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Abstract—Particle deposition onto a filter fiber was numericaly smulated when a uniform external electric field
was applied. The effects of electric field strength, particle inertia, and electrical conductivity of particles on particle
deposition characterigtics such as particle loading patterns and collection efficiency were qualitatively investigated.
As areault, the eectrostatic forces between a newly introduced particle and the already captured particles on the fiber
were found to have a great influence on the particle deposition patterns compared with the results where the eectrostatic
forces were neglected. Conductive particles and filter fibers lead to higher collection efficiency and more linear structure
of particle deposits than those of didectrics, and the particle inertia could also be more important to the collection effi-
ciency of afibrousfilter when electric fidlds are present. The simulated particle deposits obtained from this work agreed
well with the existing experimenta results, in which the photographs of particle loaded fibers, within an externd electric

field, were reported.
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INTRODUCTION

Filtration performance of afibrousfilter is directly related to the
interna gructure of thefilter [Park and Park, 2005; Park et dl., 2001].
Asdug particles are captured on thefilter fibers, the filter structure
is changed. Consequently, the filtration characteridtics are varied
with partide loading. During the initid stage of air filtration, perti-
desarefirg cgptured on dean fibers, and are subsegquently depos-
ited onto the aready deposited particles as well as on the fibers.
The deposited particles form chain-like agglomerates on the fibers,
which are caled dendrites [Tien et d., 1977]. Generdly, it isknown
that the particle loading on a fibrous filter leads to a subgtantid in-
creae in the collection efficiency and pressure drop [Payatakes,
1976, Barat et d., 1980; Kaneokaand Hiragi, 1990; Hinds and Kadri-
chu, 1997; Sakano et d., 2000]. Therefore, the structure of particle
deposits on afiber hasabig effect on the performance of air filters.

The morphology and growing process of particle dendrites on
the fibers in a fibrous filter varies with the filtration conditions. In
the presence of eectrogatic forces, partides are deposted on the
filter fibersin a guite different manner compared with the cases of
no eectrica forces. A few sudies have been carried out on the par-
tideloading of dectricaly enhanced ar filters. Neilsen and Hill [1980]
smulated depogtion patterns of charged partides onto afiber charged
with the oppogite polarity. Baumgartner and L &ffler [1987] dso con-
ducted athree-dimensond smulation of the deposition of polydis-
perse particles on filter fibers. They showed the deposition patterns
of partides having different Sze digtributions on dectricdly charged
or uncharged fibers The effect of paticle loading on the perfor-
mance of dectricaly charged fibrous filters has been experimen-
tdly andyzed by Wash and Stenhouse [1998]. They proved the
charge of the callected partides had no effect on thefilter degradation.
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Besides the dectrica charging of filter fibers, the filtration per-
formance of afibrous filter can be improved by gpplying an exter-
nd dectric fidd across thefilter. Many theoreticd and experimentd
sudies have been performed over recent decades, which have ex-
amined the effects of externd dectric fidds on the collection effi-
dency of fibrousfilters [Havlicek, 1961; Zebd, 1965; Kirsch, 1971,
linoyaand Makino, 1974; Ndlson & d., 1978; Kao et d., 1987, Wu
et d., 1999]. However, those are for deen air filters where no par-
tides are collected.

For the sudies on dust loading characterigtics of ar filters placed
indedtric fields modd filters have been used. Ok and Saville[1980]
presented a number of pictures, taken with an dectron microscope,
of particle dendrites on an isolated fiber. In their experiments strong
externd eectric fidds were gpplied transversdy to the fiber, and
the particles were weskly charged. Under those conditions, linear
dendrites, protruding in the direction of dectric fidlds, were observed
in the sudy. Wang et d. [1980] aso conducted an experimenta study
on the accumulation of particles onto Sngle fibers and the morphol -
ogy of particle depodts in the presence of externd dectric fidds,
and showed the rates of particle deposition and dendrite growth for
various externd dectricfields.

A theoreticd andysis on the particle loading characteridtics of
air filters with gpplied dectric fidds can only be accomplished by
using anumerica method, since the geometrical complexity of the
particle deposited filter consequently resultsin complicated dectric
fields within the filter. Furthermore, the morphology of the den-
drites on a fiber is continuoudy dtered as patides are collected.
For this reason, it is practicdly impossble to exactly andyze the
partidle deposition phenomenaiin red filters Therefore, some gpprox-
imations and assumptions should inevitably be used in theoretica
dudies on the partidle loading of air filters enhanced by the gppli-
cation of an externd dectric field.

Auzerais et d. [1983] smulated the dendritic deposition of un-
charged didectric partides on an uncharged didectric fiber in the
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Fig. 1. Coordinate sysems of (r, 6, 2) and (', ¢, 8) used in this
study.

presence of an dectric fidd. They assumed that the inertia of par-
ticles could be neglected for cdculation amplicity, and a particle
dendrite was gpproximated to be an dlipsoid of equa volume and
height. They utilized the upper hdf of afiber asacaculation doman
for reducing the computetion time. As a result, the dependency of
the structure of deposits and depostion rate of particleson the dec-
tric fidd drength was shown.

