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This paper presents the design and development of a compact
high volume cascade impactor (HVCI). The HVCI operates at a
� ow rate of 900 l/min and consists of 4 impaction stages equipped
with circular slit-shaped acceleration nozzles and a backup � l-
ter. The backup � lter is placed downstream of the fourth stage
and is used to collect the ultra� ne particles (dp < 0.1 ¹m). The
major feature of this novel sampler is its ability to collect
relatively large amounts of particles (mg–g levels) onto relatively
small polyurethane foam substrates without using adhesives. As
previously reported, the capacity of the impaction substrate is
2.15 g of collected particles per cm2 of foam. Although the im-
paction substrates are not coated with adhesives such as grease
or mineral oil, particle bounce and re-entrainment losses were
found not to be signi� cant. Particles can be easily recovered
from the foam substrates using aqueous extraction. The impactor
was calibrated using polydisperse particles. The 50% cutpoints
of the 4 stages were 9.90, 2.46, 1.0, and 0.1 ¹m, respectively. In-
terstage losses of ultra� ne and � ne particles were <10% and for
coarse particles were <20%. The pressure drop across the 4 stages
and the backup � lter were 0.25, 0.75, 1.25, 19.9, and 3.3 kPa,
respectively.

INTRODUCTION
A large number of studies have demonstrated the adverse

effects of particle exposures on respiratory and cardiac health
(Gold et al. 1999; Pope et al. 1999; Simpson et al. 1999; Klemm
et al. 2000; Peters et al. 2000; Murphy et al. 1999; Soukup
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et al. 2000). The effect of the physicochemical characteristics
of coarse, � ne, and ultra� ne particles on mortality and other
health outcomes need to be examined separately (Burnett et al.
1997;Neas et al. 1999;Castillejoset al. 2000; Cohen et al. 1990;
Venkatamaran and Kao 2000). A concentrator for ambient � ne
particles has been used to conduct in vivo human and animal
inhalation studies (Sioutas et al. 1995a, b). The outcomes of
these studies are very important in our efforts to investigate
the acute, chronic, and subchronic particle health effects of � ne
particles (Cheng et al. 1990;Clarke et al. 1999, 2000; Kodavanti
et al. 2000). In addition, it is necessary to investigate biological
mechanisms through in vitro cellular studies to examine the
toxicity of atmospheric pollutants (Imrich et al. 1999; Soukup
et al. 2000). To adequately conduct these in vitro studies, it is
necessary to collect relatively large amounts of particles (from
about 0.2 g to several g).

Particles can be classi� ed into different size categories using
different impaction technologies (Hinds 1999). Several cascade
impactors (sequential arrangements of inertial impactors in or-
der of decreasing particle size) have been designed to classify
particles from 5 nm to 50 ¹m (Berner et al. 1979; Vanderpool
et al. 1987; Marple et al. 1991). However, these samplers are
not adequate for collecting large quantities of particles for toxi-
cological and particle characterization studies due to their lim-
ited collectioncapacity and low � ow rate. Furthermore, in order
to minimize particle bounce-off and re-entrainment, impaction
substrates are usually coated with adhesives such as mineral oil
and grease (Sehmel 1980; Wall et al. 1990; John et al. 1991;
John and Sethi 1993; Pak et al. 1992).

In this paper we present the design and development of a
high volume cascade impactor (HVCI) that utilizes foam as the
collection medium. This impactor includes 4 impaction stages
(10.0, 2.5, 1.0, and 0.1 ¹m) and a � lter that collects particles
below 0.1 ¹m. The major feature of the HVCI is its ability to
relativelyrapidlycollectlargeamountsof particles(mg–g levels)
onto small and inert pieces of impaction substrates without the
use of adhesives.
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DESIGN CONSIDERATIONS
The cutpoint of each impaction stage was calculated using

the Stokes equation, as follows:

