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Six inhalable aerosol samplers were evaluated experimentally as area samplers using

monodisperse solid particles with aerodynamic diameters ranging from 5 to 68 mm. Sampler

performance and inside particle loss at two test wind speeds (0.55 and 1.1 m/sec) and three

wind orientations (0, 90, and 1808) were investigated. The six inhalable aerosol samplers tested

were a RespiCon, an Institute of Occupational Medicine (IOM), a seven-hole, a conical

inhalable sampler, a prototype button sampler, and a closed-face 37-mm cassette. The area

sampling performance of the RespiCon sampler matched the inhalable convention fairly well.

The sampling performances of the other five samplers depended on wind speed, wind

direction, and particle size, and they may not be appropriate for area sampling if the wind

speeds are greater than 0.5 m/sec.
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W
orkplace aerosols can cause respira-
tory system damage, such as nasal
cancer and bronchitis, if the aerosols
are breathed in and deposit in the hu-

man respiratory system.(1) To determine how
much aerosol can be breathed in, Vincent and
Mark(2) and Armbruster and Breuer(3) conducted
wind tunnel tests using a life-size manikin at
wind speeds ranging from 0.5 to 4.0 m/sec.
They found that inhalation of an airborne par-
ticle (i.e., aerosol) decreases with its aerodynamic
diameter (Da). Using their experimental results
as a basis, the American Conference of Govern-
mental Industrial Hygienists,(4) the International
Organization for Standardization (ISO),(5) and
the Comité Européen de Normalisation
(CEN)(6) reached an agreement and defined a
convention for the inhalability of workplace
aerosols:

I(D ) 5 0.5[1 1 exp(20.06D )]a a (1)

for 0 # Da # 100 mm, where, I(Da) 5 inhala-
bility and Da 5 particle aerodynamic diameter
(microns). Inhalability for Da . 100 mm is not
defined.

Recently, Baldwin and Maynard (7) found that
typical workplace wind speeds range from 0.04
to 2.02 m/sec and have an arithmetic mean val-
ue of 0.3 m/sec. Therefore, the current inhalable
convention, which was based on tests conducted
at higher wind speeds (0.5–4.0 m/sec) may not
fully reflect human inhalability at lower wind
speeds. In low air movement environments

(wind speed less than 0.1 m/sec), Aitken et al.(8)

found that human inhalability is significantly
greater than the current inhalable convention; a
revised form of the inhalable convention was
suggested.

To quantify the inhalable aerosol concentra-
tion accurately, an ideal aerosol sampler should
have a sampling performance equal to human in-
halability. Workplace aerosol samplers can be
used as area or personal samplers. Area samplers
are freestanding collection devices, whereas sam-
plers mounted on workers’ bodies are called per-
sonal samplers. The main advantage of personal
sampling is that the aerosol sampled is closer to
that to which the worker is exposed.

To evaluate the personal sampling perfor-
mances of eight different inhalable aerosol sam-
plers, Kenny et al.(9) mounted the samplers on a
life-size rotating manikin located inside a testing
wind tunnel with the wind speeds ranging from
0.5 to 4.0 m/sec. They found that the personal
sampling performances of the eight aerosol sam-
plers fit the inhalable convention fairly well. At
low air movement environments, Kenny et al.(10)

found that the personal sampling performance of
the IOM sampler agreed very well with human
inhalability. In addition, they found that the sam-
pling performances of the inhalable aerosol sam-
plers on and off the manikin were equivalent at
low air movement environments. This indicates
that at wind speeds less than 0.1 m/sec, there
was no measurable performance difference be-
tween personal and area sampling. However, at
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FIGURE 1. (a) Picture and (b) inside schematic drawing of a
RespiCon sampler. Source: manufacturer (TSI, Inc.) catalog.

a wind speed of 1.0 m/sec, Buchan et al.(11) found that the mea-
sured efficiency of personal sampling was significantly greater than
that of area sampling for closed-face and open-face 37-mm cas-
settes. For personal sampling, effects of manikin body on airflow
fields and on sampler performance have been shown by many re-
searchers.(12–15) For area sampling, on the other hand, very limited
sampler performance data are available for most commercially
available samplers, such as a RespiCon, an Institute of Occupa-
tional Medicine (IOM), a conical inhalable sampler (CIS), and a
seven-hole sampler.

