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Aspiration Efficiency of IOM-Like Personal Aerosol
Samplers from Experiments with a New Rapid Data
Acquisition System

Laurie A. Brixey1 and James H. Vincent
Department of Environmental Health Sciences, University of Michigan, Ann Arbor, Michigan, USA

New automated instrumentation for the rapid acquisition of
aerosol sampler aspiration efficiency data has been applied to an
investigation of a range of personal aerosol samplers of the type de-
veloped during the 1980s at the Institute of Occupational Medicine
(IOM) in Edinburgh, Scotland, U.K. The experimental research
was carried out in a small wind tunnel, and the relation of the results
for IOM-like samplers to full-scale life-size personal aerosol sam-
pling scenarios—like those encountered in occupational aerosol
exposure assessment—was investigated by reference to the scaling
laws that have been developed based on familiar aerosol mechanics
as they apply to the physics of aerosol sampling. In the small-scale
experimental study, the IOM-like sampler was mounted centrally
on a rectangular bluff body, simulating the wearing of the sampler
on the body (e.g., as by a worker in an industrial setting). Scaling
with respect to the corresponding, more-realistic full-scale system
for a corresponding full-scale windspeed of 1.0 m/s was achieved
by varying the inlet diameter, the windspeed and the sampling
flowrate. The results for windspeeds in the scaled experiments of
1.5 m/s and lower were found to differ significantly from those for
windspeeds of 2.0 m/s and higher. In particular, the measured as-
piration efficiency values for the lower windspeeds were markedly
higher than—and clearly not consistent with—the higher wind-
speed group of results. It is considered likely that such divergence
may be associated with a characteristic of the small wind tunnel in
which the experiments were conducted. However, the scaling laws
developed were found to work well for windspeeds in the scaled
experiments of 1.5 m/s and higher. The results confirm that the
performance of the IOM personal inhalable aerosol sampler is in
quite good general agreement with the inhalability criterion.
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1. INTRODUCTION
Aerosol samplers are important tools in the field of environ-

mental and occupational health for the assessment of human
exposure to aerosols. The scientific basis of exposure assess-
ment is important in that it provides the basis for the setting of
appropriate criteria for health-based aerosol standards. Aerosol
sampling relates to the technical means by which a person’s ex-
posure to airborne particulates may be quantified, and involves
extraction of a known volume of air and particles into a device
so that the particles can be subsequently quantified by weighing,
use of a direct-reading instrument, or some other means.

There has been much progress made in the last 20 years to-
wards setting scientifically-based criteria for the measurement of
exposure to aerosols by, for example, the International Standards
Organisation (ISO), the American Conference of Governmen-
tal Industrial Hygienists (ACGIH), and the Comité Européen
de Normalisation (CEN), as well as other national and interna-
tional organizations. These organizations have recently moved
towards international standardization of particle size-selective
criteria for health-related aerosol sampling. They focus on the
need for sampling to reflect the true nature of human exposure.
First, they identify the inhalability of the human head (i.e., the
inhalable fraction) as a function of particle size. This is the effi-
ciency with which particles enter through the nose and/or mouth
of exposed people during breathing. The thoracic and respirable
fractions represent progressive penetration of particles down into
the respiratory tract. All such fractions are important because
they provide quantitative performance targets for aerosol sam-
plers to be used for exposure assessment within the framework
of exposure regulation. The coarser inhalable fraction is the one
that is relevant to the present research. It is of special interest
because it contains both the thoracic and respirable fractions (as
subfractions), and also because it will apply to most standards
relating to what has previously been referred to as “total aerosol”
(which, as is now widely acknowledged, relates poorly to human
exposure). However, the inhalable fraction is the most difficult
to simulate because it is largely influenced by fluid and aerosol
mechanical factors outside of the sampling body, most of which
are uncontrollable and, in many cases, unknown.
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Personal aerosol samplers, worn by individual aerosol-
exposed individuals, provide the means to estimate the actual
exposure of those individuals, provided of course that the sam-
pler is chosen to accurately provide the particle size fraction of
interest. Until recently, the only acceptable method for charac-
terizing personal inhalable aerosol samplers has involved exper-
iments in wind tunnels large enough to accommodate full-scale
mannequins on which the samplers were mounted (e.g., Ogden
and Birkett 1977; Ogden et al. 1977; Armbruster and Breuer
1982; Vincent and Mark 1982; Kenny et al. 1997; Hinds and
Kuo 1995). Typically, narrowly graded, nearly monodisperse
aerosols were delivered to the working section of the tunnel
and collected by the aerosol samplers of interest. But there are
very few wind tunnels in existence that are properly equipped
to carry out such experiments. Further, such experiments were
very difficult to execute and time-consuming. Such factors have
made the cost of full-scale aerosol sampler characterization very
high, leading to the conclusion that—in the longer run—it is
impractical for routine use in sampler development and testing.
Instead, there is a need for an alternative approach that is less
labor-intensive and time-consuming. Interest in this is reflected
in the research that has been funded in recent years in both the
European Community and the United States.