Stk D
½p ¢ d2

® ¢ U ¢ Cc

9 ¢ ´ ¢ W
; [1]

where ½pis the particle density (g/m3), da is the particle diameter
(¹m), U is the jet velocity (m/s),´ is the dynamic viscosity of
the air (g/(m min)), W is the nozzle width (m), and Cc is the
Cunningham slip correction factor. The slip correction factor is
given by the following equation (Hinds 1999):

Cc D 1 C
2

P ¢ dp
¢
£
6:32 C 2:01e(¡01095¢P¢dp )¤; [2]

where P is the absolute atmospheric pressure (atm) upstream
of the nozzle. The Stokes equation was used to determine the
dimensions of the acceleration nozzles. For the � rst stage, a
layer of vacuum grease (0.32 cm thick) is used as an impaction
substrate. A razor blade is used to create a smooth impaction
surface. This is necessary to minimize bounce-off and breakup
losses of large particles (da > 10 ¹m) and to obtain a sharp
cut-off curve (Demokritou et al. 2001a, b). For this stage, ap

Stk50 value of 0.7 was used (Hinds 1999). For the other
3 stages, which use polyurethane foam as an impaction sub-
strate, lower

p
Stk50 values were used (0.4–0.5). The Reynolds

number (Re) was calculated using the following equation:

Re D
U ¢ ½air ¢ A

´
D

(Q=L ¢ W ) ¢ ½air ¢ 2 ¢ W

´
D

2 ¢ Q ¢ ½air

´ ¢ L
;

[3]

where ½air is the air density (g/m3), A is the hydraulic diameter
of the nozzle (which is equal to 2W for rectangular nozzles),
L is the lengthof the nozzle (m), and Q is the � ow rate (m3/min).

Polyurethane foam was used as an impaction substrate. This
is a polymeric material with stable physical characteristics,
low chemical background (when cleaned properly), and high
collection ef� ciency characteristics (Kavouras et al. 2000;
Salonen et al. 2000). As we have previously reported, the use of
polyurethane foam substrates improves the performance of in-
ertial impactors by minimizing bounce-off and re-entrainment
losses, as compared to coated and uncoated � at plate substrates
(Kavouras et al. 2000; Kavouras and Koutrakis 2001). Since for
the same nozzle geometry and � ow rate lower cutpoints can
be achieved as compared to those for � at plate substrates, the
pressure drop is substantially reduced for the same size cutpoint
(Kavouras et al. 2000; Kavouras and Koutrakis 2001). Another
advantage of foam substrates is their ability to collect large
amounts of particles per surface area (2.15 g/cm2) (Kavouras
et al. 2000). This increases the sensitivity of toxicological and
chemical characterization studies (Salonen et al. 2000; Chang
et al. 2000).

DESCRIPTION OF THE HVCI
A fully assembled HVCI is shown in Figure 1. The sampling

device consists of 4 impactor stages and a backup � lter. The
HVCI is compact (40.00 [H] £ 20.32 [O.D.] cm) and is rel-
atively lightweight (»10 kg). The physical characteristics and
the theoretical cutpoint of each impactor stage are presented
in Table 1. A schematic diagram of the cascade impactor, in-
cluding the backup � lter, is depicted in Figure 2. Each stage
consists of 3 slit-shaped acceleration nozzles laid out on the
perimeter of a 12.7 cm diameter circle (Figures 1 and 2). The
length of each nozzle corresponds to 99.2± (actinic perimeter
angle, Figure 1). The distance between the nozzles is 2.30 cm
(equal to 20.8±, actinic perimeter angle). The nozzle widths are
0.03, 0.13, 0.25, and 0.76 cm for the fourth, third, second, and
� rst stages, respectively (Table 1). As a result of the nozzle
construction process, the ends of the nozzles were rounded.
These radially arranged slit-shaped nozzles were used to avoid
jet-to-jet interactions, while reducing the overall size of the
HVCI.

