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Abstract—The main objective of this study was to investigate the optimal design parameters of a multi-stage porous
plate system, numericaly and experimentally. Characteristics of pressure drop and collection efficiency are analyzed
with the operation parameters such as the stage number, plate interval, hole diameter and system inlet velocity, etc. In
the results, pressure drops of a5 stage system [2, 2, 3, 2, 2mm] at v,;,=1.0, 1.2 m/s are shown as 296, 428 mmH,O by
the numerical simulation and 259, 399 mmH.0 in the experiment. For 5 stage [2, 2, 3, 2, 2mm] and v,;,,=1.0 nV/s, the
overdl collection efficiencies with the plate intervd 4, 10, 15 mm are estimated as 99.5, 96.0, 92.8% computationally
and 97.9, 89.2, 85.3%, showing dlightly lower efficiency compared to the numerical results due to the particle

rescattering effect, experimentally.
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INTRODUCTION

The recent tightening of emisson control laws for air pollution
has necessitated the exchange and modification of conventiond
indudtrid air pallution control equipment.

ESP and fabric bag filters widely used up to now have had some
problemsin spite of their many merits, such as high collection effi-
ciency [Robinson, 1971; Ogleshy et d., 1978]. ESP can treet high
volumetric flow rates without a serious pressure drop, and has the
advantage of easy maintenance and repair, but it has the disadvan-
tage of equipment scale enlargement for the large collection areain
order to maintain high efficiency over 99% [Croom, 1994; Yoa &
d., 2001; Frederick, 1961]. The fabric bag filter has been recog-
nized as the most popular control equipment with high collection
efficiency and wide fidd application, while it has Sgnificant prob-
lems such asthe enlargement of equipment scae and excessve pres-
aure drop by the accumulation of dust, including vapor due to the
hot gas condensation on the filter surface [Ohtsuk, 1986].

Thus, it is asolutdly necessary to develop advanced control eouip-
ment basad on anew concept of collection system to overcome the
above problems. To do that, the present study is focused on the de-
veopment of a multi-stage porous plate systlem which can show
smplicity of desgn (smdler scale), high collection efficiency and
high flow rates by the combination of impaction and turbulent dif-
fuson mechaniam, etc. without filter dependency. In the present
collection sysem composed of a multiple array of porous plates,
theimpinging jet flows of high speed through the porous plate holes
in atwo-phase system accompanying the dust partide induce astrong
inertid effect toward the next saggered porous plate (Fig. 2). Also,
amdler partides are mainly collected on the back surface of aprior
porous plate by the turbulent diffuson effect in a recirculation re-
gion formed between the adjacent porous plates [Danid et d., 1998,
Novick &t d., 1987; Benjamin et d., 1995].

Findly, it isimportant to investigate the main parameters for the
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optima design of the multi-stage porous plate system by carrying
out anumerical and experimenta andyd s with various sysem pa:
rameters such as sage number, system inlet velocity, hole diameter
and plaeto plate digance, etc. in the present study.

EXPERIMENTAL AND NUMERICAL ANALYSS

1. Experimental Apparatus and Procedure

The experimenta system is congtructed with main body (porous
plate), partide generator, duct line, |.D. fan and measuring part. The
gas velocity, pressure drop and collection efficiency are detected
by Anemometer (mode 6621, Kanomax LTD.), Micromanometer
(FCO 332, Furness Controls LTD.) and APS(Aerodynamic Perti-
ce Szer, TS Inc.), respectively. The layout of the experimenta
gpparatusfor thisstudy isshownin FHg. 1.

Thedimensons of the porous plate are 2 mm thickness, 170 mm
height and 60 mm width. For the analys's of pressure drop and col-
lection efficiency characteridics, an experiment was performed with
major parameters such as sage number, system inlet velocity and
hole diameter, etc. as shown in Fg. 2. For the increase of the im-
pection effect, hole positions were staggered with plate arrange-
ment. Plate surface is coated with grease for minimization of the
dipeffect [Benard e d., 1998; Chang e d., 1999]. Table 1 showsthe
hole velocity (jet flow velocity through ahole) with hole diameter.
2. Numerical Method

