the MiniVol
was generally observed with collocated FRM samplers.

MS&T Area Sampler

Commercially available from Air Diagnostics and Engineering Inc. (Harrison, ME), the inlet
for the MS&T Area Sampler (commonly termed the Harvard Impactor) consists of a
vertically oriented, capped tube with four, horizontal aspiration slots located immediately
below the rain cap. Designed initially for indoor sampling (Marple et al. 1987), the MS&T
sampler has also been widely deployed in outdoor environments during specialized health
and sampler comparison studies (Lioy et al. 1988, Babich et al. 2000). In the 7-City Babich
et al. (2000) study, the 10 Lpm MS&T sampler was configured with 2.5 pm internal
fractionators and good mass concentration precision (CV=4.8%) was observed for the
sampler during 243 separate 24-hour sampling events. At two of these sites (Rubidoux, CA
and Riverside, CA), excellent agreement and correlation was observed between the MS&T
sampler and collocated Rupprecht and Pataschnick (Albany, NY) FRM samplers for PM; g
mass concentration measurements. Cutpoints of 1, 2.5, and 10 pm have been experimentally
determined under static conditions for the MS&T’s internal impactors at operational flow
rates of 4, 10, 20, and 23 Lpm (Marple et al. 1987, Turner et al. 2000). Lai and Chen (2000)
conducted sampling tests of the 10 Lpm MS&T under calm air conditions (i.e., zero wind
speed), both with and without the 10 um cutpoint impactor installed. With the impactor
installed, the overall sampling cutpoint of the sampler was measured to be 10.1 um, and
increased to approximately 16 um with the impactor removed. During our study, wind tunnel
tests of the MS&T inlet were conducted at its two most commonly used flow rates of 4 Lpm
and 10 Lpm.

Experimental

All procedures for aerosol generation, aerosol collection, size distribution measurement,
sampler effectiveness determination, and sampler setup and operation have been detailed by
Krug et al. (2017) and will be discussed only briefly in this paper.

Aerosol Generation

All size-selective tests of the low-volume inlets were conducted in EPA’s Aerosol Test
Facility located in RTP, NC. Based on the recognition that use of liquid test aerosols may not
accurately represent the bounce and collection characteristics typical of large atmospheric
particles (Wang and John, 1987, Koehler et al., 2011), all size-selective tests conducted with
the low-volume samplers were conducted using dry, solid polydisperse aerosols composed
of naturally occurring Arizona Test Dust (ATD, Powder Technology Inc., Arden Hill, MN).
For all generation tests, custom mixtures of various ATD sizes were dispensed from a
volumetric feeder (Model 102, Schenck Accurate, Whitewater, WI) equipped with a
variable-speed, screw-type rotary drive. At the output of the feeder, the dispensed bulk
material was aerosolized into discrete particles through the use of stainless-steel sonic
nozzles (Model JS-90M-316SS, Vaccon Company, Medway, MA) operating at controlled
supply pressures of 5400 mmHg (90 psig). During aerosol generation, excess electrical
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charge on the discrete particles was minimized through use of a pulsed DC controller
(Model 977CM, Meech International, Oxfordshire, England) equipped with a 5-port array of
Meech Model 261 in-line nozzles to ionize the generation system’s dispersion air.
Generation of test aerosols at each wind speed was achieved using a single point source
aerosol generator centered vertically and horizontally in the tunnel’s exposure test section,
and located approximately 11 m upstream of the sampler test section. Spatially uniform
aerosol concentrations were produced in the sampler test section using an array of five
strategically-placed, oscillating 0.75 m diameter mixing fans. This combination of aerosol
generation and dispersion components was identical at all three wind speeds and did not
require the use of large mixing baffles and/or turbulence grids in order to achieve sufficient
aerosol uniformity during the sampler performance tests.

Wind speeds of 2, 8, and 24 km/hr in the sampler test section (W = 1.8 m; H = 1.5 m) were
achieved by controlling the tunnel’s volumetric flow rate via a direct-drive, vane-axial fan
(Twin City Fan and Blower, Minneapolis, MN). As determined by conducting multi-point
velocity profiles using a thermal anemometer (Model AQTI-01, Dwyer Instruments,
Michigan City, IN), this aerosol generation and dispersion configuration resulted in
acceptable velocity profiles in the test section at all three wind speeds. As in the case of
aerosol uniformity, all wind tunnel procedures for the determination of velocity profiles were
based on EPA’s wind tunnel testing requirements and acceptance criteria specified in 40
CFR Part 53 Subpart D (U.S. EPA, 1987).