Polyurethane foam (density D 0.020 g/cm3, Merryweather
Foam, OH) is used as an impaction substrate for the second,
third, and fourth stages. For the � rst stage, which is designed to
remove particles with diameters above 10 ¹m, a greased � at sur-
face is used as an impactionsubstrate.Theoptimumsubstrate-to-
nozzle distance (S) and the size of impaction substrate (D) were
determinedexperimentally. S is 0.76,0.25,0.12, and 0.06 cm for

Figure 1. The HVCI.
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Table 1
Physical characteristics and theoretically and experimentally

calculated characteristics of cascade impactor (L: nozzle
length; W: nozzle width; T: nozzle throat length;

S: substrate-to-nozzle distance; D: substrate width; U: nozzle
air velocity; Re: Reynolds number; d50: 50% cutpoint;p
Stk: square root of Stokes number; s: collection ef� ciency

curve sharpness; 1P : pressure drop)

Stage 1* 2 3 4

Physical characteristics
Nozzles 3 3 3 3
L (cm) 10.99 10.99 8.0 9.60
W (cm) 0.759 0.254 0.132 0.028
S (cm) 0.759 0.254 0.125 0.056
S/W 1.0 1.0 0.95 2.0
D (cm) 2.3 1.28 0.6 0.6

Theoretical calculations
U (cm/s) 599 1791 4735 18601
Re 6058 6058 8322 6935

Experimental results
d50 9.9 2.46 1.0 0.09
s 1.17 1.43 1.44 1.33p

Stk 0.70 0.53 0.51 0.34
1P (kPa) 0.25 0.75 1.25 19.93

¤Grease is used as an impaction substrate.

Figure 2. Schematic section of the HVCI.

the � rst, second, third, and fourth stages, respectively (Table 1).
The widths of the impaction substrate are as follows: 1st stage:
2.3 cm (3.0W); 2nd stage: 1.3 cm (5.1W); 3rd stage: 0.64 cm
(4.8W); 4th stage: 0.64 cm (22.8W) (Table 1). Furthermore, the
thickness of the polyurethane foam for all stages is 0.64 cm to
assure that particles do not penetrate through the Polyurethane
Foam (PUF) and reach the substrate holder.

Finally,ultra� ne particles are collectedon a backup � lter. The
criteria for the selection of the backup � lter material were as fol-
lows: (a) high capacity; (b) low blank levels; (c) high collection
ef� ciency; and (d) low pressure drop. Three � lter materials were
evaluated, including a polypropylene � lter (Monadnock, Grade
5300), a glass � ber � lter (Gelman, type A/C), and a te� on coated
quartz � lter (Pall� ex, Emfab-TX40).

METHODS
The experimental setup is shown schematically in Figure 3.

The apparatusconsistedof 3 components:theparticlegeneration
system, the dilution tube, and the particle monitor instrument.
The particle generation system used an aqueous suspension of
either hollow glass spheres (nominal size 2–20 ¹m, density D
1.10 g/cm3 Polysciences, PA) or solid glass spheres (nominal
size 3–10 ¹m, density D 2.48 g/cm3 Polysciences, PA). To
achieve continuous and stable generation of aerosolized par-
ticles, the aqueous suspension � owed into a nebulizer (Retec
Model X-70/N, with a pressure of 7 psi), with excess � ow out
of the nebulizer reservoir into a waste container. The output
of the nebulizer passed into the top of the anodized cylindrical
aluminum dilution tube (150 [H] cm £ 7.62 [O.D.] cm). Par-
ticle free and dry dilution air was also introduced into the top
of the dilution tube. To assure a well-mixed aerosol distribu-
tion inside the tube, a round plate was placed inside the tube,
downstream of the input � ows. Each stage of the HVCI was
evaluated separately. The sampler for each stage was mounted
at the bottom of the dilution tube. The particle number concen-
trationand size distributionwere measured for a periodof 10 min
upstream and downstream of the sampler (impaction stage) us-
ing isokinetic probes. This sequence was repeated twice. An
aerodynamic particle sizer (APS 3320, TSI, Inc., St. Paul, MN)
and a scanning mobility particle sizer (SMPS, TSI Inc, St. Paul,
MN) were used to measure particles with diameters from 0.5
to 20 ¹m and from 0.02 to 0.5 ¹m, respectively. A conden-
sation particle counter (CPC 3010A, TSI Inc., St. Paul, MN)
was employed to measure the particle number concentration.
Even though the nominal minimum mass median sizes for both
the hollow and solid spheres were 2 and 3 ¹m, respectively,
the number concentrations for both types of spheres for sizes
down to 0.02 ¹m were suf� cient to perform SMPS experiments.
Particle losses to the sampler walls and jet nozzles were mea-
sured using the tested impaction stage without the impaction
substrate.

