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ABSTRACT

In this study, three different impactor designs were used to investigate the effect of
solid particle bounce on the collection efficiency. Design no. 1 isacommon impactor
with aflat impaction surface surrounded by aretainer ring. Design no. 2 issimilar to
aparticle trap impactor but has a shallower cylindrical cavity, whereas design no. 3is
aregular particle trap impactor. In some cases, a minor flow at 10% of the total flow
rate was drawn under the filter substrate to improve the collection efficiency. The ex-
perimental data of solid particles show that for design no. 1 without minor flow, the
particle collection efficiency increases with Stokes number (Stk) and peaks at 75% at
\/ Stk of 0.50 (when jet-to-plate distance SW = 1) or 70% at \/ Stk of 0.60 (SW =
4). The collection efficiency drops thereafter with increasing Stokes number because
of particle bounce. The minor flow increases the collection efficiency by 10-20%.
The solid particle collection efficiency of design no. 2 islower than that of design no.
1 except when \/ Stk iscloseto 1.0. The collection efficiency of design no. 2 increases
from 30 to 50% when "/ Stk isincreased from 0.5 to 1.1. The effect of the minor flow
on the increase of the collection efficiency, which is 20-30%, is more pronounced
than for design no. 1. For design no. 3 without minor flow, the solid particle collec-
tion efficiency is found to increase with increasing Stokes number, and the shape of
the collection efficiency curveis quite different from the other two designs. The col-
lection efficiency increases monotonically from 10 to 70% when \/ Stk is increased
from0.4to 1.7.
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INTRODUCTION

Inertial impactors are widely used in ambient and workplace aerosol sam-
pling to determine the size distribution of particles. Particles collected on the
impactor substrates can be weighed and analyzed further for chemical com-
position. Liquid particles are collected easily because they stick to the im-
pactor plate upon impaction. However, for collection of solid particles, parti-
cle bounce may occur, which significantly affects the measured size
distribution. Surface coating in the collection substrates is widely used to re-
duce solid particle bounce (1, 2). However, surface coating becomes less ef-
fective when the particle loading is heavy and it also interferes with chemical
analysis of the collected particle samples.

Different impactor designs have been investigated to eliminate the above-
described problems (2-5). Some designs claim to be successful, but samplere-
trieval from the impactors with specially designed impaction surfaces be-
comes difficult, especially when filter weighing and subsequent chemical
analysis are necessary.

This study examines the particle collection efficiency of different impactor
designs in order to determine a better design for solid particle collection. In
some of the experiments, the effect of minor flow through the substrate on the
reduction of solid particle bounce was also examined.

DESIGN CONCEPT

Three different impactor designs, shown in Figs. 1a-1c, were used in the
study. Design no. 1 is a popular impactor with a flat impaction surface sur-
rounded by a 2-mm-deep retainer ring of 16 mm inner diameter. The retainer
ring helps collect particlesif they bounce from the impactor substrate. Design
no. 2 has an enclosed cylindrical cavity of 3.6 mm in depth and 18 mm inner
diameter, and has an orifice of 5 mm diameter at the top. This designis simi-
lar to that used in Tsai and Cheng (2) except that the impactor substrate of de-
sign no. 2 isflat. Design no. 3 is similar to design no. 2 except that the cylin-
drical cavity depth, 14 mm, is much deeper. The design parameters of design
no. 3 were based on the particle trap impactor of Biswas and Flagan (3). Fil-
ter substrates supported by porous metal disks were used to collect particles.
Minor flow can be drawn under the porous metal disk to reduce particle
bounce and increase the solid particle collection efficiency.

The impactors are single-stage design with cutoff aerodynamic diameter of
2.0 pm. The diameter of the single round nozzle is 2.4 mm and the flow rate
was 5 L/min. Three exchangeabl e pins support the impaction plate. Thejet-to-
plate distance (S), which refersto the distance between the nozzle and the top
of theimpaction plate, was adjusted to 2.4 or 9.6 mm (or onetime or four times
the nozzle diameter).
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FIG.1 Threedifferent impactor designs.
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EXPERIMENTAL METHODS

The experimental setup is shown in Fig. 2. Monodisperse liquid oleic acid
and solid ammonium fluorescein particles were generated by the model 3450
vibrating orifice monodisperse aerosol generator (TSI Inc., St. Paul, MN). The
aerosols were then neutralized using a model 3054 Kr-85 charge neutralizer
(TSl). The model 3310A aerodynamic particle sizer (TSl) was used to mea-
sure the particle aerodynamic size and concentration.