Aerosol Collection

Determination of a candidate inlet’s size-selective performance requires measurement of the
size distribution of the challenge aerosols in the wind tunnel’s test section. For this purpose,
reference aerosol samples were collected using two identical, custom-designed 90 mm
diameter filter holders designed to operate at an inlet flow rate of 100 Lpm. For the 90 mm
filter holders, a series of custom-designed sharp-edged, stainless-steel isokinetic nozzles
were machined with internal diameters of 6.18, 3.09, and 1.78 cm, which correspond to use
at simulated wind speeds of 2, 8, and 24 km/hr, respectively. The correct volumetric flow
rate through the 90 mm reference samplers was maintained by a custom-designed flow
control system equipped with automatic flow valves, and flows were continuously monitored
using calibrated flow sensors (Model 4045, TSI Inc., Shoreview, MN).

To assist in the efficient removal of collected particles for subsequent size distribution
determination, all candidate samplers and reference samplers were equipped with
precleaned, 1 um pore size polycarbonate Whatman filters (GE Healthcare, Piscataway, NJ).
Specialized techniques were developed and adopted to minimize inadvertent loss of
collected particles from the smooth polycarbonate filters during post-sampling filter
removal, handling, and extraction operations.

Sampler Setup and Operation

Each candidate sampler inlet was cleaned prior to each day’s test, equipped with a 1 um pore
size polycarbonate filter, and then installed in the vertical and horizontal center of the wind
tunnel’s sampler test section. The two precleaned and preloaded isokinetic samplers were
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then positioned approximately 30 cm on either side of the candidate inlet and at the same
elevation. Each candidate inlet was operated at its design flow rate, with flow provided by
connection to a calibrated PM, 5 FRM vacuum system. Prior to each test series, the sampling
inlet and vacuum system were leaked checked and the volumetric flow rate verified using a
TetraCal flow calibration system (Mesa Laboratories, Butler, NJ). Run times for each
effectiveness test were typically 90 minutes but varied from 45 to 120 minutes in order to
optimize analytical particle counts as a function of candidate inlet flow rate and expected
airborne particle concentration. Typically, 5 to 10 replicate tests were conducted with each
inlet at each of the three wind speeds to obtain confident test results.

Size Distribution Measurement

Extraction of collected particles from all filters involved the use of pre-filtered electrolyte
consisting of an 80:20 (m/m) mixture of Isoton 11 and glycerol including a trace amount of
Triton X-100 dispersant. The volume of electrolyte used for each filter depended upon the
filter size and the sampling event’s expected loading but was typically 100 mL for 47 mm
diameter filters and 800 mL for reference sampler’s 90 mm diameter filters. To properly
account for any inadvertent particle losses within the 100 Lpm isokinetic reference nozzles,
the internal surfaces of the nozzles were carefully rinsed and the nozzle extracts were
included in the determination of the total reference sampler’s particle concentration. To
mimic the conditions of their actual field use, internal losses within the candidate low-
volume inlets were not routinely quantified and added to the collected filter concentrations.
Instead, only the filters of the low-volume inlets were extracted for determination of overall
inlet sampling efficiency.

The size distribution (number concentration versus physical particle size) of particles in each
solution was determined using a Coulter Counter (Model Multisizer 1V, Beckman Coulter,
Bree, CA) equipped with a 100 um aperture. Because the Coulter Counter’s measurement
principle provides sizing data in equivalent volume diameter, the aerodynamic diameter of
each measured particle was calculated by accounting for the particle density of 2.5462 g/cm3
(measured by ultrapycnometry) and a dynamic shape factor for ATD of 1.4 (Endo et al.,
1998, Mohler et al., 2008). The size selective performance of each ambient sampler was
determined by proper consideration of the low-volume sampler’s and isokinetic sampler’s
flow rates, extraction volumes, and measured particle counts as a function of particle size in
each extracted solution.

