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that the performance of impactors was significantly affected by
This study has investigated numerically the particle collection the nature of the collection surface. Using the glass fiber filter as
efficiency curves of inertial impactors with a dry porous metal sub-  an impact collection surface reduced particle bounce, but altered
strate covering a wide range of particle diameters. The results show the shape of the efficiency curve. At low Stokes numbers, the
that the penetrating air causes higher inertial force for particles . . - ) - ’
near the surface of the dry porous metal substrate than that of p_artlcle collection eﬁ|C|_ency of the glass fiber filter was much_
the flat plate, which increases the collection efficiency due to in- higher than that of the oil-coated glass plate. One of the probabil-
ertial impaction mechanisms. The calculated collection efficiency ities for the increase in the collection efficiency was attributed to
curve will be sharper than that assuming 100% filtration efficiency  the aerosol jet penetration into the filter surface (Rao and Whitby
(ideal filtration) and there is a minimum value of <2% at v'St = 197g) Tumer and Hering (1987) indicated the glass fiber mats

0.05~ 0.07 (corresponding tod, = 0.1~ 0.5 um) for different Re . .
and K. The collection efficiency increases to 15% for the ultra- used in the impactor reduced bounce-off, but also collected a

fine particles with a diameter of 0.01pm when Re= 3,000 and Significant number of particles smaller than the critical particle
K =568,000 cm?. When +/St— 0, the collection efficiency will size. This excess particle collection was due to the interception

approach the curve considering ideal filtration due to diffusion  of particles on streamlines penetrating into the fiber mat.
mechanisms. In the previous study (Huang et al. 2001), the collection ef-
ficiency of the impactor with the dry porous metal substrates
was obtained by assuming 100% filtration efficiency. That is,
INTRODUCTION particles carried by the penetrating air into the dry porous sub-
Using the dry porous metal substrate as the collection surfasieate are assumed to be collected. The results showed that the
of an inertial impactor has the advantage that high concentratigxcess particle collection efficiency increases with a decreasing
liquid particles can be sampled without an overloading problefgsistance factor of the porous metal substiét@n increasing
because of its capillary action. However, the particle collectidReynolds number, which is based on the nozzle diameter, Re
efficiency for the impactor with a porous metal substrate is high@Re = (oUoW)/ 1, whereUy is the air velocity at the nozzle,
thanthatwith aflat plate substrate (Tsai etal. 2001). This is duei¢athe air density, angt is the air viscosity), and a decreasing
some air penetration into the dry porous metal substrate resultingrzle diameteW, when+/St — 0 (St, Stokes number, St
in a different particle collection efficiency curve (Huang et at,,Cd2U,)/9:W, whereC is the Cunningham slip correction
2001) than that predicted by the traditional theory (Marple 197fictor, o, is the particle density, ard, is the particle diameter).
Marple and Liu 1974; Marple and Willeke 1976; Rader antthe dimensionless parameter
Marple 1985). U Dc\ %9
Rao and Whitby (1978) found this phenomenon for the im- ¢ = P-0 <_> ,
pactor with filter substrates. Their experimental results indicated 2Kut\ W

I wheret is the thickness of the porous metal substrate Rod
Received 3 July 2001; accepted 28 August 2001. is the diameter of the porous metal substrate had been intro-
_ The authors would like to thank the Taiwan National Science Cougtuced to determine the excess particle collection efficiency by
cil of the Republic of China for the financial support of this projecthe porous metal substrate, and the theory predicted the numer-
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that if the filtration effect was considered, the particle collectiocollection efficiency of a single collector may be estimated as

efficiency of the impactor with dry porous metal substrate wilh Otani et al. (1989). Since the porous substrate has a granular-

be decreased. like structure, the predictive equations of Otani et al., which
To investigate the mechanism of particle impaction near tiage applicable in this structure for a wide range of filtration

surface of the porous metal substrate and the effect of the partiobaditions, were used to calculate the collection efficiency of

filtration on the collection efficiency curves of the porous metahdividual filtration mechanism.