In this study, the characterigtics of particle deposition onto filter
fibers in an dectric fidd were thoroughly investigated to provide
more information about the particle loading of air filters enhanced
by the application of externd dectric fidds Thiswas accomplished
by examining the effects of particle inertia and the eectrica prop-
erties of the partides and fibers on the partide deposition aswell as
the effects of dectric field srength and eectrogtatic forces between
the gpproaching particles and the previoudy collected particles. A
Lagrangian gpproach was adopted to Smulae the particle depos-
tion. Conversdly to thework of Auzeraiset d. [1983], the dectricd
forces due to particle dendrites were cdculaed by the summation
of theindividud forces that correspond to each of the deposited par-
tides, rather than gpproximating a dendrite to a Sngle assambly.
This method might lead to a more accurate prediction of the par-
tide depostion. This work dso provides three-dimensond views
of the particle deposits on a fiber of finite length, which enablesa
direct undergtanding of the particle deposition phenomena.

THEORY

1. Electric Fidds and Electrogtatic Forces
When an externd dectric fidd is gpplied across a fibrous filter,
dugt particles passing through the filter experience severd types of
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eectrodatic forces. Assuming that al thefilter fibers have no eec-
trica charges, the dectrogtatic forces acting on a particle flowing
through the filter are the Coulombic force due to the particle charge
and the didectrophoretic force due to the polarization of the parti-
ce. The Coulombic forceis smply caculated by multiplication of
the particle charge with the dectric fidd drength at a given posi-
tion, whereas the did ectrophoretic force is dependent on the polar-
izability of the particle and the non-uniformity of the electric fidds.
Therefore, the dectric fidds and forces concerned have to initidly
be found. The dectrodatic forces in fibrous filters and their effect
on filtration performance have been comprehensvely reviewed by
Shepiro et d. [1983], Brown [1993], and Wang [2001].

For a clean filter fiber, transversdy placed in a uniform electric
field of strength E,, the dectric fidd around the fiber is given with
cylindricd coordinates of (r, 6, Z) as follows. The coordinate sys-
temisshownin Fg. 1(a).

r-&%fg +15E cosh, (19
1w

B, =Fy s ~1HEsnG, (1b)

E=0, (10

where E,, E, E,, and E, denate the given externd dectric fidld srength,
the radid, tangentia, and z directiond components of the eectric
field, regpectively. & isthe didectric congtant, and r, the fiber radius.
Since the dectric fidd around the fiber is axisymmetric, the z di-
rectionad component, E,, iszero.

As particles are gradudly captured on a fiber, the dectric fidd
around the fiber changes due to depodited particles. For amore ac-
curate smulaion, these changes must be taken into congideration.
Inthe present Sudy it is assumed that the dectric fidd around a fiber
with deposited partides can be obtained by superpodtion of thedec-
tric fidds around each of the captured particles and the ectric field
around the dean fiber. This superposition method was used in the
sudy of Auzerais e d. [1983], who proved the validity of these
approximations

Using the three dimensond Cartesian coordinates X, y, and z,
and the spherica coordinates ', @, and &, as shown in Fig. 1(b),
the dectric fidd around aphericd particle placed in ahomogenous
externd dectricfidd, E,, is

_& 12
E. = e 2?39 +]%Eocos€ : (2a)
E,=0, (2b)
[gﬂ l
= % 2y -2 ]%Eos né, (20

whereE,, E,, and E, aretheredid, longitudingl, and latitudinel com-
ponents of the dectric field, repectively. &, is the didectric con-
gant and r, the particle radius. Here, the longitudina componert,
E, is zero because of the axisymmetric property of the dectricfield
in the direction of the x-axis. Therefore, the resultant dectric fidd
around those partidles can be smply cdculated as

rlulal ZErk EOZQ +2|'k +1EIFOSQL (3a)

Epoa =) Ey =0,
(p,wlkzl(pko (3b)
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Fig. 2. A spherical coordinate sysem of (1}, ¢, 6.), whose origin
islocated at the center of the k-th deposited particle.

N N 3
= g il AP
Eg ot kZlEek EokZlEép + 2r.k3 ].E'r?l n@lk, (30

where N isthe total number of collected partides, and ri, ¢, and &,
represent the sphericd coordinates whose origin is locaed at the
center of the k-th deposited partidle asillustrated in FHg. 2.

From Egs (18)-(1¢), (2a)-(2c), and (38)-(3c), the dectric fidd
around a particle loaded fiber in an externd dectric fidd in the coor-
dinete system (X, v, 2) isobtained asfollows.

N
Extoa =E;COSO ~Eesin@ + Z( E., cost—Eg,sin6k) (49
Eya =E:SiNG +Eqc0S0 + Z( E,, sin6, —E, cos6,)sing (4b)
Eztotal = Z( Er'ks- ngk _Eg'K COSB'k)COS(R (40)
K=

One of the mogt important purposes of the present sudy is to
invedtigate the effect of the eectrodatic interactions between an
oncoming particle and the dready loaded partides on particle de-
pogtion. Therefore, the dectrogtatic forces due to the deposited par-
ticles should be contained in the governing equation.

When asphericd particle, with some eectric charge, flows past
adust loaded filter fiber within an externd dectric fidd, it experi-
ences the dectrodtatic forces as expressed bdow Eqg. (5), in avector
form. Inthis sudy, the dectrogtatic system of units (esu.) was used
to describe the electrodtatic forces.

Q)

IV
o E+kZLE ,
where g, is the particle charge, r, the particle redius, &, the didec-
'gic congdtant of particle, N the totd_pumber of depogted partides,
E the dlectric field around afiber, E, the eectric field around the
k-th deposited particle, and F¢ the dectrogtatic force.