Estimation of Ambient Mass Concentration Measurement Performance

Numerous multi-site field studies of ambient particle size distributions have consistently
shown that ambient aerosols encompass a wide range of particles sizes (Lundgren 1970;
Lundgren and Paulus 1975; Whitby 1978; John et al. 1990). These studies have further
characterized distributions as typically lognormally distributed and bimodal in nature, with
modal peaks of mass concentration due primarily to differences in particle formation
mechanisms. In general, submicrometer particles are formed by processes of combustion,
condensation, gas-to-particle conversion, and coagulation. Processes which involve the
mechanical breakup of larger parent material, such as grinding, crushing, and mechanical
abrasion operations result in airborne particles which are in the supermicrometer size range.
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Ambient aerosols almost always include both submicrometer and supermicrometer modes
with their relative mass contributions and peak locations varying with time, location, and
local and regional emission activities.

During a given sampling event, the actual total mass concentration measured by an ambient
particulate sampler depends on both the sampler’s known fractionator characteristics and the
aerodynamic particle size distribution of the aspirated ambient aerosol. Based on research by
Kenny and Bartley (1995), the expected mass concentration of a size selective aerosol
sampler used to sample an aerosol with normalized mass distribution A(Dp) can be
numerically estimated as:

C= / ooE(Dp)A(Dp)dD 1)
0

where C is the estimated mass concentration, E(Dp) is the sampler’s effectiveness curve,
A(Dp) is the ambient particle size distribution under consideration, and Dp is the
aerodynamic particle diameter. For a given sampler with known sampling characteristics,
total mass concentration estimates can be made using either known ambient size
distributions or idealized ambient size distributions.

As described by Vanderpool et al. (2001) modal parameters (i.e., mass median diameter
(MMD), geometric standard deviations (GSD), and mass concentrations) of idealized “fine”,
“typical”, and “coarse” ambient distributions were based on previous ambient field
measurements and codified in 40 CFR Part 53 Subparts F and D for testing criteria for
candidate PM5 5 and PM1g samplers, respectively. To estimate the mass concentration
measurement efficiency of very large airborne particles, parameters based on field studies
conducted during windblown conditions outside of Phoenix, AZ during EPA’s development
of the Federal Reference Method for PM1q_, 5 (Vanderpool et al. 2006) were used. As
depicted by the distribution parameters listed in Table 2, these four distributions are expected
to encompass the range of sampling situations for which the low-volume samplers would
typically be used.

For this study, each of the low-volume samplers’ effectiveness curves were numerically
integrated with each of these four distinct idealized ambient distributions. Ranges of the
effectiveness curves were based on the Coulter Counter’s operational range of 3.38 to 30 pm
aerodynamic diameter. As will be discussed, the fractional effectiveness of the smallest
measured sizes typically approached unity (i.e., 100% sampling effectiveness) independent
of the sampler tested. As a result, particles in the 0.01 to 3.38 um size range were assigned
effectiveness values of 100% for the numerical analysis. Particles larger than 30 pm
aerodynamic diameter were excluded from the calculation due to increased uncertainty in
their effectiveness values, resulting from their low airborne particle concentrations. Even for
the “very coarse” idealized size distribution, particles below 30 pm aerodynamic diameter
encompass 95% of the estimated mass concentration. Therefore, excluding particles above
this size range does not adversely affect the overall conclusions made from the use of
particles solely in the 0.01 to 30 um aerodynamic diameter size range. For the numerical
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analysis of a given sampler at a particular wind speed, the 0.01 to 30 um size range was
divided into 74 equally spaced intervals and the expected mass concentration for that
interval was calculated as the mass associated with each interval times the measured
effectiveness value for that interval. The total expected mass concentration for the sampler
was then calculated as the numerical sum of all the calculated interval mass concentrations.
Comparing this estimated total mass concentration to the idealized mass concentration in the
0.01 to 30 um size range resulted in the total mass concentration measurement efficiency for
the sampler under these conditions.

