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Calculation of Leakage and Particle Loss
in Filter Cassettes

Paul A. Baron and James S. Bennett
Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health,
Cincinnati, Ohio

Experimental evidence of aerosol bypass leakage around the
� lter in plastic � lter cassettes prompted an investigation using com-
putational � uid dynamics to explain particle penetration through
the leak. Axi-symmetric models of a cassette with several leak di-
mensions were constructed. The models predicted that submicrom-
eter particles penetrated the leak, but that larger particles impacted
on the � lter surface. Experimental data from another study clearly
indicated that larger solid particles were being lost from the surface
of the � lter during sampling. When particle bounce was invoked
as an explanation for this loss of sampled solid particles, the the-
oretical loss from the � lter in cassettes with large leaks exhibited
characteristics similar to the experimental data. For small leaks,
the mass loss behavior appeared to be more complex.

INTRODUCTION
Aerosol penetration through leaks has been a concern in

several situations. Leakage in radioactive containment systems
can release radioactive materials into the environment (Clement
1995; Morton and Mitchell 1995). Leakage through the face-
seal in respirators can result in excess exposure of individuals
to toxic gases and aerosols (Chen et al. 1990). In a recent study,
a specially selected aerosol was used to seal leaks in ventila-
tion ducts (Carrié and Modera 1998). Each of these applications
involved a somewhat different leak geometry and different con-
cerns regarding the fate of the aerosol particles. Recent exper-
imental evidence of � lter bypass leakage in personal sampling
cassettes prompted investigation of the � ow characteristics of
these cassettes.

Plastic � lter cassettes that are assembled by press-� tting com-
ponents together to hold a � lter are used extensively for industrial
hygiene aerosol sampling in the United States and elsewhere.
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Many thousands of samples are collected each year using these
cassettes, and inaccuracy of these samples may compromise
the health of workers exposed to hazardous aerosols. These cas-
settes are produced in several diameters and con� gurations, with
25 mm and 37 mm diameter cassettes being the most common.
Figure 1 shows the cross section of a 25 mm cassette to show
how the pieces of the cassette � t together. The � gure shows the
ring � tted to the base to operate as an open face sampler. The ring
also can be replaced by the cap to operate the cassette as a closed
face sampler. During compression of the cap or ring to the base,
the peripheral seal is achieved � rst and then further compression
seals the edge of the � lter and backup (support) pad and holds
them in place. When this compression is performed properly,
all the air� ow passes through the � lter and aerosol particles are
collected on the � lter for analysis. If insuf� cient or uneven com-
pression is used, the edge of the � lter may not be sealed, forming
a leakage path from the interior of the cassette past the edge of the
� lter (bypass leakage). The possibility of air and particle leakage
in these cassettes has been posed in the literature (Schmidt and
Rappaport 1983; Frazee and Tironi 1987; Van den Heever 1994;
Van den Heever and Tiernan 1999), but little documentation of
the extent of this leakage and particle loss has been published.
A recent investigation used a particle count leak test to estimate
the extent of leakage and to provide a technique for evaluating
cassette integrity (Baron et al. 2002). Either an optical particle
counter or a condensation particle counter was used to mea-
sure penetration of ambient (primarily submicrometer) aerosol
through the cassette as an indicator of leakage around the � lter.

The experimental study (Baron et al. 2002) also indicated
that a signi� cant number of larger particles sampled in leaking
cassettes bounced off the � lter surface and through the leak.
Particle bounce appeared to occur much more for solid particles
than for oil droplets. Numerous reports of particle bounce in the
literature indicated that particles have an increasing tendency
to bounce with increasing size and velocity and with increas-
ing deviation from the normal (90±) approach to the impaction
surface. The shape and physical properties of the particle and
the roughness and other properties of the impaction surface are
also important. There have been several attempts to develop a
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Figure 1. Picture of a 25 mm cassette cut in half with the cut
cross section painted black for visibility. The � lter is supported
by a thicker cellulose backup (support) pad.

model of particle bounce (Xu and Willeke 1993; Dahneke 1995;
Brach and Dunn 1998), but none of the theories apply to the sit-
uation presented in a leaking cassette, i.e., particles of unknown
composition and shape impacting on the surface of various � lter
materials at acute angles.

