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Thin-walled inlets are used in a variety of instruments
and sampling devices, quite often under anisoaxial
conditions. An earlier study demonstrated a new visu-
alization technique for observing vortices formed in a
tubular inlet and indicated the effect of varying sam-
pling rate and angle. The effect of the flow patterns on
gravitational settling, inertial separation, and electro-
static interaction was observed. The present study ex-

tends this work by examining these effects over a wider
range of sampling conditions and for some different
inlet configurations. The vortices formed as a result of
anisoaxial sampling change their location and increase
in intensity and size with increasing external air veloc-
ity. The vortices appear even for relatively short inlets.
A flared inlet appears to eliminate the vortices for
sampling angles of less than 90°.

INTRODUCTION

Vortices can form during anisoaxial sam-
pling with thin-walled samplers. In an ear-
lier study (Baron et al. 1994), we investi-
gated the flow patterns in a fiber sampler
under a limited set of air flow conditions.
The patterns showed that vortices are
formed with increasing size at higher sam-
pling angles and with increasing intensity
(higher rotational velocity) at higher sam-
pling velocities. The location and shape of
the vortices were indicated using a unique
visualization technique that showed the
modification of the streamline trajectories
by the entry into the inlet. Various mech-
anisms that cause particles to deviate from
the flow streamlines, such as gravitational

*Mention of product or company name does not
constitute endorsement by the Centers for Disease
Control and Prevention.

"Current address: National Taiwan University,
Taipei, Taiwan

0278-6826 /95 /$9.50
SSDI 0278-6826(94)00092-G

settling, inertial motion, or electrostatic
interaction, were shown to be modified by
the vortices to give nonuniform particle
distributions within the inlet.
Redistribution of aerosol particles with-
in the flow field under such anisoaxial
conditions can introduce unexpected er-
rors. Some instruments and measurement
techniques are only accurate with a uni-
form particle distribution within the inlet,
e.g., when only a small portion of the
aerosol in the inlet is analyzed. For exam-
ple, quantitative fiber analysis of filter
samples by microscopy assumes that the
collected fibers are distributed uniformly
over the filter surface (Carter et al. 1984).
The present study further investigates
the flow effects over a wider range of inlet
conditions and inlet configurations.

EXPERIMENTAL METHODS

Two techniques were used for detecting
flow patterns within an inlet: observation
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of smoke streams entering the inlet and
observation of patterns deposited on a
filter in the sampling inlet. The smoke
stream observation is a commonly used
technique for assessing flow patterns
(White 1986). A two-dimensional light
sheet was created with a HeNe laser and
a cylindrical lens (straight-line generator
lens, Edmund Scientific, Barrington, NJ).
A thin smoke stream was injected into the
center of the 20-cm-diameter chamber,
which was 1 m long with a porous foam
and honeycomb flow straightener. The
flow in and around the inlet was illumi-
nated with the light sheet at several an-
gles. A video camera and 35-mm camera
were used to visually document the effect
of sampler configurations on the intro-
duced smoke stream.

The second technique involved gener-
ating charged 3-um and 10-um aerody-
namic diameter (d,,) methylene blue par-
ticles with a vibrating orifice aerosol gen-
erator (VOAG, model 3400, TSI, Inc., St.
Paul, MN). The generator was modified
according to Reischl et al. (1977), creating
monodisperse particles with a uniform
unipolar charge. A hexagonal grid pattern
was superimposed onto this aerosol flow
using the technique in our earlier study
(Baron et al. 1994). The chamber used in
that study was modified with an added
sheath flow section after the generator,
but before the flow straightener to in-
crease the wind velocity through the sam-
pling region. This arrangement kept the
aerosol concentration reasonably high
near the axis of the chamber where the
sampling was performed.

The chamber aerosol flow in these ex-
periments was moving vertically down-
ward. The sampling angle (6) was defined
as the angle between the air motion in the
chamber and the air motion in the inlet
axis (Fig. 1a). Thus, 6 = 0° for the sampler
inlet under isoaxial conditions. Note that
the angle relative to gravity is also equal
to 0.