substrate, flow field and particle trajectories were simulated. The

filtration efficiency of particles inside the porous substrate was no = ASCRef, (4]

calculated at different effective collector diameters, resistance re

factors of the porous metal substrate, and Reynolds numbers, B= —% + m,

which are based on the nozzle diameter, to obtain a complete A=80,C= _f2/3, for Res < 30, (5]

particle collection efficiency curve covering a wide range of A =400, C=-1.15 for30< Re; < 100,

particle diameters. A=21 C=—1/2, for Re > 100

METHOD G [6]
The particle collection efficiencies of the inertial impactors e = 1+ G’

were simulated using the numerical models described in Huang 2_Re /3 3

etal. (2001). The flow field in the inertial impactor was simulated nr = 16R f/(Relf + 1) ’ 71

by solving the two-dimensional (2D) Navier—Stokes equations Stksfeff

in the cylindrical coordinate. The fluid flow in the impactor was ull (8]

= 2 )
assumed steady, incompressible, and laminar, and air was as- 14> 107+ Stkgfeff

sumed to be at 2@ and 1 atm. The governing equation was dis- _
cretized by means of the finite volume method and solved by twéere the paramete&g G, R, and Stk are defined as
SIMPLE algorithm (Patankar 1980). Grid independence checks

were performed using different grid spacings. These checks re- Sc= Pe 9]
vealed that approximately 40,000 grids were necessary to obtain Rey
a grid-independent solution. After obtaining the flow field, the o2
particle equations of the motion were solved numerically to ob- G= "~ = [10]
tain particle trajectories and collection efficiency. If the particle 18uo
concentration and velocity profiles are assumed to be uniform R— dp 11
at the entrance of the nozzle, then the ideal collection efficiency T D¢’ [11]
(assuming 100% filtration efficientgan be calculated as 1.75(1 — o) Re

, Strer = Sty (1.0 + w) [12]

o re o 15Q
Nideal = —(W/2) ,

where Pe, Rg and St are the Peclet, Reynolds, and Stokes

wherer, is the critical radius within which particles will be numbers, respectively, and are defined as

collected.
For calculating the filtration efficiency by the porous metal
substrate, an analytical formula is required. The overall collec- Pe— UoDy ’ [13]
tion efficiency,Er, of the porous metal substrate can be ex- D
ressed as in Otani et al. (1989): uoD

p ( ) Ref = pUo iy [14]

"
3aLns
Er=1-—-expl——7=—). 2
T p( 2(1—0[)Df> 2] ppdfCuo
Stf = —, [15]

gqu

wherens stands for the collection efficiency of a single-collector,
«a is the solid volume fraction( = 0.433 for porous metal sub-
strate; Poon et al. (1994 is the effective collector diameter,
andL is the particle traveling distance inside the porous me
substrate. The single-collector efficiency may be expressed

whereD is the diffusion coefficientyy is the average air ve-
tléacity inside porous metal substrat@ s the Cunningham slip
t9)9rrection factor, ang is the particle density.

The effective collector diametdd ¢, may be calculated by

Ns=np +nNe+nNr+n, (3]

. - . 16x(1+ 2
wherenp, ng, nr, andn, represent the collection efficiencies by D = /w, [16]
diffusion, gravity, interception, and impaction, respectively. The eKKp
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whereg, &, andK}, are the inhomogeneity factos € 1.57 for of a particle entering at thiéh radial position; an€); is the flow
the porous metal substrate; Poon et al. (1994)), slip coefficiergte corresponding to the critical radius.
and hydrodynamic factor defined by

£ = 0.998<ﬁ>, [17]