In the present work, we began from the position that, by per-
forming such experiments in small wind tunnels, with due refer-
ence to appropriate physical scaling laws, not only would costs
be greatly reduced but many more laboratories would be able
to set up appropriately-equipped facilities. Even so, gravimetric
tests with monodisperse test aerosols along the lines described
are still time-consuming. This points, therefore, to the incor-
poration of a direct-reading instrument which counts and sizes
sampled particles to allow for data to be collected simultane-
ously for many particle sizes and stored and analyzed digitally.
Initial progress towards the development of a method of this
type was first reported by Ramachandran et al. (1998). This pa-

FIG. 1. The IOM inhalable aerosol sampler.

per describes further developments towards a practical method
for carrying out such tests.

2. BACKGROUND
People are exposed to particles by inhalation when the par-

ticles are drawn into the nose and/or mouth by aspiration. This
process is strongly influenced by the way in which airborne
particles are carried by air in the vicinity of the individual. So
the concentration of aerosol inhaled (or aspirated) may not be
the same as that originally in the inhaled air volume. As al-
ready mentioned, occupational hygienists have long recognized
that the only way to obtain a truly representative measure of an
individual worker’s aerosol exposure is to place a small sam-
pling device very close to the ‘breathing zone’ of the worker
(Walton and Vincent 1998). In this way, the sampler—provided
it exhibits the appropriate health-based particle size-selection
characteristics—collects the same aerosol concentration as that
experienced by the worker.

The inhalable aerosol fraction, expressing the probability that
particles of a given size will enter through the nose and/or mouth
during breathing, is expressed quantitatively by an empirical
equation which relates inhalability (I ) to particle aerodynamic
diameter (dae), thus (Vincent 1999)

I (dae) = 0.5 · {1 + exp(−0.06dae)} [1]

The Institute of Occupational Medicine (IOM) personal in-
halable aerosol sampler (available commercially from SKC,
Inc., Eighty-Four, PA) was the first personal sampler developed
specifically to collect the inhalable fraction (see Figure 1). It
comprises a removable filter cassette that has a 15-mm diameter
sampling orifice which sits inside a 45-mm diameter sampling
body. The required sampling flow rate is 2 L/min. This sampler
is unique in that, in practical use, the entire cassette is evaluated
in order to quantify all the aerosol that has passed through the
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sampler entry. This is in contrast to most other samplers where
only the filter is assessed. Subsequent laboratory and field stud-
ies have confirmed that the IOM is indeed an effective inhalable
aerosol sampler (Vaughan et al. 1990; Kenny et al. 1997; Bartley
1998).

In general, the aspiration efficiency of an aerosol sampler
may be defined as A = cs/c0, where cs is the concentration
of particles passing directly through the plane of the sampling
orifice and c0 is that in the ambient air. This is the relevant index
of performance for aerosol samplers, like the IOM sampler, for
which the entire amount of aerosol that enters the plane of the
sampling orifice is assessed. The challenge for aerosol scientists
is to design a sampler so that, under conditions of practical use,
A ≡ I as defined by Equation 1.

The same aerosol mechanics that govern the inhalation of par-
ticles also govern the entry of particles into sampling devices.
Aspiration efficiency may generally be described as a function of
several different dimensionless parameters relating to the move-
ment of air and particles in the vicinity of the sampler, thus

A = f {St, R, r, θ, Fr, Re f , Rep, . . . } [2]

where St is the Stokes’ number, the predominant parameter em-
bodying inertial effects on particle motion, given by St = d2