225

In most of the experiments, the inlet
used was the fiber sampling cassette (Mil-
lipore Corp., Bedford, MA), which is 50
mm long with a nominal 25 mm diameter.
The sampler was slightly conductive due
to its graphite-loaded plastic composition.
The inlet wall thickness was 2 mm at the
inlet face. The ratio of outer diameter
(D) to inner inlet diameter (d) (D/d =
1.15) was close to that used as the defini-
tion of a thin-walled inlet (D/d <1.1)
(Belyaev and Levin 1974). Thus, the inlet
approximated a thin-walled inlet. At least
two samples were taken at each condition
for two particle sizes (d,, =3 pm and 10
wpm), a range of angles (6 = 0°-150°), flow
rates (0.5-10 L /min; corresponding inlet
velocity U, =1.6-32 cm/s), and external
velocities (U, = 5-100 cm/s). Several
other sampler configurations were also
tested: two shorter inlets (27 mm and 18
mm long), and a flared inlet (Bellmouth
cowl, Envirometrics, Charleston, SC).
Sampling times ranged from about 2 min
for 10-um particles, high sampler flow,
and low chamber velocity to several hours
for 3-pm particles, low sampler flow, and
high chamber velocities.

OBSERVATIONS

Observation of the smoke stream patterns
was used to provide an indication of the
flow patterns both outside and inside the
sampler inlet. The laser light sheet pro-
vided more detailed illumination of the
flow patterns than the white light source
used in the previous study. The stream-
lines were largely similar to those ob-
served in that study. A streamline enter-
ing the downstream side of the inlet made
a smooth turn and entered the inlet rela-
tively undisturbed (Fig. 1b). The stream-
lines entering the upstream side of the
tubular inlet for 8 > 90° formed vortices.
The combination of the laser light sheet
and video tape playback showed that par-
ticles in the vortex formed at the inlet
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FIGURE 1. Pictures of smoke stream observations with the
laser light sheet at a sampling angle of 120° (a) coordinate
frame for inlet velocity (U;), wind velocity (U,), and sampling
angle (0); (b) external velocity 17 cm/s, inlet velocity 17 cm /s;
(c) same conditions as (b) but streamline initially aimed at the

center of the cassette.

appeared to recirculate in an eddy, thus
keeping particles near the inlet for an
extended time. At high sampling flow
rates, this recirculation pattern was elon-
gated (Fig. 1¢), while at low flow rates, it

became more circular and was situated
near the face of the inlet. At higher wind
speeds, the overshoot of the streamline
past the leading edge of the inlet also
increased. Vortex shedding downwind of
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98 cm/s

FIGURE 2. Filter deposits from isoaxial sam-
pling with inlet velocity of 32 cm/s. The hexago-
nal pattern is due to electrostatic repulsion of
particles from the honeycomb flow straightener
upstream of the sampler. The grid pattern size is
a function of the relative velocity between the air
velocity at the flow straightener and at the filter
surface.

the sampler occurred at all experimental
conditions and increased in intensity with
increasing wind velocity.

Cross-sectional views of the streamlines
were observed using the technique devel-
oped in our earlier study whereby the
streamlines were represented by a hexag-
onal pattern in the aerosol stream. The
hexagonal patterns were formed due to
charged particle interaction with charged
honeycomb flow straighteners upstream of
the sampler. Although a large number of
filter deposition patterns were observed,
only a few are presented here because of
the similarity to figures presented previ-
ously. Shown in Fig. 2 are examples of
four filter deposits of methylene blue col-
lected at isoaxial conditions with U, =
16-90 cm /s for U, = 32 cm//s. Filter sam-
ples collected with three different inlet
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configurations at 6=90° and 120°, and
U =U,=32 cm/s are shown in Fig. 3.
Two filter patterns of samples taken at
low inlet velocity (U, = 14 cm/s, U, = 34
cm/s) with 6= 60° and 120° are shown in
Fig. 4.