D¢
Figure 1 illustrates the particle trajectories inside the porous
Kn = 025”4+ — 05Ina — 075 metagllsubstrate at differen?fgt WhenDJf =126 m and Rep:
+£(0.50” — Ina — 0.5), [18] 3,000 for the radial position at the nozzle inlet corresponding
] ) to 15% of the total flow. The figure only shows half of the im-
wherej. is the air mean free path. _ _ pactor and the particles start at the radial position of the nozzle
The particle collection efficiency of the impactor with POrougorresponding to 15% of the total flow is the critical radius
metal substrate can be calculated as across the nozzle which demarcates the starting radial position
for a particle to be collected by the substrate or not. If a particle
[19] _ " . .
starts at a radial position smaller thanthen the particle will be
whereEr,.is the average of the filtration efficiency of a particleollected.Dc is the diameter of the porous substrate wiilg
that is collected by the porous substrdEgge is calculated as is the effective collector diameter of the porous substrate. The
) diameter of the porous substrate is about 200 times the effective
Er. — Zc Q x Ermi [20] collector diameter. At a low Stokes numbefSt < 0.05, the
Tave — i s . . . f . .
— Q¢ particle trajectories are close to the air streamlines. For particles
with a greater Stokes number, e 'St ~ 0.16, the particle tra-
where Q denotes the flow rate represented by itteradial jectories deviate from the corresponding streamlines due to the
position at the inlet of the nozzl&; ,; is the filtration efficiency higher particle inertial force. The larger the Stokes number is,

RESULTS AND DISCUSSION

Particle Trajectories

N = Nideal X ETave
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|<_
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\ g
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Figure 1. Particle trajectories inside the porous metal substraf@;at 126 um and Re=3,000 at the radial position of the
nozzle corresponding to 15% of the total flow.
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the larger the distance that the particle trajectory deviates. Tihgaction occurs near the surface with 100% efficiency for parti-
particles will be collected inside the porous metal substrate bles with a Stokes numbets0.1, as shown in Figure 2a. When
the inertial impaction, diffusion, interception, and gravitationdghe effective collector diameter is increased and the Reynolds
settling mechanisms. number is decreased, the efficiency decreases to&B246 for

Sty = 0.1, as shown in Figure 2b.

Particle Impaction Near the Substrate Surface

Once the penetrating air enters the porous metal substrat®atticle Diffusion inside the Substrate
a high velocity, the controlling collection mechanism is inertial The penetrating air has the lowest velocity when it is about
impaction for large particles. Figure 2 shows the particle collets exit the porous metal substrate when Brownian diffusion is
tion efficiency as a function of Stokes number; St different the dominant mechanism for fine particles. Figure 3 shows the
radial positions corresponding to 5, 15, 25, and 35% of the tofarticle collection efficiency as a function of Peclet number, Pe,
flow assuming the penetrating depth of 0.1 cm. It is seen ttetdifferent radial positions corresponding to 5, 15, 25, and 35%

(a)

100

80

60

40

collection efficiency, %

20

(b)

1000 Ty

Dy =281 pm
80 - Re=1000

60 |-
— — —15%

—_— — 2%
35%

40 |-

collection efficiency, %

0.001 0.010 0.100 1.000

Sty

Figure 2. Particle impaction efficiency at different radial positions of the nozzle corresponding to 5, 15, 25, and 35% of the total

flow. (@)D¢ = 126 um, (b)D; = 281 um.
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Figure 3. Particle diffusion efficiency at different radial positions of the nozzle corresponding to 5, 15, 25, and 35% of the total
flow. (@)Ds = 126 um, (b) Df = 281um.

of the total flow for the thickness of 0.1 cm near the air outlet froritow based on the average air velocity and the particle traveling
the porous metal substrate. It is seen that the particle collectitistance inside the porous metal substrate. It is seen that there is
efficiency is 100% due to the diffusion mechanism when Resubstantial shift of filtration efficiency curves to the left for the
is >40, as shown in Figure 3a. When the effective collectamase of a larger initial radial position (corresponding to higher
diameter is increased and the Reynolds number is decreasedfltive rate) compared to the smaller radial position, as shown in
efficiency decreases to 90% for 2el0, as shown in Figure 3b. Figure 4a. When the effective collector diameterisincreased and
the Reynolds number is decreased, the filtration curves have a
Filtration Efficiency Curve of the Porous Metal Substrate  similar trend, as shown in Figure 4b.

Figure 4 shows the filtration efficiency of the impactor with Figure 5 shows the average filtration efficien&faye, Of
porous metal substrate including inertial impaction, diffusiothe impactor with porous metal substrate for different particle
interception, and gravitational settling mechanisms at differesizes at Re= 3,000 and = 568,000 cm?. There is a minimum
radial positions corresponding to 5, 15, 25, and 35% of the tofdtration efficiency of about 5% at the particle size of Qufin
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Figure 4. Filtration efficiency of the impactor with the porous metal substrate at different radial positions corresponding to 5,
15, 25, and 35% of the total flow. (8); =126 m, (b)D; =281 um.