aeρ*U
/18ηδ in which dae is the particle aerodynamic diameter, ρ* the
density of water and η the viscosity of air. In addition, R is the
ratio of freestream velocity to the mean velocity of air passing
through the plane of the orifice (U /Us), r is the ratio of sampler
entry orifice width to the sampler body (δ /D) and θ is the ori-
entation of the sampler with respect to the wind. Further, Fr is
the Froude number, given by U 2/gδ (where g is the acceleration
due to gravity), and this describes the role of gravity in relation
to inertial forces, specifically that, for Fr values significantly
greater than unity, the effect of gravity may be assumed to be
negligible. Other parameters to be considered are the Reynolds
number for the flow outside the sampler (Re f ) and the Reynolds
number for the particle motion relative to the flow (Rep). Still
others may include dimensionless groups to account for the ef-
fects of freestream turbulence, gravity or other relevant fluid
mechanical effects. Each could be important under specific sets
of conditions. Although Re f was included in the considerations
of aerosol sampler scaling described by Kenny et al. (2000), it
is a fair starting assumption for the range of most conditions of
aerosol sampling that it falls within the range where physical
behavior is not very sensitive to changes in Re f . So we began
by assuming that it may be neglected. Similarly Rep may also
be neglected over the range where particle motion relative to the
air approximately follows Stokes’ law. Furthermore, the small
amount of available empirical evidence suggests that freestream
turbulence has a relatively weak effect over the ranges of con-
ditions envisaged for practical aerosol sampling (Vincent et al.
1985).

Strict application of Equation (2) severely constrains the prac-
ticability of scaling aerosol samplers along the lines described

in the present research. But the removal of the need to scale with
respect to Re f and Rep, as well as some of the other suggested
dimensionless parameters, is very helpful. Importantly, for the
full range of conditions pertaining to our experiments (i.e., U
from 0.73 to 4.6 m/s and δ = 11 mm), Fr ranged from 4.9 to
200, indicating clearly that gravity was not a significant factor
in our experiments. Now, therefore, for our experiments it is
reasonable to assume that the problem may be reduced to

A = f {St, R, r} [3]

and this defines a much simplified set of scaling laws by which
aerosol sampler performance can be related across ranges of
conditions (Brixey et al. 2002). In the scenario described, the
actual independent variables to be controlled are U , Us , D, δ

and dae. In order to keep R constant, U and Us must be scaled by
the same factor (kU ) as that pertaining to the full-scale system.
Likewise, to keep r constant, D and δ must be scaled by the
corresponding factor kD . The scaling factor for dae is then kdae,
where

k2
dae = kU /kD [4]

Scaling can be simplified even further. Paik and Vincent (2002a)
showed that the dimension ratio (r ) is much less influential than
was initially thought. With this in mind, scaling of aerosol sam-
pler performance for a given orientation with respect to the
wind may be carried out by reference to just St and R. This
provides flexibility in designing a small-scale system that phys-
ically matches the full-scale system of interest. It is the primary
basis for all that follows.

3. EXPERIMENTAL

The Method
The experimental apparatus for the research described in this

paper is essentially the same as that outlined in our earlier pa-
per (Brixey et al. 2002), and so will be summarized only briefly
here. The primary equipment is the small open-loop wind tun-
nel shown in Figure 2. It features a working cross-section of
0.30 m × 0.30 m, air movement driven by a tubular centrifu-
gal fan located downstream of the working section, air entering
the working section from an inlet plenum containing a HEPA
filter bank, passage through a honeycomb screen and a contrac-
tion and, after passage through the working section, discharge
through a diffuser and another HEPA filter bank. Test aerosols
were generated from powdered materials using a mechanical
aerosol generator (Topas GmbH, Dresden, Germany), and in-
jected into the airflow just upwind of the working section, with
dispersal aided by a 0.15 m × 0.15 m mixing plate and a square-
lattice turbulence grid. The latter also served to establish con-
sistent turbulence in the test section. The compressed air supply
to the aerosol generator (1.2 bar) was sufficient to provide an
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FIG. 2. Photograph of the wind tunnel used for the research.

agglomerate-free aerosol. As a further measure to aid disper-
sion, the test powders were stored in a heated oven prior to use
and, during the experiments themselves, a 250 W spot lamp was
used to gently heat the powder reservoir of the generator. Prior
to beginning the experiments, aerosol samples were collected
on glass slides placed in the working section of the wind tun-
nel during aerosol generation and inspected under a microscope
to ensure that no agglomerates were present, as was indeed the
case for all conditions studied. For most of the experiments de-
scribed in this paper, the aerosols generated in this way were not
neutralized. But a small number of experiments were carried out
for aerosols reduced to close to Boltzmann equilibrium by pas-
sage through a Kr85 neutralizer (Model 3012, TSI Inc., St. Paul,
MN).