To help explain the particle loss mechanisms for different
types of particles, several axi-symmetric computational � uid dy-
namics (CFD) models of the same cassette con� guration were
developed. Each model assumed a uniform leak around the cir-
cumference of the � lter, with only the height of the leak be-
ing varied. These models described the � ow � eld in a leaking
cassette and indicated the particle trajectories inside the cas-
sette. The leak geometry in real cassettes is more complex than
indicated in the models, but the CFD calculations permitted
the evaluation of � ow conditions and particle trajectories that
were dif� cult to measure directly. Particle trajectories likely
to result in particle bounce were evaluated for comparison to
experimental data.

CFD MODELS
The � ow � eld and particle trajectories within the cassette

and � lter were numerically modeled using CFD. The geom-
etry was constructed and meshed using Gambit (Fluent Inc.,
Lebanon, NH), and the � ow was solved using Fluent 5 (Fluent

Figure 2. Schematic of half of a 25 mm � lter cassette cross
section. The dimensions indicated were used in the CFD model.

Inc., Lebanon, NH). To reduce the computational time for both
mesh generation and � ow solution, steady-state axi-symmetric
simulations were performed. The dimensions of an idealized
25 mm open face cassette used in the models are shown in
Figure 2. These dimensions were selected to be typical of those
measured in several different examples of such cassettes.
Nonuniform structured computational grids were generated us-
ing approximately 170,000 rectangular elements. Grid element
density was increased in the area around the � lter face and near
and inside the leak to provide better resolution of the � ow � eld
and particle behavior. Grid element size at the cassette inlet was
4.5 £ 10¡9 m2 and decreased monotonically toward the � lter sur-
face, where it was a minimum (1.6 £ 10¡11 m2 for the largest
leak and 5.4 £ 10¡12 m2 for the smallest leak). The minimum
element size also was used in a square area just upstream of the
leak and inside the leak. Below the top � lter surface, the elements
were all 4.6 £ 10¡10 m2. The walls, the inlet, and the outlet of the
� lter cassette formed the boundary conditions for the numerical
solution. At the inlet, an ambient pressure boundary was speci-
� ed. The � ow rate (2.8 l/min) and the outlet area were used to
specify the outlet velocity. The � lter and � lter backup pad were
modeled as porous media using Darcy’s Law. The material per-
meability was calculated from the pressure drop across the � lter
at a known velocity based on the manufacturer’s speci� cations,
with a pressure drop across the � lter of 69000 N/m2 @ 0.33 m/s
(10 psi @ 20 l/min/cm2) and across the backup pad of 1700 N/m2

@ 0.33 m/s (0.24 psi @ 20 l/min/cm2). The initial leak path was
modeled as a slot in the cassette wall with a rectangular cross
section (Figure 2) between the top of the � lter and the cassette
ring � ange, with the leak heights indicated in Table 1. The leak
heights were chosen to span the range of the experimental re-
sults, with more leak heights in the small leakage range since
more rapid changes in the leakage mechanisms appeared to be
occurring in this range.
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Table 1
Calculation results indicating the percent leakage through the
CFD models with different leak heights; the 0.01 ¹m particle

loss refers to particles entering the initial leak but not exiting it;
the impaction diameters (dae ) were calculated using the

average velocity at the inlet and the exit to the initial leak.

Loss of
Air leak 0.01 ¹m

Leak height rate particles dae (inlet) dae (exit)
(mm) (%) (%) (¹m) (¹m)

0.01 <0.47¤ 0.4 1.9¤¤

0.02 1.4 38 0.5 0.6
0.025 3.3 19 0.5 0.6
0.03 6.0 8.5 0.6 0.6
0.05 37 4.8 0.7 0.8
0.1 75 3.1 1.4 1.6

¤No streamline passed all the way through the smallest leak due to
the limited spatial resolution of the model, so the air penetration value
is presented as less than that if only one streamline passed through the
leak.

¤¤All streamlines in the leak entered the � lter prior to reaching the
exit of the initial leak. The air velocity at the end of the last streamline
before it entered the � lter was used to estimate the upper bound of the
impaction diameter.