To assist in statistical interpretation of the inlets’ size-selective performance test results, a
comparison was made of each inlet’s effectiveness curve as a function of changes in wind
speed. For this purpose, sum of the squares of the difference (SSD) analysis was conducted
for each sampler at each of the three wind speeds using the 74 particle sizes in the tested 5 to
30 um aerodynamic diameter size range. Based on subsequent observation that a 10%
change in expected total mass concentration was typically associated with SSD values
greater than 2.0, this SSD value was adopted as the level of significance to numerically
determine whether a given change in wind speed provided statistically significant differences
in expected mass concentration measurement performance for each inlet.

16.7 Lpm Isokinetic Nozzle

Figure 1 presents results of the wind tunnel evaluation of the 16.7 Lpm isoaxial, isokinetic
nozzle at a wind speed of 24 km/hr. For the 13 replicate tests conducted under identical
conditions, plotted is the mean measured sampling effectiveness for each of the Coulter
Counter’s size channels as a function of aerodynamic diameter. For each data point, whisker
plots represent + 1 standard deviation of the replicate analyses. As is typical for all samplers
involved in this study, Figure 1 illustrates that the standard deviation of replicate analyses
tends to increase with particle size due to inherently lower particle concentrations
downstream of the aerosol generator than exists for smaller particles.

For all particles in the tested size range, the mean effectiveness at 24 km/hr (n=13) was
determined to be 96%. In other words, the 16.7 axial, isokinetic sampler was measured to be
nearly 100% efficient independent of aerodynamic particle size at this wind speed. This
result is in strong agreement with predictions of classical sampling theory for sharp-edged,
isokinetic nozzles facing directly upstream (Durham and Lundgren 1980). As depicted in
Figure 2, similar results were obtained at wind speeds of 2 km/hr (n=14) and 8 km/hr (n=10)
where the mean effectiveness for all particles was determined to be 94% and 100%,
respectively. For the three tested wind speeds, the mean sampling effectiveness of all data
(n=37) was determined to be 96% for the 16.7 Lpm isokinetic nozzle. For purposes of
legibility, whisker plots have been omitted from this figure, as well as from all subsequent
plots in this paper.

Table 3 tabulates results from integrating each sampler’s measured effectiveness curve with
the four idealized ambient particle size distributions. As would be expected from the 16.7
Lpm isokinetic nozzle’s effectiveness curves, the estimated total mass measurement
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performance of the isokinetic sampler was close to 100% at all wind speeds. For the twelve
combinations of the three wind speeds and the four idealized size distributions, the mean
estimated mass measurement performance was 98% with a CV of only 3%. This low CV
value indicates only minor variations in predicted mass measurement behavior of this nozzle
independent of wind speed and measured ambient size distribution.

Table 4 provides results of the SSD significance tests for each of the tested low-volume
inlets at each wind speed. As supported by the graphical presentation of this inlet’s
performance (Figure 2) and results presented in Table 2, the low SSD values for this inlet in
Table 4 demonstrate that the 16.7 Lpm isokinetic inlet’s size-selective performance strongly
agrees with predictions for isoaxial, sharp-edged nozzles.

5 Lpm Isokinetic Nozzle

The results of the 5 Lpm isokinetic nozzle tests at the three wind speeds are displayed in
Figure 3. At this lower flow rate, replicate results were slightly more variable than was
observed with the 16.7 Lpm isokinetic nozzle. Nonetheless, mean particle collection
efficiencies at wind speeds of 2 km/hr (n=14), 8 km/hr (n=10), 24 km/hr (n=13) were
determined to be 92%, 102%, and 108%, respectively, for a mean effectiveness of 100% for
the 37 replicate runs. Similar to that of the 16.7 Lpm nozzle, the predicted mass
measurement performance of the 5 Lpm isokinetic nozzle over all test conditions was
excellent (Table 3, mean = 100%, CV = 6%). Inspection of Table 4 for this inlet indicates
that slightly significant (SSD=2.55) changes in inlet performance could be expected in the 2
vs 24 km/hr wind speed category. No significant change in measurement performance is
expected in either the 2 vs 8 km/hr or the 8 vs 24 km/hr wind speed comparisons.

The overall excellent agreement of the 5 Lpm and 16.7 Lpm isokinetic samplers’ test results
with those results predicted by sampling theory demonstrated that proper techniques for
aerosol generation, transport, collection, and measurement had been successfully developed
and implemented for this study’s wind tunnel evaluation of the low-volume TSP samplers.