The central component of the system described by Brixey
et al. was the direct-reading particle sizing and counting in-
strument that, for polydisperse test aerosols, allowed the ac-
quisition of data simultaneously for a wide range of parti-
cle sizes within a single experimental run. For this purpose,
we employed the Aerodynamic Particle Sizer (APS) (Models
3320/3321, TSI, Inc., St. Paul, MN). Initially, the earlier Model
3320 was used, but later experiments were conducted using the
improved Model 3321, after it had been revealed that there
were particle counting artifacts leading to some inaccuracies
in the use of the Model 3320 for larger particle sizes (Armen-
dariz and Leith 2002; Stein et al. 2002) (see below). Data from
the earlier runs which were obtained for conditions known to
be associated with the artifacts in question were excised from
what is presented in this paper. The raw particle counts from the
APS were collected using Aerosol Instrument Manager software
(Version 5.2, TSI, Inc., St. Paul, MN) on a laptop computer,
with sample collection controlled automatically through the
software.

For most of the experiments, polydisperse test aerosols were
generated from powders of glass beads in which 80% of the mass
comprised particles of diameter between 13 and 44 µm (325
mesh, Class IV GL-0191, MO-SCI Corp., Rolla, MO). Using

the Topas generator, the concentration of the delivered aerosol
was constant over time to within ±10%. The actual delivery rate
was adjusted to provide aerosol concentration in the working
section high enough to provide sufficient particle counts across
the range of particle sizes of interest yet not so high as to cause
coincidence counts in the APS. With this in mind, the overall
particle count concentration at the APS was maintained within
the desired range from 50 to 400 particles/cm3.

The experiments were based on the technical system de-
scribed by Brixey et al., requiring measurement of the counts
of particles of given aerodynamic diameter reaching the APS
in each of two sampling lines, the first containing the reference
sampler where the aspiration characteristics are known and the
second containing the actual sampling system of interest where
the aspiration characteristics are not known. The air volumet-
ric flowrate was the same in each line. By repeated counts in
each line, by switching backwards and forwards from one to
the other, comparison of the counts obtained for each line pro-
vided information from which—ultimately—to determine the
aspiration efficiency of the sampler of interest.

The practical implementation of the approach described was
complicated by particle losses at the entries of both the reference
and the test samplers associated with the coupling between the
external wind tunnel flow and the internal flow inside the sam-
pling line (e.g., as previously studied by Hangal and Willeke
1990; Sreenath et al. 2002). In any given experiment, the per-
formance of the test sampler of interest would be bound up with
those losses, along with particle losses elsewhere in the two sam-
pling lines. These may be articulated by reference to Figure 3.
Here we may define E as the overall transmission efficiency of
particles for passage from the wind tunnel test section, through
the sampler, and to the APS, where they are measured. For this

FIG. 3. Schematic representation of the sampling system to illustrate the basis
of the determination of sampler aspiration efficiency; the sampler to the left is
the reference sampler, the sampler to the right is the test sampler (i.e., the IOM
sampler).
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scenario

T E = T cAPS

c0
= T cAPS

T ce

T ce

T cs

T cs

c0
= T Ptube ·T Pentry ·T A [5]

R E = RcAPS

c0
= RcAPS

Rce

Rce

Rcs

Rcs

c0
= R Ptube ·R Pentry ·R A [6]

where the subscripts ‘T’ and ‘R’ refer to the test and reference
samplers, respectively, and where the subscripted aerosol con-
centrations are as identified in Figure 3. Dividing Equation (5)
by Equation 6 gives

T E

R E
= T cAPS

RcAPS
= T PtubeT PentryT A

R Ptube R Pentry R A
[7]

In these equations, Pentry is the particle penetration through the
entry, Ptube is the penetration of the tubing from the entry to the
sensing region of the APS, and A is the aspiration efficiency
itself.

Aspiration efficiency for the test sampler may be determined
from the measured T cAPS and RcAPS using Equation 7 if R A and
the various penetrations are known. For the thin-walled reference
probe, R A may be calculated for any set of conditions, isokinetic
or anisokinetic from the model proposed by Paik and Vincent
(2002b). T Ptube and R Ptube may cancel if the practical realization
of the system shown in Figure 3 pays due attention to the de-
sign to ensure exact symmetry between the two sampling lines.
That leaves just T Pentry and R Pentry. This was resolved by the
insertion of cylindrical plugs of porous plastic foam media into
the entries of both the test and reference samplers. In principle,
for such inserts, each of the penetrations could be calculated—if
desired—using an empirical model that has been shown to be
reliable for such purposes (Vincent et al. 2003). However, for
the experiments reported in this paper, matters were simplified
by designing the reference sampler to have the same entry di-
mensions and flowrate as the test sampler. Then the porous foam
inserts could be made identical for each such that, in turn, the
two penetration terms in Equation 7 should cancel. The porous
plastic foam media used for this purpose were obtained com-