The � ow rate and the dimensions of the cassette chamber and
leak suggested that the � ow was laminar, with Re <160. The
outlet tube � ow had Re of approximately 2,400. The range of Re,
small leak size, and � ne grid suggested that a 2 layer zonal model
was indicated because the grid was � ne enough to resolve the
viscous sublayer near walls, including inside the leak. However,
in the outlet tube and at locations where the � ow could separate,
as at the leak entrance, a higher Re model was suggested. The
2 layer zonal model could handle both � ow domains, whereas
many models use standard wall functions, which assume that
the � rst cell adjacent to a wall is in the log-law region, causing
the turbulent diffusivity to be overestimated. Some explorations
using these standard wall functions resulted in lower velocity
in and near the leak, since the in� ated diffusivity gave the low
velocity in the chamber more in� uence in the leak. As it turned
out, though, the higher Re portion of the 2 layer zonal model
was unnecessary, because in test cases spanning the range of
leak sizes, the 2 layer zonal RNG k–" turbulence model with
residuals of 10¡6 and the laminar case with residuals of 10¡5

and 10¡6 gave nearly identical results. Thus the proper turbu-
lence model eventually converged to laminar � ow in the impor-
tant regions. Moreover, the turbulence model had shown that
the largest turbulent Re occurred at the entrance to the cassette
outlet tube, well downstream of the leak with its effect further
dampened by the large � ow resistance of the � lter and backup
pad. For solution economy, we relied on the laminar � ow case,
with residuals of 10¡5. Another way to evaluate convergence
is to look at important variables as a function of iteration. We

monitored wall shear stress inside the leak and pressure drop
across the � lter and found that these had become constant to 5
signi� cant � gures over several iterations when the residuals had
reached 10¡5. Double precision (in the C computer language)
was used to avoid problems with machine error.

In addition to solving the continuous phase, a discrete phase
model was used to predict particle behavior using the Lagrangian
particle tracking model available in Fluent 5. The discrete phase
was represented as 427 spherical particles (1 kg/m3 density)
of a speci� ed diameter injected at equal radial intervals at the
inlet. The particle trajectories were calculated based solely on
the � ow � eld streamlines and only the effect of particle inertia
was included. Particle interception (due to physical diameter
of particle), gravitational settling, and diffusion were ignored.
Particle diffusion was addressed in a separate model as indicated
below. Particle-particle interactions and effects of the particles
on the gas phase were assumed to be negligible due to the low
volume fraction of the discrete phase. For the discrete-phase
model, all solid surfaces were speci� ed as trapping, which meant
that any particle contacting a surface was removed from the air
stream. The bottom surface of the � lter was speci� ed as trapping
rather than the upper surface so that particle trajectories near
the top surface could be visually tracked more easily. It was
expected that particles would actually be collected at or near the
top surface of the � lter.

The models converged after 391–497 iterations (depending
on leak height) so that the normalized residuals were below
10¡3. To test grid independence, the models were repeated with
smaller and more numerous cells in regions of greatest wall
shear stress gradient, such as near and in the leaks. Approxi-
mately 10,000 cells were added. The 2 sets of solutions agreed
to within 1% on average based on air leak rate and 0.3 ¹m par-
ticle penetration. The � ner grids were then used to generate the
results reported here.

The leak height was quite small in some cases; so the effect
of particle diffusion on deposition at various surfaces was con-
sidered. The primary area of interest was the area termed the
initial leak path (Figure 2), i.e., between the � lter edge and the
cassette ring. The model � ow � elds were calculated only using
laminar � ow in the cassette, since the particle diffusion calcula-
tion module of Fluent did not operate with turbulence models.
The laminar � ow calculations were carried out with and without
the diffusion feature turned on for comparison, since the number
of trajectories penetrating the leak did not exactly match for the
nondiffusion turbulence model and the diffusion laminar model.

RESULTS
Flow � elds and particle trajectories were calculated for the

scenarios indicated above. Particles with diameters of 0.3 ¹m,
0.8 ¹m, 2 ¹m, 3 ¹m, and 5 ¹m were injected uniformly into
the inlet of the model. Example � ow � elds and 5 ¹m particle
trajectories are displayed in Figures 3–5. The particles less than
approximately 1 ¹m closely followed the air� ow streamlines.
However, larger particles did not easily make the 90± bend into
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(a) (b)

Figure 3. (a) Air streamlines in cassette with leak size 0.02 mm, resulting in 1.4% calculated air leakage past the � lter. (b)
Expanded view showing � ow streamlines penetrating the leak and passing through the backup pad. Streamlines passing through
the � lter are stopped at the bottom surface of the � lter to make it easier to track the leak streamlines.

the leak and were impacted on the � lter surface near the leak
entrance.