In Eq. (5) the firg term of the right hand Sde is the Coulombic
force due to the particle charge, and the second is the didectropho-
retic force due to the particle polarization and nonhomogeneity of
the dectric fidds. According to Eq. (5), the didectrophoretic force
must be cdculated only after obtaining the square of the magni-
tude of aresultant eectric fidld vector, which is the summation of
the dectric fidd around a dean fiber and the fidds around each of
particles captured on the fiber. In practice, however, it isimpossible

N N N
= + +-2
Fe=tE* 2 BO" oG, 721

to follow the procedure in mathematical modeling; thus an gpprox-
imated method is adopted in this study. The approximation assumes
that the didlectrophoretic force caculated according to the above
procedure is equa to the sum of polarization forces between the
oncoming particle and each of the captured partides, and the polar-
ization force between the particle and the fiber. The vdidity of the
goproximated cd culation was proved by Auzerais et d. [1983]. Sub-
sequently rearranging Eg. (5), the following eqution is obtained.

Ro= =a(F +ZEE+§%UJ\E\ +ZD\EJ 0 ©

Besides the forces mentioned above, the image force, dueto the
particle charge, and the dielectrophoretic force, due to the polariza-
tion of a fiber by the dectric fiedd around the oncoming particle,
are neglected owing to their rlatively smal magnitudes.
2. Governing Equation of Particle Mation

Thefirg gep in the Smulation of partice deposition patterns on
afilter fiber isthe caculation of the particle trgjectories. A particle
trace can be obtained by solving an equation of mation of the partide
concerned. Assuming there are no Brownian diffusion effects, the
equaion of motion of apartide moving through afibrousfilter placed
inauniform external dectric fidd, iswritten as

av =2 = =

me =Fo tFe+Fo, @
gMe m is the mass of the patide, V the velocity of the particle,
Fo the dreg force generated by the difference in the velodities of
fluid and the paticle, FE the electrostatlc force exerted on the par-
tide and FG the gravitetiond force. FD can be expresd in severd
different forms, according to the vaue of Reynolds number (Re).
Under the filtration condition of this study Re is less then 1; thus
the drag force, Fo, is

7, =3 gy, ®

wheredp isthe partide diameter, L the kinetic viscosity of air, Uad
V are the velocities of fluid and the particle, respectively, and C, is
the coefficient that correctsthe dip effect between apartideand air
molecules. Here, C, by Jennings [1988] was used. As aflow mod-
e in afibrousfilter, the flow field suggested by Henry and Ariman
[1981] was employed for this sudy. The flow modd, where the
possibility of dip flow at the fiber surface is taken into accourt, is
modified from the Kuwabara flow field [Kuwabara, 1959]. Thera
did and tangentia components of the flow field are described by

ZUOEAEU] +B +C|n|1D+D|1D|jCOSQ (%)
G0 TPG0H
=2Y% EADIE -8-C-Cin{0- 3D|:[D[|sm6 @)
Gf Gf
where
J=3+2Inc-4c++Kn(2+4inc— 269, (109

_C_,_ I | _rd
A=3-1-cKn, B=1-c, C=-45 +Kr D =5 +Krie, (10b)
O =2 0c
c Hj]‘Kn - (100)
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Fig. 3. Single fiber model adopted in this sudy.

In Egs (10&)-(10c), ¢ denotes the packing density of afilter, b the
radius of Kuwabara cdl depicted in Fg. 3, Kn the dimendonless
parameter cadled Knudsen number, and A the mean free path of air
molecules. N

The gravitationd force, F, can be expressed as

Fe =ng(pp ~par) @, (11)

where g, isthe particle density, o, the fluid density, and 3 the grav-
itationd accderation. Subdtituting Egs. (6), (8), and (11) into Eq.
(7), the fallowing equation is obtained.

dv _3md,

28 )+, )1

+qu+ZE;D+2& ZDm\EI +ZD\ 1)

The above equation cannot be solved andyticdly; thus the solu-
tion can be obtained only by numerica methods. For the numeri-
cd caculaion, Eq. (12) is divided into the three components of a
Cartesan coordinate system of (X, v, 2), ahd each component equa:
tion is transformed into a dimengionless form for eeser manipula-
tion. Thefind form of the governing equation is

dV* =1 VS H(Nee/ SI)'S 0050,

+(No/Stk)[ (Fe,c0S0 —F¢ 4sinb)
N

+ Z(F;,.kcose'k ~Feg.8 ne'k)}
=

+(Np /Stk) (Fp,,c0S0 —F5 ;siné)

+(Np,/Stk) i[F;,,-kcosE)' v —Fpg,8N6 ] (139)
K=

c(ij_\t/*; =(u; —vy)/Stk +(NREP/Stk)§Lsin9'ksin(p'k +Ng/Stk
+(No/Stk)[ (Fe,SinB +Fc (cosb)
+ki(F;,.ksi ng\ +Fc¢,cos6)s n(p'k}
+(Np /StK)[ (Fp,SiNB —Fp 4c0S6)

N * . & . ]
+(Np,|./8tk)kzl[Fp,rvksmé?'k-Fp,gkcose'K]sm(pk (130)
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3"2 = (U ~V2)/ Stk +(Neer/SK) Zs né,cos,
+(No/Stk) + Z[F::,r'ﬁi ng\, +Fc g,cos6\] cosd,,
P
N
+(Np ,/Stk) + Z[F;"'*Sj ng, —F» 4,c086] cosd, (130)
P
where
X=xlt, y=yh, zZ=zIr, t=Ugh, (148
Vi Uy, VimwU,,  Vimv /U, (140)
U=ulU,  U=u/Us,  U=uU, (140)

where U, is the undisturbed flow velocity normd to the axis of fi-
ber, v,, v,, and, v, and u,, u,, and, u, are the x, y, and z components
of partide and flow ve ocity, respectively.