(corresponding ta/St = 0.05) in the curve. When the parti-numbers at the resistance factor of 568,000 &r€onsidering
cle size is smaller, the filtration efficiency increases due to thige surface impaction and ideal filtration mechanism only, dotted
diffusion mechanism. Beyond the particle size of minimum efflines show that there is a large shift of the collection efficiency
ciency, the filtration efficiency increases with increasing partictaurve of the impactor with the porous metal substrate to the left
size due to the interception and impaction mechanism. When tifethe flat-plate impactor. This is because the penetrating air
particle is as large as iAm, the collection efficiency increasescauses a higher inertial force for particles near the surface of
to 97%. the porous metal substrate than that of the flat plate. However,
as the penetrating air carries the particles into the porous metal
substrate, the filtration effect of the porous metal substrate must
Collection Efficiency Curves at Different Re and K be considered when calculating the overall particle collection
Figure 6 shows the patrticle collection efficiency curves of thefficiency. Solid lines show that the collection efficiency curves,
impactor with porous metal substrate for the different Reynoldéthough less sharp than those of the flat plate substrate, have left
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Figure 7. Particle collection efficiency curve of the impactor
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Figure 5. Average filtration efficiency of the impactor with theprocess. For ultrafine particles witfSt= 0.013 (corresponding

porous metal substrate for different particle sizes a&R¢000  to d,, = 0.01..m), the collection efficiency increases to 15%. In

andK = 568,000 cm®. the case of Re-500, the minimum efficiency is about 0.3% at

V/St=0.06 (corresponding th, = 0.5um) and for an ultrafine

tail ends that are close to zero collection efficiency. These collgmarticle with/St=0.0127 (corresponding thy, = 0.05m),

tion efficiency curves resemble those that appeared in Kavoutias collection efficiency increases to 2%. For both cases, when

and Koutrakis (2001) and hence are more realistic. Re=500 and 3,000 the collection efficiency will approach the
For Re=3,000, it is seen that for larger particles withideal filtration curve due to the diffusion mechanism in the limit

V/St=0.24 (corresponding tdp = 0.8 um), the particle col- of V/St— 0.

lection efficiency is close to the case of ideal filtration because Figure 7 shows the influence &fon the particle collection

of the inertial impaction and interception mechanisms by thefficiency for the impactor with the porous metal substrates at

porous metal substrate. There is a minimum value of about 2%4&= 1,500. It is seen that the collection efficiency curve will

V/St=0.05 (corresponding iy, = 0.1m), which corresponds be sharper than that assuming 100% filtration efficiency (dotted

to the most difficult particle size to collect during the impactiotines) and there is a minimum value of about 1%/&t=0.07

100 T T T T T T B B LALL
[ ——  — flat plate |
= = = = = ideal filtrati —
33 80 ideal filtration
> B ——— filtration effect |
3]
5
§ 60 -
b | Re = 3000
5]
-
S 4
—
5]
_;0 R
=)
© 2
0
0.001

VSt

Figure 6. Particle collection efficiency curve of the impactor with the porous metal substrate for different Re-at
568,000 crm?.



Downloaded by [National Chiao Tung University | at 19:52 27 April 2014

MECHANISM OF PARTICLE IMPACTION AND FILTRATION 493

(corresponding tdy, = 0.3um) whenk = 500,000 cm2. When When designing a cascade inertial impactor with porous sub-
the resistance factor of the porous metal substrate is increasesgttates because ultrafine particles will be collected on the
10” cm~2, the collection efficiency curve becomes close to th&pper stages, resulting in a bias to particle size distribution mea-
of the ideal filtration assumption. In this case, the excess partisirement. Thus the collection efficiency of ultrafine particles

collection by the porous metal substrate can be neglected. Algdist be measured when designing this kind of inertial impactor.
in the limit of v/St— 0, the collection efficiency will approach

the ideal filtration curve due to the diffusion mechanism when
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