Although personal sampling collects the aerosol samples that
better reflect worker exposure, personal sampling requires more
labor, instruments, and worker involvement.(16) The requirement
of worker involvement in personal sampling makes routine and
extensive aerosol monitoring very difficult. In addition, the par-
ticles collected on the filter of the personal sampler could be
knocked off by body movement of the worker, which would result
in a serious sampling error. The other merit of area sampling is
that the measured local aerosol concentration can be used for the
development of particle control techniques; this would be incon-
venient using personal sampling.

Although it is convenient to use area samplers, very few com-
mercially available area samplers have performances that fit the
inhalable convention. In low air movement environments, the area
sampling performance of the IOM sampler agrees very well with
human inhalability.(10) However, at higher wind speeds area sam-
pling performance of the samplers (including IOM) is not fully
understood. Therefore, use of personal samplers as area samplers
is strongly discouraged by the American Industrial Hygiene As-
sociation (AIHA).(17) To evaluate the area sampling performance
of samplers at higher wind speeds, this study evaluated six inhal-
able aerosol samplers experimentally as area (freestanding) sam-
plers using monodisperse, solid particles. Measured efficiencies
and inside losses of these six samplers at two wind speeds (0.55
and 1.1 m/sec) and three wind directions (0, 90, and 1808) are
discussed. The two wind speeds used represented moderate to
high workplace wind speeds. Attempts to test the samplers at a
wind speed of 0.3 m/sec were not successful because it was not
possible to uniformly mix and horizontally transport particles with
Da greater than ;50 mm in the test chamber at that speed.

MATERIAL AND METHODS

Aerosol Sampler Description
RespiCon Sampler

The RespiCon sampler (Model 8522, TSI Inc., St. Paul, Minn.)
shown in Figures 1a and 1b, designed by Koch et al.,(18) has a
circular inlet around the inlet-head perimeter. Because of this cir-
cular inlet design, aerosol is aspirated into the inlet from all wind
directions (3608) at the same time. Therefore, unlike the other
samplers discussed in this study, the RespiCon sampler does not
have different inlet wind orientations (e.g., 0, 90, and 1808).

Aerosol is aspirated into the RespiCon inlet at a flow rate of
3.10 L/min and then separated into three fractions by two virtual
impactors. Inside the RespiCon, as shown in Figure 1b, particles
with Da less than 4 mm are separated in Stage 1 and collected onto
the top filter. Particles with Da greater than 4 mm pass straight
through Stage 1 and flow downward to Stage 2. In Stage 2, par-
ticles with Da between 4 and 10 mm are collected onto the filter.
Those particles with Da greater than 10 mm pass straight through
the Stage 2 and are collected onto the bottom filter. Particles on

these three filters allow the determination of particle concentration
for the inhalable, thoracic, and respirable fractions (defined in the
AIHA booklet(17)):

Mass1C 5 (2)R Q t1

Mass 1 Mass1 2C 5 (3)T (Q 1 Q )t1 2

Mass 1 Mass 1 Mass1 2 3C 5 (4)I (Q 1 Q 1 Q )t1 2 3

where

CR 5 particle concentration in the respirable fraction
Mass1 5 particle mass on top filter (Stage 1)

Q 1 5 sampling flow rate for Stage 1 (5 2.66 L/min)
t 5 sampling time

CT 5 particle concentration in the thoracic fraction
Mass2 5 particle mass on middle filter (Stage 2)

Q2 5 sampling flow rate for Stage 2 (5 0.33 L/min)
CI 5 particle concentration in the inhalable fraction

Mass3 5 particle mass on bottom filter (Stage 3)
Q3 5 sampling flow rate for Stage 3 (5 0.11 L/min)

Particles depositing on the inner surfaces of the RespiCon sam-
pler are considered as inside losses. The RespiCon is the only sam-
pler tested that separates aerosol into the three defined fractions.
The other samplers are intended to collect inhalable aerosol.