TABLE 1
Summary of experimental conditions for scaled IOM sampler experiments, in which δ = orifice diameter, D = bluff body width,

U = freestream wind velocity, Q = sampling flow rate, kdae = scaling factor for particle size, kδ = scaling factor for inlet
diameter, and kU = scaling factor for windspeed

Windspeed (U) Full-Scale 1.0 m/s 0.73 m/s 1.0 m/s 1.5 m/s 2.0 m/s 2.9 m/s 4.6 m/s Gravimetric 2.5 m/s

δ(mm) 15 11 11 11 11 11 11 15
D (mm) 300 88 88 88 88 88 88 120
Q (L/min) 2.0 0.79 1.1 1.6 2.2 3.2 5.0 5.0
kdae 1 1 1.17 1.43 1.67 2.0 2.5 1.58
kδ 1 1.36 1.36 1.36 1.36 1.36 1.36 1
kU 1 1.36 1 0.66 0.49 0.34 0.22 0.40

Note: Scaling factors are here expressed as full-scale/small-scale.

mercially in 5-mm thick sheets with nominal 20 pores per inch
(ppi) porosity (Foam Engineers Ltd., Buckinghamshire, UK).
Cylindrical plugs were carefully cut from this sheet with diam-
eter sufficient to ensure a snug fit in each of the sampler inlets.
Prior to use, the foam plugs for both the reference and test sam-
plers were immersed in a 10% mixture of petroleum jelly in
xylene and dried to leave a uniform greased surface that would
minimize any reentrainment of deposited particles. Preliminary
experiments confirmed that greasing the foams in this way did
indeed prevent such reentrainment. Following the procedure de-
scribed in our earlier paper (Brixey et al. 2002), each result
presented in this paper is the average of 50 individual A-values
derived from 10 replicate experimental runs in which each run
produced five A-values. The porous foam plugs were replaced
before each run. While a certain amount of variability might
have been expected in the penetration efficiency of individual
foam plugs, no significant bias was observed in the experimental
results that might be associated with the specific properties of
the individual foam plug samples used or with individual grease
layers.

The Test Sampler Set-Up
The purpose of the experiments described in this paper was to

examine whether a scaled version of the IOM sampler could be
tested in our small wind tunnel and exhibit performance (in terms
of aspiration efficiency) that matched that of the full-scale ver-
sion tested under life-sized conditions (from the previously pub-
lished results of Mark and Vincent 1986 and Kenny et al. 1997).
Based on the preceding discussion about scaling laws, Table 1
shows the experimental conditions for the full-scale experimen-
tal studies (subsets from the Mark and Vincent and the Kenny
et al. data) alongside the corresponding scaled-down conditions
that were applied in the experiments described here. Here, for
scaling purposes, the width of the sampler body (D) was taken
to be the width of the bluff body on which the sampler itself was
mounted. So for the full-scale version D was the width of the
body of the mannequin (approximately 300 mm), while for the
small-scale version it was the width of a rectangular bluff body
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on which the sampler was mounted. For all the experiments in-
volving the use of the rapid data acquisition system, the sampling
set-up comprised an inlet of diameter δ = 11 mm centrally lo-
cated on a bluff body of diameter D = 88 mm. In this system, the
inlet took the form of a tube that projected out about 3 mm from
the bluff body in order to reduce the possibility of secondary
entry of particles after blow-off from external surfaces (Mark et
al. 1982). For the experiments where the aspiration efficiency of
the sampler was measured using more conventional gravimetric
methods, a full-size IOM sampler (with δ = 15 mm) was placed
on a bluff body with D = 120 mm (see Figure 4). As shown in
Table 1, all experiments were scaled to correspond to the same
dynamic conditions.

In both the full-scale experiments of Mark and Vincent and of
Kenny et al. the test sampler systems were rotated incrementally
about the vertical axis in order to achieve orientation averaging.
For the small-scale experiments described here, the test sampler
system was rotated slowly and steadily at about 2 rpm. The only
difference between the full-scale and small-scale experiments
was the shape of the bluff body (where the size itself was also
scaled). For all the earlier Mark and Vincent experiments, the
sampler had been mounted on the lapel of a life-like mannequin;
for the Kenny et al. data, some results had been obtained for the
sampler mounted centrally on the torso of the mannequin. Since
this is directly similar to the symmetrical configuration in our
new scaled experiments, it is this subset that will be used here
for comparison purposes.