The leak heights in the CFD models were set at several lev-
els. At each level, the percent leak rate was calculated using the
number of streamlines or particle trajectories penetrating the
leak (S) and the total number of streamlines or particle trajec-
tories (427). To account for the cross-sectional area represented
by each streamline or particle trajectory, the percent leak rate
was determined using

% leak D
(4272 ¡ (427 ¡ S)2)

4272
: [1]

The results for percent air penetration through the leak are indi-
cated in Table 1. The smallest-height leak model had no stream-
lines passing through the leak, so the penetration was presented
as being less than that for 1 streamline passing through the leak.
The results of the particle trajectory calculations of percent pen-
etration for air, 6 particle diameters, and 5 leak heights are pre-
sented in Figure 6.

The effect of diffusion in the initial leak was calculated using
only the laminar � ow models. The penetration of particle tra-

jectories through the initial leak path with and without diffusion
turned on in the model gave nearly identical results.

The high velocity air� ow between the � lter and cassette
should produce a normal lift force on the � lter surface, effec-
tively pulling the � lter away from the backup pad and closing
the leak. Because the upstream surface of the � lter was modeled
as a change in porosity rather than a true surface, the CFD mod-
els did not provide an indication of such a force. However, the
models indicated that there was an equivalent normal force on
the cassette wall. This suggested that there was such a force on
the � lter surface.

In the experimental study of cassette leakage, a test was devel-
oped that used ambient submicrometer particles as an indicator
of bypass leakage (Baron et al. 2002). These test results were
compared with mass lost from the � lter while sampling an alu-
minum oxide aerosol with a count median diameter of 3.6 ¹m.
The comparison of submicrometer particle leakage and mass
lost from the � lter produced an unexpected nonlinear relation-
ship between these 2 parameters (Figure 7). This experimental
comparison was simulated using the CFD calculations, with
0.3 ¹m particles representing the ambient aerosol penetrating
the leak (as an indicator of leak size) and 5 ¹m particles
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Figure 4. (a) A further expansion of Figure 3 in the neighborhood of the leak. Not all calculated streamlines are shown. Radial
air velocities are indicated in color. (b) 5 ¹m particle trajectories in the vicinity of the leak in the same expanded view. The region
where the radial velocity of the particles was >0.5 m/s is indicated by the contour line. Particles passing through the � lter are also
stopped at the bottom surface of the � lter to make it easier to track the particle trajectories. Particle radial velocities are indicated
by color.

representing the aluminum oxide aerosol at the corresponding
leak sizes. To estimate the mass lost from the � lter, trajectories
of 5 ¹m particles having a radial velocity >0.5 m/s were se-
lected as representing particles likely to bounce from the � lter
surface. This selection criterion was chosen to indicate particles
approaching the surface at a high velocity and an acute angle.
The results are plotted in Figure 7 along with data from the
experimental study (Baron et al. 2002). Similar calculations of
particle bounce were made using radial velocities of 0.5 m/s
and 0.25 m/s as selection criteria. The loss due to bounce at the
smallest leak size increased from 0 to 7.4%, while the loss at
larger leak sizes increased only about 5%.

The total � ow rate through the cassette was varied to see the
effect on the relative � ow through the leak versus the � lter. The
model with a leak height of 0.03 mm was calculated at a � ow
rate of 15 l/min. The percent � ow through the leak at 2.8 l/min
was calculated to be 6.0% versus 8.3% at the higher � ow rate.
Thus as the � ow rate through the cassette increased by more

than a factor of 5, the fraction of air passing through the leak
rather than the � lter increased only by a factor of 1.38.

DISCUSSION
The CFD models used in this study were axi-symmetric mod-

els that assumed a uniform leak height and cross section around
the edge of the � lter. The actual leak geometries were likely
to be considerably more complex, with variation from one side
of the cassette to the other and smaller local variations in leak
cross sections. Thus the models only represented the average
leak geometry for a given total leak rate.