IOM Sampler
The IOM sampler (Catalog no. 225-70, SKC Inc., Eighty Four,
Pa.), shown in Figure 2a, was designed by Mark and Vincent.(19)

It has a 15-mm diameter inlet orifice. Aerosol is aspirated into the
IOM sampler at a flow rate of 2.0 L/min. Particles aspirated into
the inlet are either collected by a 25-mm filter or deposited on
the inside surfaces of an internal two-piece cassette. Since particles
on both the filter and the cassette are analyzed as the particulate
matter sampled, there is no inside particle loss in the IOM sampler.

Seven-Hole Sampler
Aerosol is aspirated into a seven-hole sampler (SKC Inc., Eighty
Four, Pa.) through seven 4-mm diameter inlet orifices at a flow
rate of 2.0 L/min. Particles collected onto a 25-mm filter are
analyzed as the particles sampled, whereas those depositing on the
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FIGURE 2. Inhalable aerosol samplers used in this study. (a)
IOM; (b) seven-hole; (c) closed-face 37-mm cassette; (d) CIS; (e)
prototype button.

FIGURE 3. Schematic drawing of the sampler testing system

inner surfaces are considered as inside losses. A picture of the sev-
en-hole sampler is shown in Figure 2b.

Closed-Face 37-mm Filter Cassette

Aerosol is aspirated into a closed-face cassette through a 4-mm
diameter inlet orifice at a flow rate of 2.0 L/min. Particles col-
lected onto a 37-mm diameter filter (Millipore Inc., Bedford,
Mass.) are analyzed as the particle catch, whereas those depositing
on the inner surfaces are considered as inside losses. A picture of
the closed-face 37-mm filter cassette (Millipore Inc., Bedford,
Mass.) is shown in Figure 2c.

CIS

As shown in Figure 2d, the CIS sampler (BGI Inc., Waltham,
Mass.) has a conical inlet section. Aerosol is aspirated into the CIS
sampler through an 8-mm diameter inlet orifice at a flow rate of
3.5 L/min. Both the particles collected by a 37-mm filter and
those depositing on the filter holder are analyzed as the particle
sample, whereas those depositing on the conical inlet section are
considered as inside losses.

Prototype Button Sampler

The button sampler (SKC Inc., Eighty Four, Pa.) shown in Figure
2e, designed by Kalatoor et al.,(20) has a hemispherical metal-screen
inlet. The screen contains many 381-mm diameter openings and
has a total open area of 21%. This screen design prevents large
noninhalable particles (k100 mm) from entering the inlet. Aero-
sols with physical diameters less than the screen diameter are as-
pirated through the inlet at a flow rate of 2.0 L/min and collected
onto a 25-mm diameter filter. In this study, only those particles
depositing on the front filter gasket were quantified as inside losses.

Test Methods

Solid, monodisperse, ammonium-fluorescein test particles with Da

ranging from 5 to 68 mm were generated using a vibrating orifice
aerosol generator (VOAG) (Model 3050, TSI Inc.) To effectively
transport large VOAG generated particles, the drying air supplied
to the VOAG was modified as shown in Figure 3. Liquid particles
from the VOAG were lifted upward, dried, and directed into a
wind tunnel using an airflow rate of 425 L/min. In the vertical
wind tunnel section, the test aerosol was mixed with a dilution air
using a mixing plate, then transported horizontally to the sampler
testing zone. For the 68 mm particles, the mixing plate was re-
moved to reduce the observed high particle losses.

At the beginning of the horizontal wind tunnel section, a per-
forated plate (called a laminator) with 20 rectangular openings of
25 3 100 mm was used to reduce large-scale turbulence generated
at the vertical mixing section and to flatten the highly nonuniform
velocity profile due to the 908 bend. In essence, turbulence larger
than the laminator opening was eliminated. The remaining small-
scale turbulence was desirable for the particle mixing. Two wind
speeds (0.55 and 1.1 m/sec), measured using a hot-wire ane-
mometer (Model 8330, TSI Inc.), were used in this study. At
these two wind speeds, the airflow was turbulent (Reynolds num-
bers 5 3600 and 7300, respectively). Although the turbulence
scale and intensity at the sampler testing zone were not measured,
a fairly uniform velocity profile with difference less than 10% was
found over an area of about 600 cm2 at the central region of the
wind tunnel using the hot-wire anemometer. This central region
was where the samplers were located for testing.

