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This work numerically studied particle collection efficiency curves as a function of aerodynamic
particle diameter by the porous substrate of an inertial impactor. The simulation was conducted
for different Reynolds numbers based on nozzle diameter (Re), resistance factors of porous
substrate (K) and nozzle diameters of the inertial impactor (W). The results show that average
flow velocity inside the porous substrate is low for a particle starting from the position close to the
centerline leading to a small inertial force. The collection efficiency curves of the inertial
impactor with porous substrate are less sharp for the case of higher Re and lower K than the case
of lower Re and higher K.  This phenomenon occurs because more air penetrates into the porous
substrate when Re is large and K is small, resulting in higher particle collection efficiency. The
cutoff aerodynamic diameter, d,so, of the impactor with porous substrate decreases with increasing
Re, decreasing K and decreasing W. Ultrafine particle loss in the porous substrate can be
important. For example, the particle loss of a three-stage cascade inertial impactor with porous

substrate increases to 16.5 % for particles with an aerodynamic diameter of 0.01 um due to the

diffusion mechanism when K = 568,000 cm™ and Q =2 L/min.
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1. Introduction

Inertial impactors are widely used for measuring

the particle size distribution and chemical

composition of aerosols. The performance of a

well-designed impactor has a sharp particle
collection efficiency curve following the traditional
theory (Marple 1970; Marple and Liu 1974; Marple
and Willeke 1976; Rader and Marple 1985). A

common problem of inertial impactors with flat
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platesubstrate is  particle = bounce-off and
reentrainment, which can cause bias in particle size
distribution measurement (Rao and Whitby 1978;
Biswas and Flagan 1988; Pak et al. 1992; Xu and
Willeke 1993). An alternative to conventional
substrate impactors, polyurethane foam (PUF) was
used effectively as the substrate for conventional
inertial impators (Kavouras and Koutrakis 2001).
Experimental results showed that PUF substrates
absorbed more excess kinetic energy than did
conventional flat plate substrates, reducing the
amount of particles that would otherwise bounce
off or be reentrained.

Additionally, porous metal substrate was also

used as the collection surface of an inertial
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impactor (Tsai et al. 2001).

showed that the inertial impactor with the porous

Experimental results

metal substrate had the advantage of allowing the
sampling of a high concentration of liquid particles
without overloading because of its capillary action.
The particle collection efficiency of the impactor
with the porous metal substrate was higher than that
with the flat plate substrate, due to air penetration
into the porous metal substrate resulting in a
different particle
(Huang et al. 2001) than predicted by the traditional
theory. The ultrafine particles will be collected on

collection efficiency curve

the upper stages of the inertial impactor with the
porous substrates resulting in the bias of particle
size distribution measurement.

In this study, to investigate the particle collection
efficiency curves as a function of aerodynamic
particle diameter by the porous substrate of the
inertial impactor, flow field and particle trajectories
of the inertial impactor were simulated.  The
filtration efficiency of particles inside the porous
substrate was calculated at different resistance
factors of the porous substrate. nozzle diameters
and Reynolds numbers. Subsequently, the particle
collection efficiency curves Were obtained under
situations  for aerodynamic

different particle

diameters ranging from 0.001 to 10 pm.

2. Numerical Method

The flow field in the inertial impactor was
simulated by solving the 2-D Navier-Stokes
equations in the cylindrical coordinate (Huang et al.
2001).

assumed steady, incompressible and laminar, and

The fluid flow in the impactor was

air was assumed to be at 20 °C and 1 atm. The
governing equation was discretized by means of the
finite volume method and solved by the SIMPLE
algorithm (Patankar 1980). The flow field is
governed by

p({./ O_V')’\; :——‘}P+pVZV—Kuv 1)

In equation (1) V is velocity vector in cm/s; P the
pressure in dyne/cmz; p the air density in g/cm3 ;
i the air viscosity in g/cm-s; K the resistance
factor of the porous substrate inem? (K=1/k ., kis
After obtaining the flow field,

the particle equations of the motion were solved

the permeability).