The models converged and appeared physically reasonable.
The example � ow � eld shown in Figure 3 indicates several
features of relevance to the collection and loss mechanisms.
The divergence of the streamlines at the outer wall of the cas-
sette was a result of the developing boundary layer (Figure 3a).
Across the collection surface of a well-sealed cassette, the
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Figure 5. (a) Air streamlines in a cassette with leak size 0.1 mm, resulting in 76% calculated air leakage past the � lter. The
magni� cation is the same as in Figure 4a. (b) 5 ¹m particle trajectories in the vicinity of the leak in the same expanded view.

� lter had a uniform pressure drop, forcing the streamlines to
be uniformly spaced similarly to the inlet condition and the par-
ticles deposited on the � lter uniformly. With a leaking cassette,
some streamlines were focused toward the � lter near the en-
trance to the leak (Figures 4a and 5a). The air motion toward
the leak produced focusing of larger particles toward the � l-
ter surface in the proximity of the leak (Figures 4b and 5b).
Most of the air entering the leak made a sharp bend prior to
the leak. This bend caused impaction of larger particles onto
the � lter surface. The models predicted that particles smaller
than about 1–2 ¹m passed into the leak without depositing
on the � lter, while larger particles impacted the � lter surface
(Figure 6).

For the smallest leak size, several streamlines entered the
leak, but most passed through the edge of the � lter so that no
streamlines exited the leak. Submicrometer particles followed
these streamlines so that air entering the leak still accelerated
particles toward the leak, but the particles were less likely to pen-
etrate the leak entirely, with a fraction of the particles depositing
on the edge of the � lter. Thus submicrometer particles measured
downstream of the � lter were still an indication of the air� ow
entirely bypassing the � lter, but the behavior of larger particles

was likely to be more complex. The smallest leak modeled here
had a height of only about 10 ¹m. Thus large particles bouncing
from the � lter surface had a limited probability of entering and
penetrating the leak. The calculation resulting in the curve in
Figure 7 was performed assuming that particles with high radial
velocity would bounce and penetrate the leak. With such a small
leak opening, the particles could hit the walls of the cassette
both inside and outside the leak and eventually end up on the
� lter.

The simple bounce model does not explain the shape of the
experimental data in Figure 7 for small leaks, but still appears
reasonable for larger leaks. It is clear that for 0 leakage, the sub-
micrometer particles penetrating the cassette and large particle
loss from the � lter are both 0. For very small leaks, air stream-
lines enter the leak, but most of the streamlines pass through the
� lter edge. As the leak size increases, the fraction of air enter-
ing the leak and bypassing the � lter increases rapidly, so that at
some point most of the air entering the leak bypasses the � lter.
Submicrometer particles closely follow the air streamlines. The
collection of submicrometer particles on the edge of the � lter
explains the general shape of the experimental data, effectively
shifting the curve such that for large leaks, the slope is constant
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Figure 6. Calculated penetration of air and particles through several leaks with different sizes. Note that the x and y scales are
not linear.

and near unity but with a nonzero intercept. The large particle
mass loss for small leaks is dif� cult to model exactly because of
the small size of the leak opening. Particles that initially bounce
off the � lter surface may subsequently bounce off other surfaces
and eventually be deposited either on the � lter edge, the cas-
sette wall, or on the � lter collection surface. The experimental
data indicates that up to a measured small particle penetration of
about 4%, the large particle penetration increases with a slope
of about 4, and then quickly levels out to a slope close to unity.
This transition corresponds in the simulations to the change
from streamlines entering the leak but passing through the � lter
edge to streamlines entering the leak and largely bypassing the
� lter.

Particle diffusion appears likely to result in only minor losses
of countable particles in the leak channel between the � lter and
cassette. Inexpensive particle counters that can be used for mea-
suring ambient aerosol leakage in cassettes, such as a condensa-
tion particle counter or optical particle counter, have lower par-
ticle size detection limits of about 0.02 and 0.3 ¹m, respectively.
The calculated loss of 0.01 ¹m particles (Table 1) represents a

very conservative upper bound on the losses of larger particles
detectable by these instruments. Thus measurement of submi-
crometer particles downstream of the cassettes will indicate the
presence of a leak, assuming that these particles are not lost
in the backup pad and that the � lter is 100% ef� cient for all
particles.