Preliminary Experiments
Preliminary experiments were conducted to establish aspects

of the experimental system where there were lingering questions
of interest not only to the present study but also to aerosol sci-
entists working in this field. One concerned the possible effect
of particle charge on sampler aspiration efficiency, the other the
possible effects of APS-related artifacts like those that have been

FIG. 4. Photograph of the experimental sampling system as set up for the
gravimetric tests.

reported by others. For the sake of economy, brief details only
are given here; fuller information is available in Brixey (2003).

Neutralization of the Test Aerosol
Experiments were conducted in which the primary differ-

ence was the use of the Kr85 neutralizer for conditioning the
test aerosol. These involved measurements of the aspiration ef-
ficiency of the IOM sampler at two windspeeds, 2.9 and 4.6 m/s,
both with and without using the neutralizer. The results showed
that there was very little difference between the results for neu-
tralized and non-neutralized aerosol respectively. Any differ-
ences were small and well within the variability we have come
to expect for this type of experiment. It was concluded that neu-
tralization of the test aerosol was not required for experiments
of the type envisioned for this research. So the neutralizer was
not used for the bulk of the experiments reported in this paper.

Comparison of Results Obtained with APS Models 3320
and 3321

Experiments were conducted for a limited set of conditions to
compare aspiration efficiency results for experiments performed
with the prototype test system using two different APS Models,
the earlier 3320 and the more recent 3321. Two sets of exper-
iments were performed in which the only difference was the
model number of the APS employed, both involving the IOM
sampler. Aspiration efficiency results, plotted in the form of A
versus St, showed good agreement between the results for the
two APS models for St up to about 0.4 (corresponding to dae <

15 µm). Beyond this range the data sets diverged, with measured
aspiration efficiency for the Model 3320 clearly increasing while
those for the Model 3321 tended to level out. The results for the
older Model 3320 were consistent with the artifacts that have
been reported by the others cited earlier. On this basis, all the
results presented in this paper obtained using the Model 3320
exclude all those for the range of conditions where the artifacts
were apparent.

4. RESULTS AND DISCUSSION
Results from the IOM sampler experiments using the pro-

totype new, automated testing system are shown in Figure 5.
They represent individual full sets for conditions all scaled to be
equivalent to a full-scale windspeed of 1 m/s, but for six actual
windspeeds in the range from 0.73 to 4.6 m/s. The conditions
for scaling between these sets of conditions are summarized in
Table 1. The results for aspiration efficiency (A) are plotted
against St, consistent with how the sampler scaling laws are ex-
pressed. From the earlier considerations of those scaling laws,
it was expected that all six data sets presented in Figure 5 would
follow the same trend and scale well together. But it is seen
that there are two very distinct trends. For the three lower wind-
speeds, 0.73, 1 and 1.5 m/s, aspiration efficiency is seen to be
close to unity for St up to about 0.03, from which point it in-
creases beyond unity. But for the three higher windspeeds, 2, 2.9,
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FIG. 5. Aspiration efficiency (A) of the IOM sampler as a function of Stokes
number (St) for a range of windspeeds.

and 4.6 m/s, aspiration efficiency shows a decreasing trend start-
ing at about St = 0.01. This latter trend was as expected based
on other published experimental data (Mark and Vincent 1986;
Kenny et al. 1997). The higher-windspeed data therefore provide
strong support for the scaling laws that have been proposed. But
the lower-windspeed results were surprising, and so were ex-
plored further. With this in mind, the data were re-plotted in the
form of aspiration efficiency (A) versus freestream windspeed
(U ) for a range of St (see Figure 6). Plotted in this way, a clear
transition is seen for U in the range below about 1.5 m/s. We
have therefore identified a range of experimental conditions in
our system for which Equation 3 does not hold. Therefore, we re-
turn to Equation 2 to consider what may have been left out of the
initial analysis. Gravitational settling is the first suspect since this
clearly would come into effect at lower windspeeds. However
the Fr-values calculated for the range of experimental conditions
studied appear to rule out this possibility. Other candidates may
be associated with what fluid dynamicists refer to as “Reynolds
number effects.” In particular the possibility may be considered

FIG. 6. Data from Figure 5 re-plotted in the form of A versus windspeed (U )
for a range of Stokes numbers.