In Eq. (13), Sk represents the Stokes number, N is a dimen-
sonless parameter describing the effect of the Coulombic force,
and N, and N, denote dimensionless parameters associated with
the polarization forces due to dectric fields around the fiber and
the captured partides, regpectively. Nge- is a dimengonless repd-
lent force parameter, and N, the gravitationa force parameter. Al
these dimensionless numbers represent the relative magnitudes of
the dectrodtatic forces, inertid, or gravitationd force to drag force
acting on an gpproaching particle flowing past a partide-deposited
filter fiber. Those parameters are expressed as

=de;2:UoCc - &
Stk 18ur; Ne 3muJyd,/C,’ (159
N _20BrEo(ry/T) _BreEy(ry/r)* (150)
P 3mUd,/C, P 3mld,/C,

__ g _d(0, =pan)g

[ | S =ZP\lFp Mar/J
Neee =S Uad /G e ™ 184U,/ C. (1)

where

zgf_l SE 1

a &+1 p= §+2° (16)

In the dimensionless governing equetion F,, Fc,, F,, ax
F::'gk are the dimengonless Coulombic forces exerted on a charged
particle dong the dectric field lines around the fiber, and around

the k-th deposited partidle, respectively.
Fe = B”E%g +1-cos, (173)
Feo= B}E%g —1%sme, (17h)
Fer, =252 fm T AT+ feosg, (170)
Feo,= Bbfhﬂwﬂ ~1sing,, (17d)

wherer” and ry are the dimensionless radial coordinates expressed
asr=rfr, and riy=r}/r,, respectively.

For Fra Fep, and Fp g are the dimensionless dielectrophoretic
forces attributed to the polarization of the gpproaching particle and
the nonuniformity of dectric fields in the vicinity of the fiber and

the k-th deposited partide.
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Fo == Ef:g[ﬁgg +00526} (189
Fro=- sin2e, (18)
Fop =— E&g 4;3[5!;53%% +2}cos26’k

—[ BD%SE{:%S +l}si nzgkgx (180)
Frg =~ %%54[§Bﬁ553%%3 +1}si n26,. (18d)

NUMERICAL SIMULATION

Thefilter model adopted in this study is shown in Fg. 3, where
b isthe radius of the Kuwabara cdl and r; is the fiber radius. The
fird step in agmulation is to determine how to generate the par-
tides. For amilarity to a red filtration, monodigperse particles are
generated using arandom process RNUN, arandom number gen-
erator in IMSL routines, was used in this work. It generates a s&
quence of uniform pairs (Yo, Z,) of pseudorandom numbersfrom a
uniform distribution between 0 and 1. y, and z, are the initid pos-
tions of apatidein they and z directions. Then, x,, theinitid po-
stion in the x direction, is calculated by X,=—+/(l/r;)* —y5. Asseen
in Fg. 3, the dimengonless scdes of the particle generation plane
ae 2 and 10 in they and z direction, respectively. The sequences
of the random numbers (y,, z,) were same for each Smulation in
order to make condgtent comparison of the Smulaion results

In this study, it is assumed thet the flow velocity on the Kuwe:
bara cdl boundary is (U,, O, 0) in a coordinate system of (X, Y, 2)
depicted in FHg. 3, where U, is the undisurbed flow velocity. There-
fore, a partide garting from the particle generation plane has the
initid velodity of (U,, 0, 0). In addition, the direction of the externd
dectric fidd of (B, 0, 0) isdso pardld to x-axis and transverse to
thefiber axis

If the initid conditions are given, the particle trgectory can be
numerically computed, usng the 4-th order Runge-Kutta Method,
from Egs. (138)-(13c). In thissmulation, it was assumed that a par-
tidleis captured only when the gpproaching particle is deposited on
the fiber surface or dready deposited partides. Tha is, when the
distance between the center of the fiber and the gpproaching par-
tide isless than the sum of the particle radius and the fiber radius,
and when the distance between the gpproaching particle and the
captured partides is less then the partide diameter, the deposition
occurs. The caculdion is terminated when either the gpproaching
particles reach the Kuwabara cdl boundary, or the extruded parti-
cle dendrites touch the cdl boundary. The effects of rebound and
re-entrainment of the deposited partides were not considered.

Asfor the dectrica charge of the particles, it was assumed that
the particles were in a Boltzmann charge equilibrium state, which
is generdly accepted as the charge digtribution of atmospheric aero-
0l patides The fraction of partices having n units of charge of
one 9gn, denoted f(n), isexpressed asfollows [Keefe et d., 1959].

ez n2 e2
= = 1
f(n) akTe P kT (19

where eisthe dementary charge, nthe number of dementary charge,

Table 1. Values of parametersused in the present study

Parameters Values
Particle diameter, d, 2um
Fiber diameter, d, 10 um
Undisturbed flow velocity, U, 5,30 cm/s
Packing density of filter, ¢ 0.05
Particle density, p, 1g/cm?

External eectric field strength, E, 5, 10, 15, 20 kV/cm
Particle charge, q, Boltzmann equilibrium
Dielectric constant of particle, €, 4,

Didlectric constant of fiber, & 4,

Viscosity of air, u 1.82x10*P

Mean free path of air molecules, A 0.065 um

d, the partide diameter, k the Boltzmann condart, and T the abso-
lute temperature.