To assure the uniformity of test particle diameter, during each
syringe run of the VOAG, particles were collected at the sampler
testing zone using an open-face 37-mm cassette with the sampler
inlet air velocity equal to the test section air velocity. The sampling
flow rates for the open-face cassette at 0.55 and 1.1 m/sec wind
speeds were 35.5 and 71 L/min, respectively. The diameters of
the test particles were measured using a light microscope. To de-
termine the doublet and triplet ratios of the VOAG generated
particles, for each particle diameter about 500 particles were
counted using the light microscope. It was found that doublet
percentage was less than 3% and triplet percentage less than 1%
for all five test particle diameters (Da 5 5, 10, 21, 41, and 68
mm). Because of the low doublet and triplet ratios, no correction
was made to the measured sampling efficiency. The low doublet
and triplet ratios could result from the higher drying airflow rate
(425 L/min) and larger drying column (150 mm) used in this
study, which reduced the coagulation of liquid singlets to form
doublets and triplets. Besides, doublets and triplets had higher loss
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chances (than singlets) during transportation inside the wind tun-
nel, which would also decrease the doublet and triplet ratios mea-
sured at the sampler testing zone.

The VOAG particle mass output was unacceptably low for
small particles. Therefore, polydisperse uranine test particles with
a mass median aerodynamic diameter (MMAD) of 1.6 mm and a
geometric standard deviation (GSD) of 2.7 were generated using
a Collison atomizer. The MMAD and GSD values were measured
at the sampler testing zone using a Marple Personal Cascade im-
pactor (without a visor) (model 298, Anderson Samplers, Inc.,
Atlanta, Ga.). The MMAD and GSD values were determined by
plotting the cumulative particle weight gains versus the published
cut-point diameters(21) of the impactor stages on a log-probability
paper. Particle losses inside the Marple impactor were not recov-
ered for determining the MMAD and GSD values.

For each test condition, three sampling positions with particle
concentration difference less than 10% were located in the sampler
testing zone by simultaneous measurement using three isokinetic
sharp-edge probes (Andersen Instruments, Inc.). Two or three
continuous tests using three isokinetic probes were conducted to
measure the temporal particle concentration variation at these
three sampling locations, which were found to be less than 10%.
After locating these three positions, in each test, one isokinetic
probe and two inhalable aerosol samplers were simultaneously put
at the same positions as those located by the three isokinetic
probes and then the samplers’ positions were sequentially
changed. The measured efficiency and the inside loss of the in-
halable aerosol sampler were determined using Equations 5 and
6, respectively:

C Mass /Qinh inh inhMeasured Efficiency 5 5 (5)
C Mass /Qisok isok isok

Mass /Qloss inhInside Loss 5 (6)
Mass /Qisok isok

where

Cinh 5 particle concentration measured by the inhalable
aerosol sampler

Cisok 5 particle concentration measured by the isokinetic
probe

Massinh 5 mass of particle sample collected by the inhalable
aerosol sampler

Massisok 5 mass of particles collected by the isokinetic probe
Massloss 5 mass of particles depositing on the inner surfaces

of the inhalable aerosol sampler
Qinh 5 airflow rate through the inhalable aerosol sampler
Qisok 5 airflow rate through the isokinetic probe