numerically to obtained particle trajectories and
collection efficiency. The particle equations of

motion in r (radial) and z (axial) directions are:

du nud

m, —*=C, Re, o (u, —u,) @)
du mud

m, ——=C,Re Ho (u,-u,)+m,g (3)
dt P 8C o P

In the above equations, Cq 18 the empirical drag
coefficient; Re, the particle Reynolds number; my
and g the particle mass and the gravitational
acceleration, respectively; Upr and up, the particle
velocities; u, and u, local flow velocities in the
radial and axial directions, respectively.

The particle collection efficiency of the impactor
with porous substrate can be defined as the
collection efficiency, based on the ideal (or 100 %)
filtration efficiency, multiplied by the average
filtration efficiency by the porous substrate and can
be calculated as

N = Nr100% < Nrave (4)

where Mg a4 Mrae ar€ the 100 % filtration
efficiency and the average filtration efficiency by

the porous substrate and can be calculated as

MNeioow = [Rc/(W/Z)]2 &)

Re

nTave = le x T\Tmi /Qc (6)

i=1
where W is the nozzle diameter and Rc is the
critical radius across the nozzle which demarcates
the starting radial position for a particle to be
collected by the substrate or not. If a particle
starts at a radial position smaller than Re, then the

particle will be collected. It can be calculated by a
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Fig. 1. Particle trajectories for the particle starting at the
radial position of particles released in the nozzle
corresponding to 10 % of the total flow and streamlines at 5
%, 10 % and 15 % of the total flow.

numerical method based on the assumption that
particle concentration and velocity profiles are
Q; denotes
the flow rate represented by the i-th radial position

uniform at the entrance of the nozzle.

at the inlet of the nozzle, Q. is the flow rate
corresponding to the critical radius and m,,; isthe
average filtration efficiency of ny; for a particle
entering at i-th radial position. 7y can be

expressed by Flagan and Seinfeld (1988) as

Ny =1-— expl- 4oL/ n(l- oc)df] @)

where Ty =Mp +MNg +Ng +M; is the collection

efficiency of a single-collector including diffusion,

gravity, interception and impaction, o is the solid
volume fraction and L is the distance. The
effective collector diameter of porous substrate, dr,

can be approximated by
d, = [16a(1+ 20)/xKR, I (8)

where y, v, and Ry, is the inhomogeneity factor, slip
coefficient and hydrodynamic factor, respectively.
Since the porous substrate has a granular-like
structure consisting of powder sintered together, the
prediction equations of Otani et al. (1989) based on
experimental data in a wide range of filtration
condition were used to calculate the collection
efficiency of individual mechanism. The
single-collection efficiency due to diffusion can be

calculated as

np = ASc® Re,* )
3
B= 2 + 3Ref :
3 6[Re/ +2.0x10°)
A =8.0, C = -2/3, for Re; <30 (10)

A = 40.0,C =-1.15, for 30 <Re; <100
A =2.1,C=-1/2, for Re; 2100

where the parameter S¢ = Pe / Reg, Pe and Rey are
the Peclet and Reynolds number which are defined

as
Pe = u,d, /D (11)

Re, = puyd, /p (12)

where D is the diffusion coefficient; uo the average
air velocity inside porous substrate.
The single-collection efficiency by gravity can

be calculated as

ne = G/(1+G) (13)
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Fig. 2. (a) Filtration efficiency curves of the impactor with
the porous substrate at different radial positions of particles
released in the nozzle corresponding to 5, 15, 25 and 35 % of

the total flow. K = 500,000 cm” and Re = 3,000

where the parameter G is defined as

G=cd, glp, —p)/18umg (14)

The single-collection efficiency by interception can

be calculated as

Ny = 16R> Rereer 1) (15)

where the parameter R = dp/dr.

The single-collection efficiency by impaction

can be calculated as

n, =St /0014 +8t,.)