Mesa Laboratories PQTSP Sampler

Figure 4 plots the mean sampling effectiveness of the 16.7 Lpm Mesa Laboratories PQTSP
as a function of aerodynamic diameter. The effectiveness of this inlet for small particles was
near 100% for all three winds speeds then decreased monotonically at 2 and 24 km/hr. The
more rapid decrease in effectiveness at 2 km/hr may be due to settling losses within this
sampler’s relatively large geometry compared to the other inlets involved in this study. Table
3 shows that this decreased effectiveness at 2 km/hr results in prediction mass concentration
measurement efficiency of only 79-80% for the two larger idealized distributions. For the
remaining two wind speeds, however, Table 3 illustrates that total mass collection efficiency
close to 100% can be expected for this inlet at all but very low ambient wind speeds.

Compared to the SSD values calculated for the isokinetic, isoaxial samplers, SSD values up
to 13.18 for the PQTSP sampler predict significant changes for all three wind speeds data
sets. These calculations support graphical presentation of sampler performance in Figure 3,
as well as mass concentration measurement efficiencies presented in Table 3.
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Although the geometry of the PQTSP inlet is similar to that of EPA’s approved PM1g

FRM’s inlet (40 CFR Part 50 Appendix L), it is important to note that the PQTSP inlet lacks
the complex internal fractionator of the FRM’s inlet. As is the case for all ambient PM
samplers, the overall performance of the PM1g FRM’s inlet is the combined size-selective
performance of the sampler’s inlet and its internal fractionator. As documented by
Vanderpool (2016), eight separate wind tunnel evaluations of EPA’s 16.7 Lpm PMy inlet
resulted in mean cutpoints of 9.9, 10.1, and 9.9 um aerodynamic diameter at wind speeds of
2, 8, and 24 km/hr, respectively.

URG TSP Sampler

Wind tunnel test results of the 16.7 Lpm URG TSP inlet are plotted in Figure 5.
Effectiveness was near 100% for the smallest particles at all three wind speeds and the 8
km/hr effectiveness curves for large particles decreased only slightly less than that of the 2
and 24 km/hr curves. At all wind speeds, total ambient mass concentration measurement
efficiency tended to decrease as the particle size of the idealized aerosol distribution
increased. On average across the four particle size distributions, the URG inlet was capable
of measuring ambient mass concentrations with an accuracy of approximately 88% (Table
3). Results presented in Table 4 show only a slightly significant change (SSD=2.27) in the 2
vs 8 km/hr comparison range and only minor effects in the 2 vs 24 km/hr and 8 vs 24 km/hr
comparisons.

Mesa Laboratories miniPM Sampler

Figure 6 displays test results for the 5 Lpm Mesa Laboratories miniPM sampler. The
measured sampling effectiveness for this inlet was near 100% for the smallest particles at all
three wind speeds and the 24 km/hr effectiveness curve for large particles decreased only
slightly less than that of the 2 and 8 km/hr curves. Table 3 indicates that the monotonic
decrease in sampler performance at all three wind speeds resulted in decreased total mass
measurement performance as the ambient aerosol size distribution increases. Overall,
though, the mass measurement performance of the Mesa miniPM inlet was similar to that of
the 16.7 Lpm URG TSP sampler, independent of the idealized ambient particle size
distribution. As depicted in Table 4, none the three wind speed comparisons resulted in
statistical significant changes in mass concentration measurement performance.

Texas A&M LVTSP Sampler

Size selective test results of the 16.7 Lpm Texas A&M LVTSP sampler are shown in Figure
7. As in the case of the previously discussed low-volume inlets, the fractional effectiveness
of small particle sampling was near unity for all three wind speeds. Effectiveness tended to
decrease similarly at wind speeds of 2 and 8 km/hr with increasing particle diameter. The
decrease in effectiveness dropped more dramatically at 24 km/hr, however, then tended to
remain constant with increasing particle size. The LVTSP displayed decreasing total mass
measurement performance with increasing ambient aerosol size distribution (Table 3). On
average across the four particle size distributions, the LVTSP inlet is capable of measuring
ambient mass concentrations with an accuracy of approximately 87%. Table 4 documents
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that no significant change in mass concentration measurement performance was predicted
for the LVTSP sampler over the three sets of wind speed ranges.