The physicd configuration for the numericd smulation of the
multi-stage porous plate system depicts the porous plate arrange-
ment by the same intervd of 2 or 3 mm diameter holes intercou-
pled iteratively on the adjacent plates (front and back stage) with
each other asin Fg. 3. As shown in Figs 3 and 4, the computa:
tiona domain indudes the severa modules of rectangular shape,
and computetiondly, only one module involving the 4 minimum
unitsis utilized by geometric symmetry to save computaiond time.
The FLUENT code was used for the present numerical smulaion
of gaseous flow and particle trangport. The SIMPLE adgorithm and
the k-£ modd were usad for evauating the turbulent flow field. A
3D ungtructured hexahedron grid of 278,222 cells was used in this
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Fig. 1. Experimental apparatus of multi-stage porous plate sysem.
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Fig. 2. Configuration of multi-stage porous plate.
Table 1. Hole velocity with hole diameter - Continuity equetion
Holediameter ~ Porosity Hole velocity (m/s) dp
o +2(pu) =0 ®
(mm) (%) Ven=10m/s v, ,=1.2m/s ot
3 393 134 16.0
0 49T
=(pu; Ui L) = +F, 2
at(p I) (p J) ax a pgl ()

smulation. where, pisgatic pressure and 7, is sresstensor. og and F, are gravity

2-1. Equation of Gaseous Phase _ and externd force, respectively.
The governing eguations of gas-phase are based on adilute gas- Stresstensor 7, isgiven by
ij

particle flow. The gas-phase velocity is assumed to be not dtered
by the particulate flow because of low particle meass loading. To . { oy +a_ul[|} Zuau'5 3
evauate the turbulent flow, the k- modd isused in this sudy. ! @x] axt] 37ox
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Fig. 3. Computational domain of multi-stage porous plate.

Fig. 4. Numerical modd for 5 stage porous plate sysem (platein-
terval: 4 mm, plate arrangement: [2, 2, 3, 2, 2 mm]).

The equations of turbulence kinetic energy, k and turbulence en-
ergy dissipation rate, £ are given by

oDk _ 07D ook,
Pbt ax,[aﬁaﬂaxy@k pe @

De_ 0 L0 £ g
—< - + 2 +C S - <
Pbt axi[ OEEBXJ C”ka Coeb> k ©

G, for the production of turbulence energy by mean veocity gradi-
ent, isexpressed as

=g U
puyu; o ©)
Turbulent viscosity,
kZ
He pC - ™

The modd condants C,, C,,, C,, ¢, and g, have the fallowing va-

Table 2. Values of turbulent coefficients
C, C.. C, Ok O,

0.09 144 192 10 13

ues (Table 2) [Launder et d., 1979).

The digperson of smdl particdes is srongly affected by the in-
gantaneous fluctuation velocity. The turbulent fluctuation is aran-
dom function of gpace and time. Here, the Continuous Flter White
Noise (CFWN) modd described by Thomson is usad to esimate
the ingtantaneous fluctuation velocity, Accordingly, the ith compo-
nent of ingantaneous fluid velocity satisfies the following soches
tic equation:

du __u -0, 2up

a7, or,o00 ®
Where, =T, +U; is an indantaneous fluid velocity and uj isthe fluc-
tuation velodity.

In Eq. (8), T, is the paticle integrd time, which is the average
timein turbulent eddies dong the particle path. For smal partides,
the partide integrd time may be gpproximated by Lagrangian inte-
ord time T,. T, isrelaed to the fluctuation kinetic energy and dis-
dpaionrae

T.:TL:O.157|: )

InEq. (8), ¢(t) isaGaussan vector white noise random processwith
spectrd intendty. And theamplitude of {(t) & eechtime Sepisgiven
&

G

G Wi (10
Where, G isaGaussian random number and At isthe time step used
in the Smulation.
2-2. Equation of Particulate Phase

For a paticle phase, the present study neglects the interaction
between suspended particles and particle coagulaion owing to the
low particle mass loading. To analyze the motion of partides sus-
pended in a gaseous medium, the effects of drag force, turbulent
diffuson, Brownian diffuson and dectric force are conddered for
the numerical Smulation.

- Equation of particde motion

du? _3vCyRe, > F.

—_— = U —U; +ni t) +— 11
dt  4d’sC, ( ) m, 0
dx;

dt _ul (12)

Where, UP is the velocity of the patide and X, is its pogition. Sis
the ratio of particle dendity to gas dendty. ny(t) is Brownian force
per unit mass. m, is the mass of the partide, and F, is the eectro-
datic force

24

Co= R_ep , forRe<l (13
240,15 0
Co= Rep%*u sRelg  for 1<Re;<400 (14)

Korean J. Chem. Eng.(Val. 21, No. 5)
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where, Re, isthe particle Reynolds number defined as

du -u
e =—*—*|“V uf (15
InEq. (11), C, isthe Stokes-Cunningham dip correction factor
The Brownian force per unit massis modded as a Gausian white
noise random process.

n() =G, ﬁ—% (16

The spectrd intendty S, isgiven by

216VkT
- 1
7pdSC, @0
Where, T isthe fluid abosolute temperature, and p isthe fluid density.
k=1.38x10"% JK isthe Boltzmann congtant.