DISCUSSION

The observed smoke stream trajectories
passing through the vortices were com-
plex. The streamline observations de-
pended to some extent on the thickness of
the smoke stream and were difficult to
follow in a quantitative manner. In addi-
tion, the laser sheet gave only a two-di-
mensional view of the smoke pattern so
that it was difficult to precisely determine
the path of the three-dimensional motion
of the air streamlines (Figs. 1a and 1Db).
The general trends observable were large-
ly in agreement with results reported in
the previous study. However, recirculation
appeared to occur along the inlet axis,
resulting in longer residence times of par-
ticles in the inlet, which could further
enhance sampling bias mechanisms, espe-
cially electrostatic deposition or repulsion.

The hexagonal pattern technique ob-
served on the filter deposit was extended
to wind velocities of 100 ¢cm /s (Fig. 2).
These patterns were obtained with the
3-um particles, which had small enough
inertia to follow the streamlines in these
measurements. The patterns were still
quite clear at 100 cm /s, though the sam-
pling time required to obtain an observ-
able pattern at these velocities increased
to as much as 2 h for 3-um particles with
a low inlet sampling rate. Some distortion
of the pattern was observable, apparently
due to small but stable velocity variations
in the chamber flow. Attempts at sam-
pling at higher wind velocities were not
successful in producing clearly defined
streamline patterns.

The vortex development along the
length of the inlet was observed by using
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FIGURE 3. Filter deposits at 90° and 120° for four inlet
configurations with external and inlet velocities of 32 cm/s: The
original 50-mm-long inlet; the inlet shortened to 27 mm; the
inlet shortened to 18 mm; and a Bellmouth sampler, which is 25

mm long and flared.

inlets of various lengths. Figure 3 shows
patterns developed at three inlet lengths
at 90° and 120°. The sharpness of the
vortex pattern decreased with increasing
inlet length, especially at 120° and higher;
this was probably caused by small flow
pattern instabilities that were magnified
over the length of inlet. Since the patterns
were fully developed even for the shortest

inlet, the vortices appeared to be formed
at the front surface of the inlet by the
interaction of the inlet shape and the
internal and external airflows. At high U,
the patterns also lost clarity and were
observed as simply a region of decreased
particle deposition. For example, at 6=
120°, U, = 85 cm /s, U, = 34 cm /s, no vor-
tices were evident in deposition patterns,
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FIGURE 4. The interaction of sedimentation
and the vortices. External velocity was 34 cm/s,
inlet velocity was 14 cm /s, and particle size was
10 wm. Sample angles (6) are indicated.

but a lighter region indicating the extent
of the vortices covered all but a crescent-
shaped region (3 mm thick at the center)
at the downstream side of the filter.

A commercially available flared inlet
(Bellmouth cowl) was also evaluated. The
deposition patterns for the flared inlet
showed no vortices at angles up to 90°
(Fig. 3), indicating that the outward flare
allowed air to enter more smoothly. How-
ever, at 120° a complex flow pattern simi-
lar to that of the straight inlet was formed.
Although a slight distortion of the hexag-
onal pattern was observed at 90°, the ab-
sence of a vortex indicates that this type
of inlet may have improved sampling
characteristics over a straight inlet at § <
90°.

The implications of vortex formation
when combined with various inertial, grav-
itational, and electrostatic forces were dis-
cussed in the previous study. For sample
measurement techniques that require uni-
form sample distribution within the inlet,
improved accuracy can be achieved by
eliminating these vortices. In workplace
or environmental sampling, an inlet, such
as the Bellmouth cowl, might provide bet-
ter results, especially if the external wind
direction were constrained to be less the
90° by a shield or appropriate sampling
strategy. Measurements of air velocities in
several workplaces by Berry and Froude
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(Berry et al. 1989) were consistent with air
currents in these locations being directed
horizontally most of the time. Thus, an
area sampler with a flared inlet pointing
vertically up or down might reduce vortex
formation by preventing sampling at an-
gles significantly larger than 90°. Personal
samplers worn by a worker might also be
improved by placing such a sampler so
that the inlet faced 90° to the body sur-
face. This orientation would constrain air-
flow into the inlet to less than about 90°.