Particles collected by the filters and those depositing on the
inner surfaces of the samplers were dissolved in a 0.1 N sodium
hydroxide (NaOH) solution and then quantified using a fluorom-
eter (Model 112, Turner Assoc., Palo Alto, Ca.). The fluorometer
was calibrated using the NaOH diluted aliquots of known particle
concentration. To recover the particle losses inside the inhalable
samplers and the isokinetic probes, different procedures were used.
For example, to recover the inside losses on the inlet head of the
RespiCon sampler, the outside surfaces of the inlet head were first
cleaned using a NaOH-soaked cotton swab. Particles depositing
inside various sampler sections were then dissolved and washed
out using a 0.1 normal NaOH solution. Particle losses inside the
seven-hole sampler were recovered using a NaOH-soaked cotton
swab, and then the swab was sonicated 5 minutes in an NaOH

solution. Particle losses inside the CIS conical inlet and the closed-
face 37-mm cassette were recovered by carefully rinsing the inside
surfaces using a NaOH-containing squeeze bottle. Before rinsing
the inside surfaces, the outside surfaces around the inlets were
carefully cleaned to prevent the particles on the outside surfaces
from being included.

The airflow rate through each sampler (including the isokinetic
probe) was monitored using a rotameter and controlled by a crit-
ical orifice. The rotameters and the orifices were calibrated using
a calibrated Gilibrator (an electronic bubble meter) (Gilian Instru-
ment Corp., Wayne, N.J.). To minimize the effect of filter pressure
drop on flow rate variation, glass fiber filters (A/E type) were used
for particle collection in all samples. The glass fiber filter used had
a collection efficiency greater than 99.9% for all test particles used
in this study. The sampling flow rate difference due to filter load-
ing was found to be less than 1%.

RESULTS

RespiCon Sampler

At a wind speed of 0.55 m/sec, the measured efficiencies of the
RespiCon sampler, as shown in Figure 4a, match the inhalable
convention. The differences between the average measured effi-
ciencies and the inhalable convention are less than 10%. At a wind
speed of 1.1 m/sec, as shown in Figure 4b, the performances of
the RespiCon sampler fit the inhalable convention fairly well ex-
cept for the 68-mm particles. The RespiCon oversampled the 68-
mm particles by ;25%. A recent study by Baldwin and Maynard(7)

shows that the average wind speed in indoor workplaces is 0.3 m/
sec. Therefore, the test wind speed of 0.55 m/sec is closer to the
average workplace wind speed.

Inside particle losses of the RespiCon sampler are shown in
Figures 4c–4d. For 5 mm particles, the RespiCon sampler has par-
ticle losses of about 18% associated with the first stage nozzle,
which has a cutpoint diameter of 4 mm (particle loss at 4 or 4.5
mm may even be higher). Theoretically, a virtual impactor has its
peak particle losses near the cutpoint diameter at the tip of the
receiving tube.(22) In this study, most inside losses of the 5-mm
particles were found on the tip of the first receiving tube. To min-
imize the losses on the receiving tube, the diameter ratio between
the receiving tube and the (first) nozzle should be between 1.35
and 1.40.(23) The diameter ratio for the first stage of the RespiCon
is only 1.1 (3.2/2.9). The high particle losses could result in par-
tial plugging of the receiving tube and performance change of the
RespiCon sampler. Particle losses on the second stage were neg-
ligible. The low particle losses on the second stage could result
from larger diameter ratio (3.0/2.551.2) and higher reentrain-
ment of large particles. Particle losses inside the inlet head were
low, which could also result from large particle reentrainment ef-
fects.

The measured efficiencies for the respirable and the thoracic
fractions are shown in Figures 4a–4b. For the thoracic fraction,
the performances of the RespiCon sampler match the thoracic
convention very well except for the 5-mm particles. Undersam-
pling of the 5-mm particles probably results from the high inner
particle losses. With the addition of the 5-mm particle losses to
the measured thoracic efficiency, the difference between the mea-
sured value and the thoracic convention would be less than 10%.
For 68 mm particles, after the test, a small percentage of the par-
ticles was observed (using a light microscope) on the middle filter,
which is intended to collect particles with Da ranging from 4 to
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FIGURE 5. Measured efficiency of an IOM sampler at three wind orientations and two wind speeds. Solid line: inhalable convention.

←

FIGURE 4. Measured efficiency (a and b), inside particle loss (c and d), and corrected efficiency (e) of a RespiCon sampler (solid line: inhalable convention).
Note: the 1.6 mm test aerosol was not of a uniform size, and those data points need a correction factor.