The models should predict reasonably well the relative
amount of air� ow through the leak versus the � lter and the be-
havior of aerosol particles approaching, entering, and passing
through the initial leak path. The fraction of air� ow through
the leak changes rapidly with leak height, increasing more than
2 orders of magnitude for 1 order of magnitude increase in
leak height. The calculation of the � ow rate dependence of the
� ow ratio between the leak and the � lter indicates that the ra-
tio does not change greatly. Thus the particle count leak test
should not depend signi� cantly on the test � ow rate as long as
the high � ow rate does not signi� cantly distort the leak size and
geometry.

Downstream of the initial leak path, the � ow was calculated
to pass through the backup pad, modeled as a uniform � ow
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Figure 7. Comparison of data on loss of mass of aluminum ox-
ide dust versus particle count leak test measurements of submi-
crometer ambient air (Baron et al. 2002) with CFD calculations
under similar conditions.

resistance, � lling completely the region below the � lter edge.
This assumption appeared not to agree with the path taken by
particles as observed through deposition patterns of submicrom-
eter soot particles (Baron et al. 2002). Two primary paths ap-
peared to be (1) between the � lter and backup pad near the edge
of the � lter and then down through the backup pad, and (2) be-
tween the bottom edge of the backup pad and the cassette base
sealing surface (Figure 8). The high velocity air� ow through
the initial path of the leak suggests there was an upward force
pulling the � lter away from the backup pad. This would enhance
the likelihood of the � rst leak path. The complex path taken by
the aerosol was dif� cult to model as it depended on details of
the shape and deformation of both the � lter and backup pad under
leak conditions. The assumption that particles passed through
the backup pad with no loss was also clearly incorrect, but the
main focus of the CFD calculations was the loss of particles
that should have been collected on the � lter surface. The loss
of particles once the aerosol particles bypassed the � lter sur-
face was only of interest to determine the detection ef� ciency
of the particle counter used for the leak test. The CFD calcula-
tions could not provide details on this latter aspect of cassette
leakage.

Inside the leak, the streamlines are compressed, indicating a
relatively high velocity region (typically on the order of 5 m/s
at the leak inlet), and make a sharp bend past the outer edge of
the � lter and then down through the backup pad (see Figures 3b
and 8). Note that the air velocity increases until the streamline
compression reaches a maximum inside the initial leak, then
decreases as the air passes through the initial leak, as is espe-
cially evident in Figure 4a. The decreasing velocity in the leak
is due to air� ow down through the � lter, to an increase in cross-
sectional area of the leak as the radial distance from the center
of the cassette increases, and to streamline expansion as the � ow

Figure 8. Schematic cross section of half of the � lter cassette
with example � ow streamlines (from Baron et al. (2002)). An
increasing gap height causes an increasing fraction of air to pass
through the leak versus through the � lter. The � lter is porous,
but particle retentive; the backup pad is even more porous and
assumed to be nonparticle retentive. The observed path through
the backup pad appears more complex than that used in the
models.

passes through the leak. The outer cassette wall near the edge of
the � lter, as indicated in Figure 8b, is a likely location for im-
paction of larger particles that might have entered the leak. The
Stokes number (Stk) characterizes particle inertial behavior and
is the ratio of the particle stopping distance to the characteristic
dimension of the air stream. In this context

Stk D ½p dae
2 VCc=9´d j ; [2]

where ½ p is the particle density, dae is the particle aerodynamic
diameter, V is the average air velocity at the leak entrance, C c is
the slip correction factor, ´ is the air viscosity, and d j is the inlet
size (leak height). Considering the exit region of the leak slot as
an impactor with a rectangular jet, particles with

p
(Stk) > 0.84

are likely to impact. The
p

(Stk) for impaction on the cassette
wall was calculated using average air velocity at the edge of
the � lter. The results indicated that particles greater than about
dae D 0.6 ¡ 1.9 ¹m aerodynamic diameter passing through the
leak were likely to impact on the wall of the cassette (Table 1).
The Stokes number may also be used to estimate the likelihood
of losses in inlets (Brockmann 1993). A similar calculation was
made for the inlet of the leak (Table 1) to indicate those particles
likely to impact onto the � lter. Thus submicrometer particles can
penetrate the entire cassette, while larger particles can penetrate
only after they have bounced, probably more than once, within
the cassette. Although deposits were observed in the expected
impaction region on the outer cassette wall near the edge of the
� lter, there was also a signi� cant amount of penetration of larger
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solid particles through the entire cassette in the experimental
study of leakage (Baron et al. 2002), indicating particle bounce
here as well.