A study investigating asbestos fiber uni-
formity on filter samples found that a
sampler with the Bellmouth cowl provided
more uniform filter deposits for isoaxial,
subisokinetic sampling (U,/U. = 0.38)
when compared with the standard tubular
inlet (Feigley et al. 1992). While the flare
inlet appears to give more uniform filter
deposits, the inlet aspiration efficiency of
this sampler has not been investigated as
thoroughly as the tubular inlet. Further
work needs to be done in this area.

Our earlier measurements indicated
that at a low external velocity (14 cm/s)
the vortices increase in size with decreas-
ing inlet velocities (U, /U; increasing). In
this study, a similar trend was noted, ie.,
increasing vortex size with increasing
U,/U. In addition, the vortex patterns on
the filter appeared to be more poorly de-
fined with higher external velocities.

The flow patterns displayed in Fig. 3
was primarily due to the hexagonal pat-
tern impressed on the aerosol upstream of
the sampler. However, since these pat-
terns were obtained at a sampling angle
of 120°, additional losses of particles may
have occurred in the region where the
particles passed near the outer surface of
the sampler (see Fig. 1c). When charged
particles pass near a conductive surface,
image charge attraction to the surface oc-
curs. A loss to the outer wall, estimated to
be on the order of 1-3%, enhanced the
width of the particle-free regions in the
vortex patterns.
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Sedimentation has been observed using
a filter deposition technique similar to the
one in the present study in horizontal
tubes (Thomas et al. 1967). Theoretical
penetration efficiencies have been calcu-
lated for tubes at various angles to the
horizontal (Heyder et al. 1977). For inlets
that are not facing straight upwards, sedi-
mentation tends to form a crescent-shaped
particle-free region of increasing width
along the length of the inlet (Fig. 4b).
This region can mix with the vortices un-
der anisoaxial sampling to create a more
complex particle distribution pattern (Fig.
4a). The 6= 120° sample may be showing
some effect of the vortices as indicated by
the blurring of the pattern near the ends
of the crescent, but the final pattern is
dominated by particle settling. On the 6 =
60° sample a nearly circular particle-free
area shows up near the center of the filter
due to the vortices. Such a particle pat-
tern would cause large biases if the aerosol
were samples in the center of the inlet. A
less intense pattern is also seen superim-
posed on the darker pattern in Fig. 4a.
This pattern may be due to a smaller
vortex that is formed in the center of the
particle-free circular region of the more
intense pattern. However, based on its
intensity and its apparent superposition
on the more intense pattern, it may also
be due to doublet particles (double-
volume particles produced by coagulation)
formed in the VOAG that interact dif-
ferently with the vortex pattern.

The observation of the inlet flow pat-
terns and particle deposition patterns has
some implications for inlets currently in
use. Some measurements assume that the
particle distribution in the inlet is uni-
form. For instance, fiber measurements
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are performed with the sampling inlet used
in this study. The analysis is performed on
small, randomly selected portions of the
filter and is clearly subject to increased
variability and bias due to the vortices and
various mechanisms discussed above. Oth-
er samplers may take a small portion of
the inlet flow for analysis. For instance,
the Aerodynamic Particle Sizer (TSI, Inc.,
St. Paul) has a primary inlet sampling at 5
L/min and a centered secondary inlet
downstream that samples the aerosol at 1
L /min. Thus, one must be careful in sam-
pling and ducting the aerosol to the in-
strument to avoid serious biases, espe-
cially for larger or charged particles.

The authors gratefully acknowledge the assistance of
Mary Kathleen Eley in performing some of the mea-
surements.
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