that the observed transition may be related to a transition in the
characteristics of the flow outside the sampler, as represented by
Re f . Re f -values relevant to the flow around the sampler bluff
body for the freestream windspeeds studied ranged between ap-
proximately 4,600 and 28,500, compared to an equivalent Re f

for full-scale experiments—for a sampler mounted on a 300 mm-
wide mannequin—of 21,200. The observed transition in our new
experimental results is seen to occur for U between about 1.5
and 2 m/s, corresponding to a Reynolds’ number somewhere in
the range from 9,400 and 12,700. This would appear to be high
compared to that for relevant flow transitions (i.e., laminar to tur-
bulent) noted elsewhere in experimental fluid mechanics (e.g.,
Schlichting, 1979). Perhaps therefore the observed transition
may have been associated with some other property of the flow
in our experiments, perhaps the role of the freestream turbulence
associated with the upstream turbulence screen. Here, for flow
through the square-lattice grid, with its bar width of 8.5 mm,
the appropriate Re-value for U in the range from 1.5 to 2 m/s
lay between 890 and 1,200. This possibility seems more plau-
sible. However, smoke tracer flow visualization studies of the
flow through the screen failed to reveal any qualitative changes
in the flow through the screen as the windspeed increased.

As already noted, the results for the higher freestream wind-
speeds of 2, 2.9, and 4.6 m/s, all scaled to simulate a full-size
IOM sampler at a full-scale windspeed of 1 m/s, agree very well
with one another. The data are also well-behaved, in that aspira-
tion efficiency is close to unity for small St and then decreases
with increasing St, leveling off at approximately 0.35 for St
greater than about 0.1. Figure 7 shows the previously-published
results for the full-scale version of the IOM sampler by Mark
and Vincent (1986) and Kenny et al. (1997) based on gravimetric
methods and for conditions equivalent (before scaling) to those
shown in Figure 6. The shaded area representing the envelope of
these earlier experimental data is superimposed on the new data
from the present work in Figure 8. Here it is seen that agreement
between the two families of data is generally quite good.

By careful application of the scaling laws, we were able to
push the range of St up to about 0.2. But an ultimate limiting
factor for application of our new rapid data acquisition system
comes from the restricted accurate particle size range of the
APS. To further extend the range of St for which aspiration ef-
ficiency could be measured, would have required experiments
with ever-increasing windspeeds and sampling flow rates. But
this was eventually limited due to the progressively smaller par-
ticle penetration efficiency for the porous foam media placed
in the sampler inlets. Therefore, to assess the aspiration ef-
ficiency of the IOM sampler for larger St, we decided to ex-
tend the effective particle size range by performing additional
experiments.

A supplementary set of tests was therefore performed using
the gravimetric method that has been widely used by others and
in our laboratory in other work (e.g., recently by Paik and Vincent
2002a and b). In such work, nearly monodisperse test aerosols
are collected by the sampler of interest and the reference sampler,
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FIG. 7. Previously published experimental results for the aspiration efficiency
(A) of the IOM sampler as a function of Stokes’ number (St) for conditions
equivalent to those (after scaling) studied in the present work; adapted from
Mark and Vincent (1986) (+) and Kenny et al. (1997) (x).

and the collected particulate material is assessed by weighing.
Again, the full details are widely available elsewhere. Aerosols
were generated from narrowly-graded powders of fused alu-
mina (“Duralum,” Washington Mills Electrominerals, Manch-
ester, England). Using the same aerosol generator as for the rapid
measurement experiments, test aerosols were produced of well
defined mass median particle aerodynamic diameter and which
could be considered to be essentially monodisperse (geometric
standard deviation <1.3) (Mark et al. 1985). A limited set of
conditions was investigated, where the original full-scale IOM

FIG. 8. Aspiration efficiency (A) of the IOM sampler as a function of Stokes
number (St) for a range of windspeeds, from Figure 5, shown alongside the
envelope of the previously published data of Mark and Vincent (1986) and Kenny
et al. (1997) (shaded area, taken from Figure 7); also shown are gravimetric data
obtained using the set-up shown in Figure 4 for corresponding sets of conditions.

sampler was used (mounted on a bluff body with D = 120 mm),
with scaling carried out only with respect to windspeed and sam-
pling flowrate (see Table 1). Figure 8 shows the results from this
part of the experimental study, alongside the new data obtained
using our rapid measurement system from Figure 5. It is seen
right away that the gravimetric studies allowed the range of St to
be extended considerably. The results, where they overlap, are in
very good agreement with those obtained at full scale by Mark
and Vincent and by Kenny et al. They are in fair agreement with
the trend exhibited by the ones obtained using our new prototype
automated measurement system. However, in general, there is a
rather obvious tendency for the data from the automated system
to dip below the trend shown by the gravimetric results.