10 mm. This 68 mm particle collection resulted in a slight devia-
tion of the RespiCon performance from the thoracic convention.
The reason the large particles were collected on the middle filter
is not known.

The measured respirable efficiencies fit the respirable conven-
tion very well except for the 1.6-mm particles. Undersampling of
the 1.6-mm particles resulted from the nonuniformity of the test
particles. The 1.6-mm test aerosol has 17% of the particles with
Da greater than the cutpoint diameter (4 mm) of the respirable
fraction.

In the operational manual of the RespiCon sampler, a correc-
tion factor of 1.5 is applied to the particles with diameters greater
than the thoracic fraction (also called the extrathoracic fraction).
The reason for introducing this correction factor was to comply
with the German standards requiring an almost 100% efficiency
up to 100 mm particles. When the correction factor was used, as
shown in Figure 4e, the corrected efficiencies were much higher
than the inhalable convention for particles with Da greater than
10 mm. The 1.5 correction factor for the RespiCon sampler ap-
pears unnecessary for area sampling.

IOM Sampler

The aerosol measurement efficiencies of the IOM sampler at three
wind orientations (0, 90, and 1808) and two wind speeds (0.55
and 1.1 m/sec) are shown in Figures 5a–5b. For 08 orientation
(wind toward the sampler inlet), the measured efficiencies contin-
uously increased from 100% as the particle Da increased from 10
to 68 mm. For 90 and 1808 orientations, the measured efficiencies
continuously decreased from about 100% to nearly 0% as the par-
ticle Da increased. Because the filter and the filter cassette are an-
alyzed together in the IOM sampler, there is no inner particle loss.

For the sampling of inhalable aerosols, the IOM sampler ov-
ersampled the large particles (Da greater than 20 mm) when the

wind orientation was about 08 and undersampled the large parti-
cles when the wind orientations were 90 and 1808, as shown in
Figures 5a and 5b. As the particle diameter increased, the differ-
ence between the inhalable convention and the measured efficien-
cy of the IOM sampler increased.

Seven-Hole Sampler

The measured efficiencies for the seven-hole sampler, as shown in
Figures 6a and 6b, were similar to those of the IOM sampler
except for the test condition of 0.55 m/sec wind speed at 08 wind
orientation, which has measured efficiencies gradually decreasing
from 100% as the particle diameter increases. Similar to the IOM
sampling performance, the seven-hole sampler oversampled the
large inhalable particles (Da greater than 20 mm) when the wind
orientation was about 08 and undersampled the large inhalable
particles when the wind orientations were 90 and 1808. The inside
particle losses, as shown in Figures 6c and 6d, were nearly 0% for
90 and 1808 orientations. For 08 orientation, the inside losses in-
crease as the particle diameter increased.

Closed-Face 37-mm Cassette

Generally, the measured efficiencies for the cassette, as shown in
Figures 7a and 7b, decreased from 100% as the particle diameter
increased for all test wind conditions. For the sampling of particles
with Da greater than 30 mm, the closed-face 37-mm cassette has
a measured efficiency lower than the inhalable convention in all
three wind directions (0, 90, and 1808). As the particle diameter
increased, the difference between the inhalable convention and the
measured efficiency of the closed-face cassette increased. The in-
side particle losses, as shown in Figures 7c and 7d, were insignif-
icant for 90 and 1808 orientations. For 08 orientation, the inside
losses had a steep increase for particles greater than 40 mm.
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FIGURE 6. Measured efficiency and inside particle loss of a seven-hole sampler at three wind orientations and two wind speeds. Solid lines in
(a) and (b): inhalable convention.

CIS Sampler

The measured efficiencies, as shown in Figures 8a and 8b, de-
creased from 100% as the particle diameter increased for all test
wind conditions. For the sampling of particles with Da greater than
about 50 mm, the CIS sampler undersampled the inhalable aero-
sols for all test wind conditions. The inside particle losses, as
shown in Figures 8c and 8d, were insignificant for 90 and 1808
orientations. For 08 orientation, the inside losses increased as the
particle diameter increased.