The smulaion conditions used in this gudy are summarized in
Table 1. The particle 9ze was 2 um in diameter, so the Brownian
diffuson was neglected. The Szes of the particle and fiber, the pack-
ing density, the particle density, and the particle charge were fixed
throughout, as shown in Table 1, mentioned otherwise. For the con+
ductive particles and fibers, the didlectric congtant was assumed es
infinity, while the vaue was st to 4 for the didectrics.

RESULTS AND DISCUSSION

The morphology of the particle accumulated on afilter fiber de-
pends on the partide callection mechaniams of air filtration [Kanaoka
et d., 1986]. Assuming no eectrodatic interactions, interception,
inertid impact, and Brownian diffuson are the mgor mechanisms.
In this sudy, however, the dectrodtetic forces play a very impor-
tant role in the particle depostion, whereas the Brownian diffuson
effect issmdl enough to be negligible, as noted before.

In the present sudy, the particle loading characterigtics of fibrous
ar filterswereinvedigated by using a L agrangian Smulation method,
with a uniform externd dedtric fidd gpplied across the filter. Spe-
dficdly, the effect of the dectric fidd strength, the conductivity of
partides and fibers, and particle inertia on the morphology of parti-
cdle deposits and the collection efficiency were andyzed on the besis
of the Smulaion results. The Lagrangian smulation provides more
exact information on the effect of the filtration parameters on the
filter performance such as collection efficiency, and particle load-
ing, etc. Therefore, it is expected that the morphologica character-
idtics of the particle deposits on filter fibersin an dectric field can
be largely understood from thiswork.

1. Effect of Electric Fidd Strength

Fg. 4 showsthe particle depostion patterns on acylindricd filter
fiber when a uniform externd dectric fidd is gpplied across the
fiber. The partidle dendity was st to 1 g/en®, and the particles and
fiber were regarded as conductors. The flow direction was normal
to fiber and from left to right in Fig. 4, and pardld to that of the
dectric field applied. When the dectric fidd is absent, partidesare
captured only by interception and inertid impect, and the depos-
ited partides are irregularly agglomerated. For the case when an
dectric fidd is externdly goplied, the particles are deposited in a

Korean J. Chem. Eng.(Val. 22, No. 2)



(a) E;=0kV/ecm (b) E;=10kV/cm (c) E,=20 kV/ecm
Fig. 4. Partide depodts on a fiber at the externally applied uni-
form dectric fidd strength, E,, of 0kV/cm, 10kV/cm, and

20kV/em, and the undisturbed flow velocity, U, of 5cm/s.

Fig. 5. Didectrophoretic force linesin the vicinity of a partide-de-
posited fiber within a uniform electric field.

somewhat arranged pattern. As can be seen in FHg. 4(b)-4(c), the
dendrites, which is the chain-like deposit of partidles, become linear
with increading dectric fidd strength. The linear structureis dueto
electrodatic forces. Fig. 5 shows the didectrophoretic forcelinesin
the vicinity of a partide-loaded fiber within a uniform dectric fidd.
The direction of the dectric fidd was from |€ft to right, and the de-
posted particles were arbitrarily positioned. The plotted force lines
are those of the dectrodtatic force caculated by the gpproximated
method mentioned before. The externd dectric fidd polarizes the
fiber and the deposited particles, and the dectric forces due to the
polarizetion converge on the front and rear Sdes of the fiber and
the deposted patides At the tip of the dendrites, especidly, the
atractive force lines are focused. Thisiswhy the gpproaching par-
ticles are depogited at the end of each dendrite. In addition the di-
dectrophoretic force is proportiond to the second power of the dec-
tric fied gtrength, E,, as expressed in Eq. (15b), thus the partidle
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Fig. 6. Depostion rate of particles on a fiber for various external
dectric fidlds at flow velocities of 5 cm/sand 30 cm/s.

deposits become more linear as E, increeses.

Fig.6 isagrgphicd representation of the number of deposited
partides with the x-axis denoting the number of generated particles
a various externd dectric field srengths ranging from 0 to 20 kV/
cm. The other amulation conditions were the same asin Fg. 4. In
Fig. 6, the deposition rate, which can be defined by the gradient of
the imaginary line for each symboal, actudly represents the depos-
tion ratio, N/N,, where N is the number of deposited particles and
N, isthe total number of generated particles. From Fig. 6, it can be
seen that the deposition rate became higher with increasing electric
field srength, as expected. At U,=5 cn/s, the deposition rates, with
10, 15, and 20kV/cm, were dmost same. On the other hand, & U,=
30 cmys, certain differences existed between them. When the flow
vedodity was smdl, the effect of dectrogtatic forces on partide depo-
stion became larger than in the case of high flow velocity. There-
fore, a U,=5 cnv/s, the collection efficiency was much higher than
aU,=30cm/s.