The collection ef� ciency for a given particle size, E(da ),
for either the impaction substrates or the backup � lter, was
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Figure 3. Impactor test experimental apparatus.

calculated as follows:

E(da) D
C (da)

T (da)
D

T (da) ¡ P(da)

T (da)
; [4]

where T (da ), C(da ), and P(da ) are the total, collected,and pene-
trated particles of aerodynamicdiameter of da , respectively.The
collection ef� ciency data were � tted using the Boltzmann sig-
moidal algorithm (Origin, MicroCal Software Inc.) as follows:

E(da ) D
A1 ¡ A2

1 C e((da ¡ xo)=dx )
C A2; [5]

where xo is the median aerodynamic diameter, dx is the width
of the � tting, and A1 and A2, are the coef� cients determined

by the algorithm. The sharpness (s) of the collection ef� ciency
curve was calculated using the following equation:

s D

s
d84:1

d15:9
; [6]

where d84:1 and d15:9 are the sizes of particles having collection
ef� ciencies of 84.1 and 15.9%, respectively (Hinds 1999).

RESULTS AND DISCUSSION

Impactor Calibration Experiments
The collection ef� ciency curves and the interstage losses

for the 4 cascade impactor stages are shown in Figure 4. The
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experimentally calculated cutpoints (d50¸ ¹m), the collection
ef� ciency sharpness (s), and the pressure drop (1P , kPa) are
presented in Table 1.

The � rst stage is designed to remove large particles (da >

10 ¹m) (Table 1). The experimentally determined cutpoint for
this stage is 9.90 ¹m, which corresponds to

p
Stk = 0.7. The col-

lection ef� ciency curve sharpness is 1.17 (Table 1), which indi-
cates an excellent separation of particles larger than the cutpoint
from the airstream (Figure 4). The

p
Stk number and the im-

pactor sharpness are similar to those previously reported for im-
pactors with rectangular nozzles (Kavouras et al. 2000; Marple
et al. 1993). Pressure drop is only 0.25 kPa.

The experimentally determined cutpoint of the second im-
pactor stage is 2.46 ¹m (

p
Stk D 0.53, s D 1.43) (Table 1). For

particle above 4.0 ¹m the collection ef� ciency was higher than
98% (Figure 4). This suggests that coarse particlebounce-offand
re-entrainment losses were insigni� cant.The experimentallyde-
termined cutpoint of this stage is smaller than that theoretically
calculated (da D 4.20 ¹m) for a � at rigid surface impaction sub-
strate, assuming a

p
Stk D 0.7 (Table 1). However, it is similar to

that obtained for rectangular nozzles using polyurethane foam
as an impaction substrate (Kavouras et al. 2000). This cutpoint
decrease was recently reported for both rectangular and round
nozzles and was explained by penetration of some air stream-
lines into the porous polyurethane foam surface (Kavouras et al.
2000; Kavouras and Koutrakis 2000). The pressure drop is only
0.75 kPa.

The experimental cutpoint and
p

Stk for the third stage are
1 ¹m and 0.51, respectively.The Stokes number is similar to that
of the second stage (Table 1; Figure 4a). The sharpness of the
collection ef� ciency curve (s D 1.44) is adequate to effectively
collect (up to 97%) particles above 1.5 ¹m (Table 1; Figure 4a).
The pressure drop is 1.25 kPa.