Prototype Button Sampler

For 08 wind orientation, the measured efficiencies, as shown in
Figures 9a and 9b, have the maximum measured value at 41 mm.
When the particle diameters were less than 10 mm, the measured
efficiencies were fairly stable (from 87 to 98%). When the particle
diameter increased from 41 to 68 mm, the measured efficiencies
decreased. For 90 and 1808 orientations, the measured efficiencies
decreased from about 80 to nearly 0% as the particle diameter

increased from 1.6 to 68 mm. Similar to the IOM and the seven-
hole samplers, the prototype button sampler oversampled the large
inhalable aerosols (Da greater than 20 mm) when the wind direc-
tion was about 08, and undersampled the large inhalable aerosols
when the wind directions were 90 and 1808. The particle losses
on the front gasket, as shown in Figures 9c and 9d, are insignifi-
cant except for large particles at the test condition of 1.1 m/sec
wind speed, 08 wind orientation.

DISCUSSION

Among the six aerosol samplers tested as area samplers at wind
speeds of 0.55 and 1.1 m/sec, only the RespiCon had a sam-

pling performance that reasonably matched the inhalable conven-
tion. For the other five samplers, sampling performances were
highly dependent on wind direction. For example, when sampling
68 mm particles at a wind speed of 0.55 m/sec, the IOM sampler
had a measured efficiency of 180% for a 08 wind orientation, and
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FIGURE 7. Measured efficiency and inside particle loss of a closed-face 37-mm cassette at three wind orientations and two wind speeds. Solid
lines in (a) and (b): inhalable convention.

about a 3% sampling efficiency for 90 and 1808 wind orientations.
Generally, for the same particle diameter, the measured efficiency
for 08 has the highest value, and the measured efficiency for 1808
is greater than that for 908. For large particles (e.g., 50 mm Da)
in moderate air velocity (;1 m/sec), concentration measurements
could vary by a factor of 2 to 10 because of sampler orientation.

In this study, it was found that the closed-face 37-mm cas-
sette, CIS sampler, and seven-hole sampler had high inside par-
ticle losses for large particles. To obtain some insight into this
problem, only the central area (;20 mm) of the 37-mm filters
in the closed-face cassette and the CIS sampler were coated with
petroleum jelly to collect and prevent bouncing off the 41-mm
particles at the test condition of 1.1 m/sec wind speed, 08 wind
orientation. With the greased filters, the inside particle losses of
the 37-mm cassette decreased from 87 to 1%, and the inside
losses of the CIS sampler decreased from 42 to 15%. This means
that most of the large solid particles entering the closed-face 37-
mm cassette hit the filter and bounce off, which results in the

low measured efficiency. High inner particle losses of the closed-
face 37-mm cassette were also found by Moore et al.(24) during
wood-dust sampling. For the CIS sampler, about two-thirds of
the inside large-particle losses are due to the particle bounce-off
and one-third of the losses are due to gravity settling. Therefore,
when these three samplers are used as personal or area samplers,
their sampling performances will depend on the stickiness of the
sampled particles. For example, for the same particle diameter,
the measured efficiency of solid particles will be less than that of
liquid particles (approximates to the measured efficiency plus
particle loss for the solid particles).

To give a better understanding of the inlet performances, the
total (inlet) efficiency, summation of the measured efficiency, and
the inside loss of four aerosol samplers at 08 wind orientation are
plotted in Figures 10a and 10b. Generally, at 08 wind orientation
the total efficiency increases as the velocity ratio (R), Vwind/Vi

(Vwind : wind velocity, Vi : inlet velocity), increases. When R is
greater than 1, the total efficiency increases from 100% as the
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FIGURE 8. Measured efficiency and inside particle loss of a CIS sampler at three wind orientations and two wind speeds. Solid lines in (a) and
(b): inhalable convention.