At the end of each sampling experiment, particles on the collection filter,
the retainer ring, the inner wall, the outer nozzle, and the downstream filter
were extracted by using 0.001 N NaOH (for liquid particles) or 0.1 N NH,OH
solution (for solid particles). Particles collected on the inner wall and outer
nozzle were considered as particle loss at the wall, which is also called wall
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Kr-85 e —_
P =

Neutralizor Minor Flow
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Major Flow
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FIG.2 Theexperimental setup.
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loss. A fluorometer (model 10-AU, Tuner Designs, CA) was used to measure
the collection efficiency and wall loss of the impactors. The particle collection
efficiency, n (%), and the wall loss of the impactor, |0ss (%), were determined
asfollows:

Mf+ Mr
0 =
"0 = M+ My, + Mg + M,

X 100(%) (1)

M,, + M,
0, —
Loss(%) = M, + My, + My + M.

where M and M, are the masses of fluorescein for the collection filter and the
retainer, respectively, which were determined with the fluorometer. The M,,,
M, and Mg values are the masses of fluorescein on theinner wall, nozzle, and
downstream filter, respectively. In the following, the particle collection effi-
ciency isreported based on the Stokes number, Stk, which is defined as

poD3CU
—pgu‘{,\, ©)

where p,, is the particle density, D, is the particle diameter, C is the slip cor-
rection factor, U is the average flow velocity at the impactor nozzle, . isthe
air viscosity, and Wis the diameter of the impactor nozzle. Stksg is defined as
the Stokes number when the collection efficiency is 50%. The square root of
Stokes number, \/ Stk, represents the dimensionless particle diameter.

X 100(%) )

Stk =

RESULTS AND DISCUSSION

Design No. 1 Impactor

Design no. 1 was first tested using liquid oleic acid particles. Glass fiber
(model EPM-2000, Whatman Inc., NJ,) and polycarbonate (PC, model NO20,
0.2 pwm pore, Nuclepore Corp., CA) filters were used as substrates for com-
paring the differencein the collection efficiency. Thefilterswere 25 mmindi-
ameter. For liquid oleic acid particles, the collection efficiency curve of the
glassfiber filter wasfound to be different from that of the PC filter and the the-
oretical result (6, 7). The \/Stkso of the glass fiber filter is 0.40, which is dif-
ferent from 0.47 for the PC filter. In addition, the collection efficiency of the
glassfiber filter is higher than that of the PC filter at low Stokes number, sim-
ilar to results found by Rao and Whitby (8). Thisincrease in efficiency is at-
tributed to the additional filtration by the rough surface of the glassfiber filter
(8). For the subsequent experiments, glassfiber filters were used because they
are less bouncy than PC filters.

To reduce solid particle bounce, aminor flow controlled at 0.5 L/min (10%
of the total flow rate) was used. The observation by Sethi and John (9) re-
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vealed that the diameter of the particle deposition spotsis about twice that of
the nozzle diameter. The same observation was found in our experiment.
Therefore, when the minor flow rate was used to control solid particle bounce,
the suction flow areawas restricted within a5-mm diameter area under the fil-
ter substrate to increase the suction flow velocity and hopefully the effective-
ness of particle bounce prevention. This was achieved by inserting a plastic
film with a5-mm diameter central hole between the porous metal disk and fil-
ter substrate.

Figure 3 shows the collection efficiency curves of solid and liquid particles
of design no. 1 with the glass fiber filter while the YW value equals 1. Com-
pared to liquid particles, the collection efficiency curve of the solid particle
drops sharply at higher Stokes numbers. When \/ Stk isincreased from 0.5 to
1.0, the solid particle collection efficiency drops from 75 to 50%. Use of the
minor flow increases the collection efficiency by 10-20%; the maximum effi-
ciency peaks at 85% when \/ Stk = 0.4 and gradually dropsto 65% at \/ Stk
= 1.0.

When SWi isincreased to 4.0, the collection efficiency curve for solid par-
ticles does not change appreciably, as shown in Fig. 4. The peak collection ef-
ficiency does not change very much, but it now occursat \/ Stk = 0.6 for the
cases with minor flow and without minor flow. The gradual decrease of the
collection efficiency with \/Stk still occurs because of particle bounce,
whether or not the minor flow is used.

Wall loss of design no. 1 is not excessive, as shown in Fig. 5, when \/ Stk
islessthan 1.1. In general, wall loss increases with an increasing \/ Stk and
the maximum lossislessthan 7%. Although the minor flow increasesthe solid
particle collection efficiency, it does not affect wall loss.
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0 010203040506070809 1 1.1
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FIG. 3 Particle collection efficiency curve, design no. 1, SW = 1.0.
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FIG. 4 Particle collection efficiency curve, design no. 1, SW = 4.0.