As mentioned, the LVTSP sampler was developed to characterize rural agricultural
operations where emission of large particles often occurs in conjunction with high ambient
wind speeds. For example, Lacey et al. (2003) and Wang et (2002) described measured size
distributions associated with agricultural activities related to poultry broiler houses
(MMD=24 um, GSD=1.6) and dairy operations (MMD=23 um, GSD=1.8), respectively. At
an ambient wind speed of 24 km/hr, the LVTSP sampler is predicted to sample only 48% of
the particle mass concentration associated with both of these rural agricultural operations.

Airmetrics MiniVol Sampler

The original design of the 5 Lpm Airmetrics MiniVol sampler included use of a downward
facing inlet cap composed of PVVC with no integral insect screen. During the 2007 redesign
of the sampler, this cap was replaced by a louvered aluminum inlet which includes an insect
screen.

Figure 8 displays test results for the 5 Lpm MiniVol sampler equipped with the PVC inlet.
Unlike the previously mentioned inlets, the effectiveness values of the PVC inlet were not
near 100% for the smallest tested particles. In particular, the effectiveness for small particles
at 2 km/hr was approximately 80% and decreased dramatically until approximately 15 um,
at which point the effectiveness remained at approximately 25%. The effectiveness for small
particles was higher during the 8 and 24 km/hr tests then remained at approximately 60% for
particles larger than 15 um aerodynamic diameter. Table 3 indicates that the monotonic
decrease in sampler performance at all three wind speeds results in decreased total mass
measurement performance as the ambient aerosol size distribution increases. Overall, the
expected mass concentration effectiveness for the PVVC inlet version of the MiniVol was
determined to be 79%.

Tests conducted with the newer aluminum louvered version (with insect screen) of the
MiniVol showed improved effectiveness at 8 km/hr but decreased effectiveness at 24 km/hr
(Figure 9). The effectiveness curves at 2 and 24 km/hr begin at 75% for small particles then
decreases similarly for larger particle sizes. The mean predicted 79% mass concentration
effectiveness of the louvered MiniVol was identical to that of the PVVC version (Table 3).

To determine if the presence of the insect screen may adversely influence the performance of
the louvered inlet, the screen was removed and the wind tunnel tests repeated at all wind
speeds. As depicted in Figure 10, this configuration of the inlet resulted in improved
performance during small particle sampling, as well as more consistent performance among
the three wind speeds. As demonstrated by the mean 84% effectiveness for all size
distributions at all wind speeds, removal of the insect screen improved the sampler’s
performance at all wind speeds and for all four idealized particle size distributions (Table 3).

Table 4 illustrates that changes in the MiniVol’s configuration (e.g., addition or removal of
the insect screen) can significantly influence the effect of wind speed variations on the
sampler’s mass concentration measurement performance.
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MS&T Area (Harvard) Sampler

Results of wind tunnel evaluation of the MS&T Area Sampler operating at 10 Lpm are
presented in Figure 11. Operation of the sampler at 2 km/hr provided sampling performance
that reduced linearly as a function of aerodynamic diameter. A fairly dramatic decrease in
effectiveness versus particle size was observed at 8 km/hr, as evidenced by sampling
effectiveness of less than 20% for 20 um and larger particles. Effectiveness during the 24
km/hr tests was only 25% for 10 um particles, although effectiveness was observed to
increase above 10 um. The expected total mass concentration efficiency for the MS&T
sampler operating at 10 Lpm was determined to be 76% (Table 3)

Figure 12 shows results from the wind tunnel evaluation of the MS&T sampler operating at
a flow rate of 4 Lpm. This 4 Lpm sampler’s effectiveness at wind speeds of 2 and 8 km/hr
was quite similar to when the sampler was operated at 10 Lpm. However, the 4 Lpm
sampler’s effectiveness at 24 km/hr was dramatically reduced with only about 50%
effectiveness measured at 5 pm particles, and 25% effectiveness for 10 um particles. The
predicted mass concentration effectiveness of the idealized Very Coarse aerosol was only
34% (Table 3). Accounting for all four idealized distributions at all wind speeds, the overall
effectiveness was estimated to be only 68%.