The experimental cutpoint and
p

Stk for the fourth stage are
0.1 ¹m and 0.34, respectively (Table 1; Figure 4a). The particle
acceleration velocity is 18,600 cm/s (Table 1), thus the pres-
sure drop across this stage is dramatically increased to 19.9 kPa
(Table 1). The collection ef� ciency curve sharpness is 1.33, and
as indicated by Figure 4, collection of particles with diameters
from 0.13 to 1.00 ¹m was higher than 99%.

Inertial particle losses within the HVCI may be caused by the
turbulent � ow in the acceleration nozzle region, at � ow turns,
and at the � ow exit/entrance between stages. Particle losses in-
side each stage were determined by measuring particles up- and
downstream of the stage, with the substrate removed. It is worth
mentioning that the collection ef� ciencies for each stage illus-
trated in Figure 4a include particles collected on both the im-
paction substrate and particles lost on stage walls and the accel-
eration nozzle. Figure 4b illustrates the particle losses in each
stage as a function of the particle aerodynamic diameter. Coarse
particle losses (2.5–10 ¹m) in the � rst stage increased from 5%
for 4 ¹m particles up to 20% for particles with a diameter larger
than 8 ¹m. Fine particle losses in the second stage are mini-
mal (<5%). Particle losses in the third and fourth stages were

Figure 4a. Collection ef� ciency curves of HVCI impactor
stages.

Figure 4b. Interstage particle losses.

higher (about 10%) due to the increased diffusional deposition
of these small particles. Similar results were previously reported
for other cascade impactors (Kavouras et al. 2000; Marple et al.
1991).

Backup Filter. The performance of various � lter materials
to effectively collect ultra� ne particles downstream of the last
stage was evaluated.Filter materials includedpolypropylene� l-
ter (Monadnock, Grade 5300), glass � ber � lter (Gelman, type
A/C), and Te� on coated quartz � lter (Pall� ex, Emfab-TX40).
Their collection at the corresponding face velocities and pres-
sure drops are illustrated in Figure 5.

In order to use � lters for toxicological and chemical studies,
it is necessary to chemically clean and autoclave them at 120±C.
The cleaning procedure, including cleaning solvents used, was
described in detail by Salonen et al. (2000). The particle col-
lection ef� ciency and pressure drop were measured prior to
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(a)

(b)

(c)

Figure 5. Untreated backup � lter collection ef� ciency at different face velocities and pressure drops. (a) Glass� ber � lter A/C,
no treatments; (b) TX40, no treatments; (c) Polypropylene 5300, no treatments.
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(a)

(b)

Figure 6. Treated (autoclavedand chemically cleaned) backup � lter collectionef� ciency at different face velocities and pressure
drops. (a) Polypropylene � lter (5300); (b) TX-40 � lter.

and after � lter treatment (no treatment was made for the glass
� ber � lters). The results shown in Figures 5 (untreated) and 6
(treated) suggest only minor differences in collection ef� ciency
and pressure drop. For all tested � lter materials, collection ef-
� ciencies decreased with face velocity. As expected, the high-
est ef� ciency was observed for the lowest velocity of 3.6 cm/s.
In order to achieve this face velocity for a total � ow rate of
900 L/min, it would be necessary to use a � lter diameter of
76.4 cm, which is signi� cantly bigger than the stage O.D. of
15 cm. The corresponding face velocity for a 15 cm diameter
is 85 cm/s. At this face velocity, all tested � lter materials had
collection ef� ciencies >70%, with the polypropylene � lter pre-
senting the minimum, <4 kPa, pressure drop. It is important
to keep the pressure drop this low to minimize volatilization
losses of semi-volatile particles. Therefore the polypropylene
� lter was selected as the most appropriate collecting medium.
For a face velocity of 85 cm/s, its corresponding collection ef-

� ciency was >85% and the corresponding pressure drop was
3.3 kPa.