2. Effect of Electrostatic Forces due to Deposited Particles

Fig. 7 shows the effect of the dectrodatic forces between an ap-
proaching partide and the dready deposited particles on the mor-
phology of the particle deposits. With no dectrogatic forces, an on
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Fig. 7. Partide deposition patterns smulated with and without the
dectrodatic forces between an approaching partide and
the already deposted partides on a fiber at E;=10kV/cm
and U,=5cm/s (a) With dectrodtatic forces due to depos-
ited partides, (b) Without dectrogatic forces dueto depos-
ited particles.

coming particle is cgptured due to only the dielectrophoretic force
between the partides and the fiber. Therefore, the partides are packed
more densely on the fiber surface, whereas the deposits have more
porous and linear sructuresin the case where the dectrodtatic forces
due to the collected particles are conddered. The numbers of de-
posited particles plotted in Fig. 7 are 100 for both cases. The other
smulation conditionsarethe same asused in Fg. 4.

Using the data of Fig. 7, the particle deposition rates are shown
in Fig. 8. As can be seen, the partidles are callected on the fiber a
amod the same deposition rate, regardiess of the dectrodtatic inter-
actions between the oncoming partides and deposited partides From
Hg. 7 and Fig. 8, it is concdluded that the deposition pattern of par-
tides on afiber within an externd dedtric field is greetly influenced
by the deposited particles on the fiber, even though the particle de-
pogtion rate is congtant, irrespective of the dectrogtatic forces due
to partide deposts. In generd, thefiltration performance of afibrous
filter, such as pressure drop or dust holding capecity, is highly de-
pendent on the tructure of the particle deposits. Therefore, the dec-
trodtatic forces dueto the dready deposited partides must beinduded
in the caculation of the partidle trgectories.
3. Effect of Electrical Conductivity of Partides and Filter Fi-
bers

So far, the partidles and fibers have been considered as perfect
conductors, whose didectric congants are infinity. This assumption
was basad on the comments of other reseerchers. Kraemer and John-
gone [1955] reported thet the resdtivities usudly encountered in
insulators are not large enough to prevent the entire surface of the
paticles from becoming an equipotentid surface in an extremdy
short time; thus the particle should behave as a conductor. Kirsch
[1972] dso mentioned in his gudy using a mode filter congsting
of cgpron fibersthet in view of the presence of eedly ionized im-
purities and contamination on the fiber surface the dielectric con-
dant of the fiber can be assumed as infinity. Mot of the previous
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Fig. 8. Depostion rate of particles asa result of Smulation calcu-
lated with and without the dectrostatic forces between an
approaching particle and the already deposted partides
on afiber at external dectric fidds of 5kV/cm and 10kV/
cm.

theoretical studies on dectricaly enhanced air filtration, however,
have tregted didectric filters and particles as pure didectrics with
their own congants. From those gpproaches, the red filtration phe-
nomena such as dugt loading characterigtics can' not be fully under-
good.

In this section, the effects of the didectric condants of particles
and filter fibers on the sructures of particle deposits are andyzed.
Especidly, the lineer sructure of the particle dendrites was observed
in the experimentd sudies of Oak and Saville [1980], with an exter-
ndl dectric field goplied across an isolated fiber.

Fig. 9 compares the particle depostion patterns for conductive
fibers and partides with those for didectrics. The didectric condants
of particdles and fibers were assumed to be equd, and st to infinity
and 4 for the conductors and didlectrics, respectivdy. The other var-
iables were fixed as U,=5 cmi's, E;=15kV/cm, and p,=1g/em®. In
the case of the conductors, the particles tended to build up linear den-
drites leading to porous ructures. On the other hand, the dielectric
particles were deposited in a somewhat irregular pattern, forming
less porous deposits. Furthermore, &l the conductive partides rd eased

Korean J. Chem. Eng.(Val. 22, No. 2)
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Fig. 9. Comparison of particle depostion patterns between the con-
ductive and didectric particdesand fibersat E,=15kV/cm,
U,=5am/s g and &, arethe didectric constants of fiber and
particle, respectively.

from the particle generation plane were perfectly collected on the
conductive fiber, while only 64 of the 90 didectric particles were
captured. As expressed in Egs. (15b) and (16), the didectric con+
dants are very important factors afecting the magnitude of the polar-
izetion forces. For §=¢,=4, the magnitude of the parametersisre-
duced to afourth of that for conductors. Subsequently, the effect of
the dielectrophoretic forces becomes weeker, and the magnitude of
the eectric forces focusad on the tip of particle deposits decreases
to an inaufficient degree for the formation of a linear dendrite. In
Fg. 10, the deposition rates of the particles between the didectrics
and the conductors are compared for externd dectric fidds of 5
and 15kV/em, and flow velocities of 5 and 30 cnvs. The depos-
tion rate of the conductive partides was much higher than that of
the didectrics, as the dectric force acting on a conductive paticle
was four times that on a didectric paticle. Especidly, the differ-
ence in the deposition rates between the didectrics and conductors
is gregtly dependent on the dominancy of the dectrodatic forces.
As mentioned before, the effect of dectrodatic forces increases at
low flow velocity. Thus, the difference showed a maximum a E,=
5kV/iem and U,=5cnvs, and was rapidly reduced at E;=15kV/
cm and U,=5 cnmv/s. When the éectric fidd is rdatively amall, the
magnitude of the didectric congtants plays a Sgnificant role in par-
tide depastion. Conversdly, when E,=15kV/cm and U,=5 cmv's, on
the other hand, the effect of the dectric fidd srength was much
gregter than that of the dectricad conductivity; thus the gap in the
deposition rate between the didectrics and the conductors was nar-
rowed. Back to Fig. 9, under the above conditions, dthough the de-
position rates of the conductors and didectrics had asmall discrep-
ancy, the structures of deposits were quite different between them.
Asareault, it can be concluded that the conductivity of the particles
and filter fibers ill has hig effects on the performance of filters,
independently from the ectric fild strength, at least under thefiltra:
tion conditions employed in this study.
4. Effect of Particle Inertia