Design No. 1issimilar to theimpactor used by Sioutaset a. (5), except that
the collection surface of design no. 1 is glassfiber filter instead of auminum.
Because the glassfiber filter exhibits less bouncy characteristics than those of
aluminum, the collection efficiency of the current design is higher than that
shown by Sioutaset al. (5). Rao and Whitby (8) also showed that the solid par-
ticle collection efficiency of the glass fiber filter is higher than that of stain-
less steel substrates.
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FIG.5 Particlewall loss, design no. 1.
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Design No. 2 Impactor

For SW = 1, Fig. 6 showsthat the collection efficiency of liquid particlesis
not as high asthat for design no. 1. In general, the collection efficiency of solid
particles of design no. 2 islower than that of design no. 1, except when \/ Stk
isclose to 1.0. Without the minor flow, the maximum collection efficiency is
only 50% and does not change very much with \/Stk. Addition of the minor
flow increases the collection efficiency by 20-30%, with a maximum effi-
ciency of 70%. When S/W isincreasedto 4.0, thesolid particleefficiency curve
changes dlightly, as shown in Fig. 7. The peak collection efficiency values are
similar to those shown in Fig. 6, but they occur at \/ Stk = 0.9 and 1.1 for the
caseswith minor flow and without minor flow, respectively. That is, when W
= 4, particlesmust have higher inertiain order to beimpacted on the substrate.

Observation of particle deposition spots shows us that the deposition diam-
eter is larger than the theoretical prediction by Marple (7) and the empirical
observation by Sethi and John (9). In addition to this observation, the fact that
the collection efficiency of solid particlesfor design no. 1 islower that of de-
sign no. 2 suggests that quiescent air in the cylindrical cavity of design no. 2
prevents some solid particles from impacting on the substrates effectively.
Therefore, the peak collection efficiency is not as high asthat of design no. 1.
When SW isincreased to 4.0, the corresponding \/ Stk must be higher in or-
der to have the same collection efficiency value as when SW = 1.0.
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FIG. 6 Particle collection efficiency curve, design no. 2, YW = 1.0.
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FIG. 7 Particle collection efficiency curve, design no. 2, SW = 4.0.

For either case of YW = 1 or 4, the amount of particles deposited on there-
tainer ring increaseswith anincreasing \/ Stk for solid particles. However, the
amount decreases with an increasing \/ Stk. This suggests that solid particle
bounce still occursin design no. 2 and the extent of particle bounce increases
with an increasing '/ Stk.

Wall loss of design no. 2 is dightly higher than that of design no. 1, as
shown in Fig. 8. In general it increases with an increasing "/ Stk and the max-
imum loss is less than 13%. Unlike design no. 1, the minor flow not only in-
creasesthe solid particle collection efficiency, but also decreasesthewall | oss.
When SW = 4, wall lossis more excessive than when SW = 1.0.

Design No. 3 Impactor

Biswas and Flagan (3) showed that the particle trap impactor reduces solid
particle bounce effectively. Design no. 3 is based on the same geometry of
Biswas and Flagan (3). The experimental data of solid particle collection effi-
ciency, shownin Fig. 9, show that the collection efficiency islow when "/ Stk
Is less than 0.8. It gradually increases from 10 to 70% as \/ Stk is increased
from 0.4 toashighas1.7. That is, a the same \/ Stk, design no. 3 has lower
collection efficiency than either design no. 1 or 2. Thisresult is reasonable be-
cause design no. 3 has a much deeper cavity than design no. 2. Quiescent air
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in design no. 3 stops particles effectively from impacting on the substrate un-
less particle inertia is very high. This finding contradicts results found by
Biswas and Flagan (3). It is speculated that particle lossin their study was not
well quantified, which might contribute to errors in measurement.
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FIG.9 Particle collection efficiency curve, design no. 3.
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FIG. 10 Particlewall loss, design no. 3.

Particle wall loss is shown in Fig. 10. The relationship of wall loss with
V/ Stk is similar to that of design no. 2. Wall loss increases with an increas-
ing 'V Stk and the maximum is about 14% in the range of Stokes numbers
tested.

CONCLUSION

In thisstudy, glass fiber filters were found to prevent solid particle bounce,
resulting in higher collection efficiency than that of PC filters. When glass
fiber filters were used as substrates, three different impactor designs were in-
vestigated for solid particle collection efficiency.

Results show that traditional inertial impactor, such asdesign no. 1, hasthe
highest collection efficiency among the three designs except when \/ Stk is
closeto 1.0. Particle trap impactors, such as designs no. 2 and 3, do not elim-
Inate particle bounce problems completely. A deeper cylindrical cavity in the
trap only resultsin lower collection efficiency at the same \/ Stk.

Theminor flow eliminates some particle bounce problems and increasesthe
solid particle collection efficiency of design no. 1 by 10-20% and design no.
2 by 20-30%. For example, when \/ Stk is less than 0.6 for design no. 1 with
minor flow, the collection efficiency for solid particles can be as high as 85%.
It is conceivable that impactor substrates are very important and should bein-
vestigated further to prevent particle bounce.
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