particle diameter increases; on the other hand, when R is less
than 1, the total efficiency decreases from 100% as the particle
diameter increases. When R is close to 1, as shown in the CIS
curve of Figure 10b, the total efficiency is almost a constant line
of 100%. However, for large particles the total efficiency of the
closed-face 37-mm cassette is slightly greater than 100% even
though R is less than 1. That could result from the reentrainment
of large particles depositing on the outside surfaces of the closed-
face cassette. Theoretically, for the particles of infinite inertia, the
total efficiency will asymptotically approach the R value. For ex-
ample, at a wind speed of 0.55 m/sec, the IOM sampler had an
R value of 2.9; therefore, the maximum total efficiency of the
IOM will be 290%. The total efficiencies of the RespiCon and
the prototype button sampler are not plotted in Figure 10 due
to their unique inlet geometries and performances. For 90 and
1808 wind orientations, since the inside losses are insignificant,
the total efficiency will be close to the measured efficiency; the
measured efficiency (;total efficiency), as shown in Figures 5–

8, decreased as the particle diameter increased for all four sam-
plers (IOM, seven-hole, CIS, and closed-face 37-mm cassette).
At the same testing condition, the total inlet efficiency difference
among these four samplers was less than ;20% for 90 and 1808
wind orientations.

To further understand the effect of wind orientation on total
efficiency, an IOM sampler was tested at 308 intervals from 0 to
1808 using monodisperse solid particles of 21 mm at a wind speed
of 1.1 m/sec. As shown in Figure 11, the total efficiency con-
tinuously decreased from 0 to 908 and stayed fairly constant from
90 to 1208. From 120 to 1808, the total efficiency slowly and
continuously increased. As the sampler was rotated from 0 to
908, the effective inlet area continuously decreased, which de-
creased the inlet (or total) efficiency. When the sampler was fur-
ther rotated from 90 to 1808, at a certain angle greater than
1208, the sampler body induced a particle-trapping turbulence
around the sampler inlet, which resulted in the inlet efficiency
increase.
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FIGURE 9. Measured efficiency and inside particle loss of a prototype button sampler at three wind orientations and two wind speeds. Solid lines
in (a) and (b): inhalable convention.

Data point variations shown in Figures 4–11 are generally less
than 20% for particles less than 41 mm. The variation usually in-
creases as the particle diameter increases. For 68-mm particles, the
variations are relatively high. This probably resulted from the non-
uniform mixing of large particles due to the mixing plate removal.
Errors due to the background (fluorocein) particles, particle re-
covery, uniformity of particle size, and sampling flow rate varia-
tions were found to be insignificant. Measurement variability was
probably due to aerosol concentration variation.

CONCLUSIONS

In this study six inhalable aerosol samplers were tested (as area
samplers) using monodisperse solid particles at different wind

conditions. Their sampling performances were compared with
the inhalable convention. The RespiCon sampler provided a
reasonable match of the inhalable convention (if the manufac-

turer correction factor of 1.5 is not used). However, particle
losses inside the RespiCon sampler should be closely monitored
(and the unit cleaned) to prevent plugging of the first receiving
tube.

The area sampling performances of the IOM, seven-hole, CIS,
closed-face 37-mm cassette, and the prototype button sampler all
are highly dependent on wind orientation, wind speed, and par-
ticle size. When the measured sampling efficiency was compared
with the inhalable convention, the IOM, seven-hole, and proto-
type button sampler oversampled the large particles (Da greater
than 20 mm) when the wind direction was about 08 and under-
sampled the large inhalable particles when the wind directions
were 90 and 1808. The difference between the inhalable conven-
tion and the sampler-measured efficiency increased as the particle
diameter increased for all test wind conditions. The closed-face
37-mm cassette and the CIS sampler undersampled large inhalable
particles (Da . 41 mm) in all three wind directions (0, 90, 1808).
The measured sampling performances of the closed-face 37-mm
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FIGURE 10. Effects of velocity ratio, Vwind/Vi (inlet velocity), on
total efficiencies of four aerosol samplers at 08 wind orientation.
(a) Wind speed 5 0.55 m/sec; (b) wind speed 5 1.1 m/sec.

FIGURE 11. Effect of wind orientation on total inlet efficiency
of an IOM sampler. Wind speed 5 1.1 m/sec, particle Da 5 21
mm.

cassette, CIS, and seven-hole sampler, whether used as area or
personal samplers, also depend on the stickiness of the sampled
particles because internal losses are highly variable for the larger
(20 to ;100 mm) particles.
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