(16)
where Stesr is defined as
Sty = St, [Ref (1- o)/ 860 + 1] 17

where Stris defined as
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Fig. 2. (b) Filtration efficiency curves of the impactor with
the porous substrate at different radial positions of particles
released in the nozzle corresponding to 5, 15, 25 and 35 % of
the total flow. K = 100,000 cm and Re = 1,000.

St, = ppdpzuOC/9udf (18)

3. Results and Discussion

3.1 Particle Trajectories

Fig. 1 illustrates the particle trajectories for the
different particle diameters starting at the radial
position of particles released in the nozzle
corresponding to 10 % of the total flow and
streamlines at 5 %, 10 % and 15 % of the total flow
at K = 500,000 cm™, W = 0.19 cm and Re = 1,500.
The boundary conditions of the nozzle wall and the
back of the substrate were considered as solid
boundary. The figure shows that the streamlines
in the porous substrate curve up because of
theresistant force from the substrate. In addition,
for the case of the streamline position close to the
centerline of the nozzle, the penetrating air has the
longer distance inside the porous substrate and the
lower flow velocities caused by the resistance of

the substrate. Thus, the average flow velocity is
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Fig. 3. Effect of Re on the particle collection efficiency

curve by the porous substrate of the impactor, K = 568,000
cm?and W =0.19 cm.

low for the streamline position close to the
The

particle trajectories of the small particles, i.e. d, =

centerline inside the porous substrate.
0.1 and 0.5 um, are close to the air streamlines.
For particles with large particle diameters, i.e. d, =
1.0 and 2.0 pm, the particle trajectories deviate
from the corresponding streamlines due to their
high inertial force. The particles will be collected
inside the porous substrate as the result of the
filtration mechanism including the inertial
impaction, diffusion, interception, and gravitational

settling.
3.2 Filtration Efficiency Curves

The particles released from different locations of
the nozzle have different filtration efficiency curves
by the porous substrate. Fig. 2 shows the filtration
efficiency curves of the impactor with porous
substrate at different radial positions of particles
released in the nozzle for K = 500,000 cm™ and Re
= 3,000 (Fig. 2a) and K = 100,000 cm™ and Re
=1,000 (Fig 2b).
is a substantial shift of filtration efficiency curves

In both cases, it is seen that there
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Fig. 4. Effect of K on the particle collection efficiency curve
by the porous substrate of the impactor, Re = 1,500 and W =
0.19 cm.

to the left for the position farther away from the
centerline in comparison with the position closer to
the centerline. It is because that the average flow
velocity inside the porous substrate is low for a
particle starting from the position close to the
There
are minimum filtration efficiencies of about 0.5 ~

10 % at the particle diameters of 0.05 ~ 0.3 um in

centerline leading to a small inertial force.

the curves. When the particle diameters are small,
the filtration efficiency increases with decreasing
particle diameter due to the particle diffusion. For
large particles, the filtration efficiency increases
with an increase in the particle diameter due to the

interception and impaction.

3.3 Effect of Reynolds Number

Fig. 3 shows the particle collection efficiency
curves by porous substrate of the impactor at three
different Reynolds numbers for the resistance factor
of 568.000 cm™ and the nozzle diameter of 0.19 cm.
It is seen that the curve becomes less sharp as Re is
increased and the collection efficiency curve is
more S-shaped like for Re =3,000. The cutoff
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Fig. 5. Particle collection efficiency curve by the porous

substrate of the impactor at different W, KK = 568,000 cm? and
Q=2 L/min.

aerodynamic diameter, ds,, of the impactor with
porous substrate decreases with an increasing Re
and is found to be 3.83, 2.42 and 0.81 um for Re =
500, 1,000 and 3,000, respectively. There is a
minimum collection efﬁciency value of about 1.9,
0.8 and 0.3 % at d, = 0.1, 0.3 and 0.5 um for Re =
3,000, 1,000 and 500, which corresponds to the
most difficult particle diameter to collect during the
impaction process. For ultrafine particle with d, =
0.01 um, the collection efficiency increases to 15.2,
9.6 and 4.5 % for Re = 3,000, 1,000 and 500,

respectively.  When Re is larger, the airflow

penetrates into the porous substrate more easily-

resulting in higher particle collection efficiency due

to diffusion mechanism.