Without dectrogtatic forces, the particles are captured on thefilter
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Fig. 10. Comparison of depostion rates between the didectric and
conductive fibers and partides at external dectric fields
of 5kV/cm and 15kV/cm, and flow veoditiesof 5cm/sand
30cm/s.

fibers by diffusion, interception, and inertiad impact. In generd, the
effect of particle inertia on the mation of a particle is represented
by a dimensionless parameter caled the Stokes number (SIK). In
this sudy, the value of SIK is less than unity. Therefore, it can be
expected thet the effect of partideinertiamight be very amdl, which
has been widdy used as an estimation in numeroustheoreticd sudies
on air filtration. Many scientists have tried to smplify the equation
of particle motion by supposing inertidess paticles and have solved
it andyticdly or numericaly. The above assumption has been cor-
Sdered reasonable because the theordticd resitswerein good agree-
ment with the experimental data.

Inthis sudy, the effect of particle inertiaon thefiltration charac-
terigics was investigated. The deposition rates for various filtration
conditions are plotted in Fig. 11. Here, the vaues of Stk for parti-
desof p,=1g/cm’ are0.132 and 0.792 a U,=5 and 30 cn/'s, respec-
tively. In the absence of dectric fidds, the particles were deposited
a an approximately congtant rate in dl cases. This means that par-
ticle inertia contributes little to the particle depogition. This result
supports the assumption of inertidless partides, as mentioned above.
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Fig. 11. Effect of particle inertia on the particle depostion rate at
external dectric fidds of OkV/cm, 5kV/cm, and 15kV/
cm, and flow velocities of 5 cm/sand 30 cm/s.

In the case where the dectric fidd of 5kV/cm was gpplied, the
graph shows different features from those when E,=0kV/cm. At
U,=30 cm/s, the deposition rate of the partidles of p,=1 g/om® was
higher than that when they were to be inertidess. This means that
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Fig. 12. Comparison of depostion ratesin this sudy with those of
Auzeraiset al. [1983] for variousdedtric fidd strengths at
U,=5cm/s.

under a specific filtration condiition, even the partides of p,=1¢/
o’ can have a great effect on the particle deposition. The differ-
ence in the deposition rates between inertiaand inertidess partidles
becomes very smdl a E,=15kV/cm, as seen in Fg. 11(c), where
the dectrodtatic forces are much more dominant than particle iner-
tia Asarealt, it can be daed thet the assumption neglecting the
particle inertia can introduce an error when predicting thefiltration
performance, especidly in theoreticd sudies on the partidle load-
ing characterigtics of dectricaly enhanced air filters.
5. Comparison with Exiging Studies

In the present study, the effect of the externd dectric fidds on
particle deposition on a fiber was investigated by usng a numeri-
cd amulation. Auzerais et d. [1983] conducted a smilar Smula:
tion sudy to ours. Their sudy was confined to the low velocity cases
<0 that the particle inertia could be neglected, and the didectric con-
dants of the particles and fibers were fixed as 4. Fig. 12 showsthe
depostion rates of the particles for this sudy and those of Auzerais
et d. [1983]. Auzerais et d. [1983] asumed inertidess patides
and g=&=4, whilein the present study the partide density was 1 ¢/
om® and g=g=c0. How velocity in both studies was 5 cm/'s, and
the other conditions were the same as those described in Teble 1.
Indl cases of E,, the depostion ratesin this sudy were much gregter
then those of Auzerais et d. [1983]. This might be largdly attrib-
uted to the difference in the conductivity of the particles and fibers
between the two sudies. As previoudy mentioned in Fg. 10, the
effect of thedectrica conductivity wasremarkable a low flow vdoc-
ities

Another reason for the differenceislikely to come from the cal-
culation method for the eectrodatic forces between anew paticle
and dready captured patides Auzeras et d. [1983] treated a den-
drite as an dlipsoid, with equa volume and height, and calculated
the dectrogatic forces between the oncoming particle and the dlip-
0id. On the other hand, in the present study, the forces between
the newly generated particle and each of cgptured partides were
computed individualy. The latter method is more tedious and time-
consuming, but more accurate than the former.

Thisgtudy provides a quditative insght to the partide deposition
characteridics of fibrousfilters usng anumericd smulaion method,
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with an goplied homogeneous externd dectric fidd. The Smuletion
results are in very good agreement with the exigting experimenta
data, such as Kraemer and Johngtone [1955], Havlicek [1961], Kir-
sch [1972], linoya and Makino [1974], Nelson et d. [1978], Osk
and Saville [1980], Wang and Ho [1980], and Oak et d. [1985] in
terms of the qudlitative agpects Espedidly, the linear dendrritic gruc-
ture of the particle deposits, as photogrgphed by Oak and Saville
[1980], was exactly smulated in thiswork.

CONCLUSIONS

This paper addressed the particle deposition cheracteridtics of fi-
brous ar filters enhanced by an externd dectric fidd. Using aLag-
rangian Smulation method, the trgectories of particles were calcu-
lated, and the deposition structures obtained. The effects of the dec-
tric field srength, dectrogtatic forces due to the captured particles,
the dectricd conductivity of the particles and fibers, and particle
inertiaon the morphology of the deposits and the deposition rate of
particeswere investigated.