As documented in Table 4, changes in wind speeds can significantly influence the expected
mass concentration measurement performance of both the 4 and 10 Lpm versions of the
MST sampler. These changes in measurement performance were particularly significant over
the 2 vs 24 km/hr wind speed range, as illustrated by SSD values of 18.47 and 14.22 for the
4 Lpm and 10 Lpm samplers, respectively.

Discussion and Conclusions

As predicted from aerosol sampling theory, the size-selective performance of the 5 and 10
Lpm sharp-edged, isoaxial, isokinetic nozzles was nearly 100% independent of aerodynamic
particle size and wind speed. However, incorporating an isokinetic inlet design into routine
field use would require exact alignment of the nozzle with instantaneous wind direction in
order to avoid measurement bias due to sampling misalignment (Durham and Lundgren
1980). Further, requirements of isokinetic sampling would require continuous adjustment of
nozzle diameter and/or sampling flow rate to match instantaneously measured ambient
velocities. As a result of these requirements, it is impractical to incorporate isokinetic
sampling into routine ambient monitors. However, the value of the isokinetic samplers was
clearly demonstrated in this study for validating this study’s developed procedures for
polydisperse aerosol generation, transport, collection, and measurement in EPA’s wind
tunnel.

None of the six tested commercially-available low-inlets displayed ideal sampling
performance at the three tested wind speeds. As expected due to considerations of large
particle inertia in flowing airstreams, sampling performance in all inlets typically decreased
as a function of aerodynamic particle size. For the MS&T inlet which is essentially an open
upward facing tube perpendicular to the incoming flowstream, sampling performance
intuitively decreased with increasing wind speed, as well at lower sampling flow rate. For
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samplers with more complex inlet geometries (i.e., PQTSP, MiniVol PVC), sampling
efficiency at 24 km/hr was observed to be higher for some particle sizes than at 2 or 8 km/hr.
On average over most wind speeds, the majority of the tested samplers could be expected to
provide mass concentration measurements in the range of 75% to 95% of the theoretical
ambient mass concentration for particles less than 30 pm aerodynamic diameter. Statistical
analysis of test results showed that mass concentration measurement performance of the
low-volume samplers was significantly influenced by changes in ambient wind speed.

Although this paper has primarily focused on the predicted mass concentration measurement
performance of the low-volume inlets, it is useful to discuss implications of test results
regarding the sampling and size-fractionation of particles of specific interest, such as PM, g
and PMqq. In this regard, accurate determination of specific size fractions requires that the
inlet efficiently sample particle sizes of interest independent of wind speed and direction.
Aspirated particles must then be efficiently transported to the system’s internal size-
fractionator, which is located downstream of the inlet. Particles which enter the fractionator
must then be inertially separated based on pre-defined performance curves, followed by their
efficient transport to the system’s collection or analysis section. Accurate determination of
ambient size fractions of interest, therefore, relies on the combined ability to efficiently
sample particles from the ambient air, inertially fractionate the aspirated particles in a
defined manner, and minimize internal particle losses in all regions between the system’s
inlet and its collection zone (Marple and Rubow 1986).

For sampling and analysis of ambient aerosols for PM, 5 measurements, EPA regulations
require efficient sampling and quantitation of ambient aerosols up to approximately 4 um
aerodynamic diameter (U.S. EPA 1997). Inspection of this study’s test results suggests that
all the tested low-volume inlets (with the possible exception of the MS&T 4 Lpm sampler at
24 km/hr) are likely capable of extracting representative particles up to this aerodynamic
particle size independent of wind speed and direction. Further, internal transport losses of
particles in this size range are typically minimal in most sampler geometries and operational
flow rates due to these particles’ relatively low inertia. As a result, the downstream use of a
PM, 5 fractionator which has been size-calibrated under static (i.e., still air) conditions could
likely be used in conjunction with any of these tested low-volume inlets to provide accurate
PM, 5 concentration determinations.