The latter tendency deserves additional comment. In other
recent work (Brixey et al. 2004), we studied the aspiration ef-
ficiency of a thin-walled cylindrical sampling probe placed so
that the plane of its inlet is at right angles to the freestream. In
that work, an unexpected dependency was found on the ratio of
the freestream air velocity to that in the plane of the sampling
orifice. The observed trend was consistent with an explanation
based on the fact that, for orientations away from the forward-
facing and due to inertia of the air flow itself, the distribution
of the air velocity across the plane of the sampler entry was not
uniform. Rather, it was biased towards the downstream side of
the inlet. This in turn was interpreted as a reduction in the ef-
fective area of the sampling inlet—or, conversely, an increase
in the velocity at the entry. Such effects may be expected to be
significant for samplers operated in their conventional modes,
but would not be completely eliminated by the insertion of the
porous plastic foam plugs (as was done also for the samplers
studied in the present work). In relation to the present work this
means that, in comparing samplers with and without the foam
plugs (as in the experiments with the rapid data acquisition sys-
tem and the gravimetric studies respectively), we are not quite
comparing like with like. In particular, the higher effective ve-
locity at the inlet, and hence through the foam plug, is expected
to lead to increased particle collection in the foam media. In turn,
in Equation 7, it is to be expected that T PentryT < R PentryR and not
T PentryT = R PentryR as had originally been assumed. The result is
that the measured aspiration efficiency of the test sampler will
have been underestimated, especially for the larger particles.
This indeed was what was observed. This explanation is physi-
cally plausible but, based on current knowledge, cannot be either
verified or quantified. Nonetheless, it is a helpful contribution
to interpreting the implications of the new knowledge gained in
this work (see below).

Finally, all the new IOM aspiration efficiency data are shown
alongside the inhalability criterion in Figure 9. This time, A
is plotted directly as a function of equivalent full-scale parti-
cle aerodynamic diameter, consistent with the way in which the
inhalability criterion is defined for standards-setting purposes
(e.g., Vincent 1999). The latter was calculated by multiplying
the actual particle aerodynamic diameter reported by the APS by
the scaling factor, kdae, for each scaling scenario (see Table 1).
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FIG. 9. Experimental data for aspiration efficiency (A) of the IOM personal sampler as a function of particle aerodynamic diameter (dae), shown alongside the
inhalability curve (Vincent 1999).

The overall conclusion is that the performance of the IOM sam-
pler exhibits a quite good match with the inhalable aerosol frac-
tion, especially for the gravimetric results, thus supporting the
conclusions from the other work cited.

5. CONCLUSIONS AND IMPLICATIONS
This research has applied new automated instrumentation for

the rapid acquisition of aerosol sampler aspiration efficiency
data to an extensive investigation of a range of IOM-like in-
halable aerosol samplers. The study was carried out in a small
wind tunnel, and the relation of the results to full-scale life-size
personal aerosol sampling scenarios—like those encountered
in occupational aerosol exposure assessment—was investigated
by reference to the scaling laws that have been proposed based
on familiar aerosol mechanics. In the small-scale experimental
study, the IOM-like sampler was mounted centrally on a rectan-
gular bluff body, and scaling with respect to the corresponding,
more-realistic full-scale system was achieved by varying the
inlet diameter, the windspeed and the sampling flowrate. In gen-
eral, the scaling laws were found to work very well indeed across
a wide range of conditions, provided that the windspeed in the
wind tunnel used exceeded about 1.5 m/s. Based on these results,
it is appropriate, in future applications of this particular experi-
mental system, to ensure that experimental windspeeds exceed
this value and to relate the results to full-scale systems for dif-
ferent windspeeds by appropriate application of the scaling laws
by the adjustment of other variables.

Although the new data acquisition system provides results
that are very consistent and confirm the general validity of the

aerosol sampler scaling laws (within the constraints identified
above), the actual data appear to fall progressively with increas-
ing particle size below those from the more conventional gravi-
metric methods, as reported by other workers and also by our-
selves as part of the present research. This suggests that, in each
use of the new method, a small number of supplementary exper-
iments should also be carried out using the gravimetric method.
In addition to helping to identify the noted bias, this approach
would also extend the range of simulated conditions to cover
the full range of interest, especially with respect to particle size.
This is exactly what was done in this work. Such an approach
represents a considerable advance, in terms of potential savings
of time and cost, over previous methods.

In summary, a new, more-economical method for the assess-
ment of aerosol sampler performance has been described. By
the means described, it is confirmed that the performance of the
IOM personal inhalable aerosol sampler is in good agreement
with the inhalability criterion.
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