Asthe dectric field intengty incressed, the collection efficiency
became higher, and particles were deposited in a linear dendritic
form. The linear Sructure of the particde deposits resulted in the fo-
cusing of eectrodatic force lines on the tip of paticle dendrites.
The dectrogaic forces due to the deposited partides had a great
influence on the particle deposition pettern, dthough the effect of
the forces on the deposition rate was very smdl. Therefore, the dec-
trodetic interaction between the gpproaching partices and those
previoudy captured must be taken into account in theoretica sud-
ies on the dugt loading of dectricaly enhanced air filters. The mor-
phology of the Smulated particdle deposits waas in good agreement
with the others' experimentd results.

The dectricd conductivity of the particles and filter fibershad a
condderable effect on the particle deposition. The conductive parti-
desbuilt up linear dendrites leading to porous structures, while the
didectric particles were deposited in a more irregular and dense
form. The depasition rate of the conductive partides was much higher
than that of the didectrics. From this study it was dso found that
the particle inertia, which has been assumed to be negligible in nu-
merous previous sudies on air filtration, could influence the collec-
tion efficiency of air filters, with an gpplied uniform dectric fidd.
The patides of only 1 g/am?® were collected with a higher efficiency
than the inertidess particles under gpecific filtration conditions.

The results of this sudy agreed very well with those of the pre-
vious experimentd studies in terms of the quditative agpects Joe-
dficaly, compared with the sudy of Auzerais et d. [1983], thiswork
predicted much higher collection efficiencies. Thiswas mainly due
to the difference in the dectrical conductivity of the partides and
the filter fibers between the two studies. In the present study, the
partides and filter fibers were regarded as perfect conductors, which
have been conddered to reflect the redl filtration phenomena more
accuratdy. Findly, this study is expected to be hepful in under-
danding filtration properties of dectricaly enhanced ar filters espe-
adly thedust loading of ar filterswithin an externd dectric fidd.
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NOMENCLATURE

: congtant, see EQ. (10b)

: radius of Kuweabara cell

: congtant, see Eq. (10b)

: packing dendgity of afilter

: congtant, see EQ. (10b)

: Cunningham correction factor

: congtant, see EQ. (10b)

: particle diameter

: elementary charge

: électric field strength

: electricfield

: uniform electric field strength

: electric field around the k-th deposited particle

: radial component of eectric field

: tangential component of dectric field

: z-directiona component of electric field

: radiad component of eectric field in sphericd coordinate
sysem shownin Fig. 1

: longitudina component of eectric field in spherical coor-
dinate system shown in Fig. 1

E; :latitudinal component of eectric fied in spherica coordi-

nate system shown in Fig. 1
f(n) : fraction of partides having n units of charge of onesign, see

o

MMNMMMe 20000 o >

mmmmp

m

S.

Eq. (19)
%
o drag force
EE : electrogtatic force

F. : gravitationa force
F., :radid component of dimensionless Columbic force between
the approaching particle and fiber
Fe o : tangentia component of dimensionless Columbic forcebe-
tween the approaching particle and fiber
: radid component of dimensionless Columbic foroe between
the approaching particle and k-th deposited particle
Fe g, - latitudina component of dimensionless Columbic force be-
tween the gpproaching particle and k-th deposited particle
F., :radid component of dimensionless didectrophoretic force
between the approaching particle and fiber
Fqo :tangentia component of dimensionless didectrophoretic
force between the approaching particle and fiber
Fs,, :radid component of dimensionless didectrophoretic force
between the approaching particle and k-th deposited par-
ticle
: latituding component of dimend onlessdidectrophoretic force
between the gpproaching particle and k-th deposited particle
: gravitationa acceleration
: congtant, see Eq. (10a)
: Boltzmann constant
: Knudsen number
: mass of particle
: number of elementary charge
: total number of deposited particles

|
S
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Nc  : dimensionless parameter, see Eq. (15a)
Np, :dimensionless parameter, see Eq. (15b)
Np, :dimensionless parameter, see Eq. (15b)
Nrer : dimensionless parameter, see Eq. (15¢)
Ng :dimensionless parameter, see Eq. (15¢)
g, :pariclecharge
r : dimensionless radid coordinate in the cylindrica coordi-
nate system
ri :dimensonlessradia coordinatein the sphericd coordinate
systemwhose originislocated a the center of thek-th de-
posited particle
I : fiber radius
r, :particleradius
Re :Reynolds number
Sk : Stokes number, see Eq. (159)
:time
: absolute temperature
: fluid velocity
o - magnitude of undisturbed flow velocity
: particle velocity
(u,, U, u,) : X, y, zcomponents of fluid velocity
(U, U, uy) : dimensionless x, y, z components of fluid velocity
(Vy, Vi V) 2 X, Y, Z components of particle velocity
(Vi vy, V) : dimensionless x, y, z components of particle velocity
(X, V, 2) : rectangular coordinates
(X',y, Z) : dimensionless rectangular coordinates
(Xo» Yor Zo) : initial position of aparticle
(r,9,2) : cylindrical coordinatesin Fig. 1
(r', @, 8) : spherical coordinatesin Fig. 1
(v, @, 8)) : spherical coordinates whose origin is located at the
center of the k-th deposited particle asillustrated in Fig. 2

VC o

Greek Letters

a  :condant, seeEq. (16)

B :congant, see Eq. (16)

& . didectric constant of fiber

g . dilectric constant of particle

A :meanfree path of air molecules
U kinetic viscogity of air

Py ardendty

p, :particledensity
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