However, with regards to potential PMqg concentration determination, large particle
sampling effectiveness is much more variable as a function of low-volume sampler design
and operating flow rate. In conjunction with these low-volume inlets, use of a 10 ym
fractionator calibrated under static conditions could result in highly variable and inaccurate
PM( concentration determinations.

For example, consider the 10 Lpm MS&T inlet used in conjunction with the sampler’s
internal impactor which has been tested under static conditions to have a cutpoint (i.e., 50%
effectiveness value) of 10 um. Inspection of the inlet’s effectiveness curve (Figure 11)
reveals that the inlet only successful aspirates approximately 50% of the ambient 10 pm
particles at wind speeds of 24 km/hr. The overall sampling effectiveness for this size particle
would thus only be 25% at this wind speed with the sampler’s internal fractionator installed.
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This directional shift in the sampler’s overall effectiveness curve would inadvertently
negatively bias measured PM1g mass concentrations measured by this sampler and
potentially bias decisions made with the sampler’s collected data. Inspection of the effective
curve (Figure 12) for the 4 Lpm version of this sampler would predict an even greater
negative measurement bias associated with these size particles.

In addition, the significant inertia of large particles is likely to result in appreciable internal
particle losses which may be particularly high in the region of the inlet’s interior and near
the internal fractionator’s entry section (Vincent 2007). Significant large particle losses
could further negatively bias the position of the fractionation curve and would result in
additional negative bias in measured PMy mass concentrations. Particularly in the case of
PM1q samplers, therefore, it is important to conduct wind tunnel evaluation of complete
sampling systems which include both the sampler’s inlet and its internal size fractionator.

This study has emphasized the important role of size-selective PM inlets towards obtaining
representative samplers of ambient particulate matter. To fully characterize the sampler’s
size-selective properties, future developments of low-volume particulate matter samplers
should include wind tunnel evaluation of the complete sampler and not solely the sampler’s
internal fractionator. Results of such research initiatives would provide improved guidance
for inlet design and result in better measurement and interpretation of collected ambient PM
data.
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Measured sampling effectiveness of the 16.7 Lpm isokinetic sampler at 24 km/hr. Whiskers

represent +1 standard deviation of the 13 replicate tests.
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Measured sampling effectiveness of the 16.7 Lpm isokinetic sampler as a function of
ambient wind speed and aerodynamic particle diameter.
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Wind tunnel results of the 5 Lpm isokinetic sampler at wind speeds of 2, 8, and 24 km/hr.
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Figure 4.

Measured sampling effectiveness of the 16.7 Lpm PQTSP sampler.
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Measured sampling effectiveness of the 16.7 Lpm URG inlet.
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Figure 6.
Measured sampling effectiveness of the Mesa Laboratories miniPM sampler’s inlet.
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Results from wind tunnel evaluation of the 16.7 Texas A&M LVTSP inlet.
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Figure 8.
Results from evaluation of the 5 Lpm miniVol sampler equipped with the PVC inlet.
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Results from evaluation of the 5 Lpm miniVol louvered inlet equipped with the integral

insect screen.
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Results from evaluation of the 5 Lpm miniVol louvered inlet with the insect screen removed.
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Figure 11.
Wind tunnel test results of the MS&T inlet operated at 10 Lpm.
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Figure 12.

Wind tunnel test results of the MS&T inlet operated at 4 Lpm.
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Results from SSD numerical analysis of inlet performance as a function of changes in wind speed. Shaded
cells represent statistically significant changes in sampler total mass concentration measurement performance
over the 5 to 30 um aerodynamic diameter size range.

Sum of Squared Differences (SSD) Values for the 5 to 30 um Data

Sampler 2 vs 8 km/hr 2 vs 24 km/hr 8 vs 24 km/hr
1SO16.7 0.54 0.15 0.36
1SO5 1.05 2.55 0.66
PQTSP 13.18 5.29 5.54
URG 2.27 0.34 1.41
MiniPM 0.15 0.91 1.36
LVTSP 0.58 1.05 1.05
MiniVol PVC 5.18 5.40 0.87
MiniVol w/screen 18.58 0.46 24.66
MiniVol w/o screen 1.08 7.02 2.89
MST 10 Lpm 12.77 14.22 2.30
MST 4 Lpm 11.33 18.47 2.57
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