Stage Response Factor and Mass Loading
The conversion of integrated impactor measurements to a

continuous size distribution is a rather complicated task that re-
quires the use of an inversion algorithm. An inversion algorithm
developed by Rader et al. (1991) to estimate the stage response
factor and the collected mass for the Andersen Mark III and
Marple personal impactors was used. This algorithm takes into
account the collectionef� ciency measurements, as well as inter-
stage and inlet losses. Brie� y, the collected mass (M , ¹g) was
calculated as follows:

M D V ¢
Z

Ki (da ) ¢ T ¤
i (da )d(da ); [7]
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where K i (da ) is the response factor of a particle with diameter
da for the stage i , T ¤

i (da ) is the corrected mass concentration
(¹g/m3) entering the size selective inlet of particles between da ,
and da C d(da ) and V is the air sample (m3). The mass con-
centration entering the cascade impactor was corrected for wall
stage losses as follows:

T ¤
i (da ) D T i (da ) ¢ L0(da ) ¤ (1 ¡ L(da )); [8]

where Ti (da ), L0(da ), and L(da ) are the total mass concentra-
tions, inlet losses, and interstage losses for a given particle size,
respectively. The correction of the particle size distribution is
an acceptable assumption and provides a good agreement be-
tween the theoretical and experimental mass loadings (Rader
et al. 1991).

The response factor (K i ) for a stage I is the ratio of the
particlemass concentrationcollectedthat entered the i stage.The
stage response factor for the � rst stage is equal to the collection
ef� ciency

K1(da ) D E1(da ); [9]

whereas for the rest of the stages the response factor is calculated
using the following equation:

K i (da ) D Ei (da ) ¢ (1 ¡ Ei¡1(da )) ¢ ¢ ¢ ¢ ¢ (1 ¡ E1(da )); [10]

where i D 1, 2, 3, : : : , n, the number of stage. The response
factor for the backup � lter was also calculated using the above
equation.

For our calculations, the particle size distribution data ob-
tained in Boston,MA, were used (Long2000). These data served
as input for Equations (7) and (8) to calculate the collected mass
for each stage. Figure 7 shows the calculated mass distribu-
tion using HVCI stage response factors and the corresponding
size distribution of particles using continuous instrumentation
(APS 3310 and SMPS/CPC) in Boston for 3 samples. In the � rst
case (Figure 7a), the distribution was bimodal. The � rst mode
was associated with very small particles (da < 0.99 ¹m). The
second mode was observed in the coarse fraction (2.5 < da <

10.0¹m). Themass concentrationsof the 2 modes were 28.3and
6.3 ¹g/m3 (Figure 7a). The predicted size distribution maxima
was calculated at the 4th (0.09–0.99 ¹m) stage (27.1 ¹g/m3),
while predicted concentrations for the 2nd (2.5–10 ¹m) and 3rd
(1.0–2.5 ¹m) stages were similar (6.2 and 6.0 ¹g/m3, respec-
tively). The estimated mass of 27.1 ¹g/m3 for the 4th stage was
in agreement with that pro� le measured using continuous an-
alyzers (Figure 7a). The particle size distribution for the other
2 cases (Figures 7b and c) exhibiteda predominantoccurrence in
the size fraction between 0.1 and 1.0 ¹m with mass concentra-
tions of 17.0 and 23.9 ¹g/m3, respectively. The corresponding
mass concentration calculated using the stage response factor
for these days showed a similar pro� le with maximum at the 4th
stage of 16.2 and 23.2 ¹g/m3, respectively.

Figure 7. Comparisonof the size distributionof particlesmea-
sured with continuousanalyzerswith that estimatedusingHVCI
for 3 different cases.

CONCLUSIONS
A High Volume Cascade Impactor (HVCI) was developed.

This sampler operates at a � ow rate of 900 L/min and consists of
4 stages and a backup � lter. The size cutpointsof the 4 stages are
10, 2.5, 1.0, and 0.1 ¹m, respectively.The versatile design of the
HVCI allows for the inclusion of additional stages. The use of
polyurethane foam as an impaction substrate eliminates the use
of adhesives such as grease or mineral oil, while it eliminates
particle bounce-off and re-entrainment losses. Finally, because
of its high capacity, the HVCI can be used to collect large quan-
tities of particles (mg–g levels) for toxicological,biological,and
chemical characterization studies.
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