3.4 Effect of Resistance Factor

Fig. 4 shows the particle collection efficiency
curves by porous substrate of the impactor at three
different resistance factors for Re = 1,500 and the
nozzle diameter of 0.19 cm. It is seen that the d
of the impactor with porous substrate increases

with an increasing K and it is found to be 1.72, 2.02

and 2.31 um for K = 5x10°, 10° and 107 cm?,
This

penetrates into the porous substrate resulting in

respectively. is because that more air
higher coarse particle collection efficiency due to
inertial impaction mechanism when K is smaller.
There is a minimum collection efficiency value of
about 0.9, 0.9 and 0.7 % at dp =0.3,0.3and 0.1 um
and the collection efficiency of the particle of d, =
0.01 um is found to be 10.7, 7.5 and 1.0 % for K =
5x10°, 10® and 10" cm?, respectively. As K is
large as 107 cm?, the ultrafine particle collection
efficiency can be neglected because the airflow is
difficult to penetrate into the porous substrate.

3.5 Particle Collection Efficiency Curves
at Different Nozzle Diameters

Fig. 5 shows the particle collection efficiency
curves by porous substrate of the impactor for three
different nozzle diameters at K = 568,000 cm™ and
Q =2 L/min. [t is seen that there is a shift of the
collection efficiency curve of the impactor with the
porous substrate (solid lines) to the left of the flat
plate impactor (dotted lines), and the deviation in
the curves increases with a decreasing W.  The d s,
of the impactor with porous substrate is found to be
1.79, 3.47 and 5.94 pm, and that of flat plate
impactor is 2.40, 3.81 and 6.15 um for W = 0.19,
0.26 and 0.36 cm, respectively. The minimum
collection efficiency is about 1.2, 0.8 and 0.5 % at
d, = 0.3, 0.5 and 0.5 um for W = 0.19, 0.26 and
0.36 cm, respectively. The ultrafine particle loss
for d, of 0.01 pm in the porous substrate due to
diffusion mechanism is found to be 9.9, 5.0 and 2.5
% for W = 0.19, 0.26 and 0.36 cm, respectively.
In this case, the ultrafine particle loss is calculated
to be 16.5 % for a three-stage cascade inertial
impactor at a flow rate of 2 L/min. This loss is
not negligible when designing an inertial impactor

with porous substrates.
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4. Conclusions

The collection efficiency of ultrafine particles
must be considered when designing an inertial
impactor with porous substrate because ultrafine
particles collected on the upper stages create a bias
in particle size distribution measurement. Besides
the bias caused by ultrafine particles, the dyso of the
inertial impactor with porous substrate is also
critical to particle size distribution analysis. This
study shows that a leftwards shift occurs in
filtration efficiency curves for positions further
away from the centerline compared to those closer
to the centerline. This phenomenon occurs
because the average flow velocity inside the porous
substrate is low for particles starting close to the
centerline, leading to a small inertial force. The
dpso of the inertial impactor with porous substrate 1s
smaller than that of the flat plate impactor and
deviation in the collection efficiency curves
When

Re is high and K is low, the d,so of the impactor is

increases with decreasing nozzle diameter.

smaller due to more effective inertial impaction
near the surface. The minimum collection
efficiency is about 0.3 ~ 1.9 % for particle
diameters of 0.1 ~ 0.5 um, Re ranging from 500 to
3,000 and K ranging from 5x10° to 10" em?. In
case that K = 568,000 cm™ and Q = 2 L/min,
particle loss of a 0.01 um particle in aerodynamic
diameter in a three-stage cascade impactor with
porous substrate is estimated to be as high as 16.5

% due to diffusion mechanism.
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