The CFD program is not capable of estimating the degree
of particle bounce because this involves complex interactions
between particles impacting either the � lter surface or parti-
cles previously collected. Experimental and theoretical work
by several researchers indicates that particles are more likely
to bounce when they have high kinetic energy, have acute ap-
proach angles (¿ 90±), are solid (versus liquid) particles, and
impact on smooth (versus rough) surfaces (John and Sethi 1993;
Xu and Willike 1993; Xu et al. 1993; Brach and Dunn 1998; Li
et al. 1999, 2000). The air and particle velocity in a nonleak-
ing cassette was about 0.13 m/s normal to the � lter surface,
while particle velocities near a leak could exceed 5 m/s with a
large radial velocity component. A large radial velocity of the
particles at impact provided an indication of particles having
a high kinetic energy and a trajectory with an acute angle to
the � lter surface. In addition, any particles that bounced were
likely to be swept into the leak by the high velocity stream par-
allel to the � lter surface in and near the leak. The � lter surface
was not smooth, but the high kinetic energy combined with an
acute angle of approach suggested a high likelihood of bounce.
A radial velocity component of 0.5 m/s was arbitrarily chosen
as the cutoff value for particles likely to bounce. Although this
cutoff was arbitrary, the high particle acceleration near the leak
inlet meant that the number of trajectories chosen to represent
the area from which particles bounced using this cutoff was not
very sensitive to the absolute value of the velocity cutoff. As
indicated in Figure 7, using the 0.5 m/s cutoff provided � lter
mass loss values that matched the observed aluminum oxide
dust loss data as a function of submicrometer particle penetra-
tion reasonably well (Baron et al. 2002). At small leak rates, the
rapid increase in particle loss with increasing leak rate is due
to the relatively large area from which particles are attracted to
the leak. Above a leak size of several percent, the area increases
with percent leakage in a nearly one-to-one relationship.

Considering the number of assumptions that went into con-
struction of the CFD models, the close agreement with the
experiment was remarkable, but may have been fortuitous. In
addition to the selection of radial velocity as an indicator of
particle bounce, the horizontal axis in Figure 7 did not de-
pend solely on air� ow through the leak. In the experiments, the
fraction of submicrometer particles passing through the initial
leak but collected in the backup pad may have varied with per-
cent leakage, aerosol loading in the cassette, and particle type.
Some combination of these undetermined factors may have con-
tributed to the close agreement between the CFD model and
the experimental data. However, the shape of the data curve in
Figure 7 was initially unexpected, with a sharp break in the
mass loss curve at around 4% penetration of submicrometer
particles. The fact that the slope, and to some extent the shape,
of the CFD-derived curve agreed with the experimental data
supports the likelihood of particle bounce being the primary

loss mechanism for solid dust particles sampled using leaking
cassettes.

SUMMARY
In a sampling cassette, incomplete compression of the seal

holding the � lter and backup pad can result in a leak around the
edge of the � lter. The predicted fraction of air passing through
the leak increases rapidly with increasing leak height, reach-
ing 75% for 0.1 mm leak height. Particles smaller than about
0.6–1.9 ¹m can follow the air streamlines and pass through
the leak, around the � lter, through or around the backup pad,
and out of the cassette. In most modern personal samplers, the
� lter is suf� ciently ef� cient that >99.9% of all particles that
pass through the � lter are collected. The calculations indicate
that submicrometer particles penetrate the leak with the same
ef� ciency as the air, although this does not take into account
particle losses in the backup pad. Thus submicrometer parti-
cles are likely to be a useful indicator of bypass leakage in
cassettes using high ef� ciency � lters. The calculations further
suggest that large particle (>about 2 ¹m) penetration through
the leak occurs only when the particles can bounce from the
� lter surface. Thus large particle loss from the � lter will be a
function of particle bounce characteristics, such as particle di-
ameter distribution, physical state (e.g., solid or liquid), and � lter
properties.
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