Thethird term F, on the RHS of Eq. (11) isthe dectrogaic force
per unit mass.

SO:

cqe -4
F.=qE 18
q lomey’ (18
Where, £,=8.859x102 A9V isthe permittivity of air, and E isthe
dectric field grength. y isthe digance from the wal to the partide.
Thefirg term of RHSin Eq. (18) isthe Coulomb force by the dec-

Fig. 5. Veodity vector plot of gasphase in the multi-stage porous
plate system.

September, 2004

tric field around the partidle. The second term is the image force by
the virtud dectric charge —qg. Li and Ahmadi [1993] show that the
Coulomb forceis dominant when externd dectric foroce exigs, while
imege force is effective only for avery short distance from wal to

patide
RESULT
1. Flow Fidd of Gas-phase
Fig. 5 shows aveocity digtribution of the flow fied for 5 sage

porous plate system (hole diameter: 2, 2, 3, 2, 2mm, plae intervd
4 mm) a the sysem inlet velocity v,;,=1.0m/s. Gas flow is rgp-

) Mesan flosy and turbulent Ructuation

Fig. 6. Partidetrajectory of 5 stage system (d,: 1pm, v,;,: LOm/s,
plate arrangement: [2, 2, 3, 2, 2mm]).
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idly accelerated by 31 mv/s through the 2 mm diameter holes of the
14 gtage porous plate at v;;,,=1.0m/s. Gas flows of high velocity
that pass through the holes of the 1 stage similar to the stagnation
point flow are coming toward the aggered next plate (2nd Sage)
inducing a strong impaction effect and partidly forming a recircu-
lation flow region between two adjacent plates shown in thisfigure.
Such aflow pettern is reproduced iteratively through the 3rd, 4th
and next dage.
2. Particle Trajectory

Fig. 6 represents the trgectory of a 1.0 um diameter particle for
the 5 dage system (holediameter. 2, 2, 3, 2, 2mm) & asyseminlet
veodity v, ;=10 m/s and plate interva, 4 mm. Fg. 6(8) is the result
of paticle trgectory with consderation of only the drag force by
the gaseous mean flow. Partidles suspended in a mean flow are ac-
celeraed by the rgpid carrier gaseous flow passng through the holes
of the 19 sage and depodited on the front face of the 2nd Sage with
adrong impaction effect. This processis generated iteratively with
increment of stage number. Fg. 6(b) shows the particle movement
by the congderation of turbulent diffuson effect. The partides are
separated from the mean flow stream following an eddy motion
caused by a strong turbulent fluctuation and then deposited on the
front and back face of the 2nd sage and further gages. This phe-
nomenon is more effective for submicron partides and increeses
the collection efficiency of the present system.
3. Pressure Drop

Pressure drop is one of the mgor factors for the syssem design
in addition to a callection efficiency to estimate the characteristics
of the present system. The mgjor variables for the andyds of pres-
sure drop can be represented asthe jet flow veodity (or hole diame-
ter), haleintervd, plate to plate distance, and Sage numbers, tc.

The pressure drop is described as the following expresson in
the multi-stage porous plate system:

AP =P, -P,.,=f(pv’, pv2,d,,d,,etc) (19)

Where, P,, P.., are pressures between the front and back plate face,
and v;, v, are flow velocities through a front stage hale and back
gagehde d, d, ae hdeintervad and plate to plate distance, regpec-
tively.

Fg. 7 shows the experimentd and numerica results of pressure
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Fig. 7. Pressure drop with stage number (plateinterval: 4 mm).

drop with the stage number increment (1-5 stage) and plate arrange-
ment for plate intervel 4 mm, hole interva 6 mm and hole diame-
ter 2 or 3mm. In the experimentd results, pressure drops become
lower as 52, 75 mmH,0, a the system inlet velocity v, ,,=1.0, 1.2
m/s for 1 stage system (hole diameter 2 mm), respectively, and in-
crease in relation to the square order of inlet velocity as shown in
Eq. (19). For the 2 dage system [2, 2mm)], AP & v, ;,=1.0, 1.2 m/s
increeses dgnificantly as 123, 183 mmH, O, respectively, compared
to that of 1 dage. It meansthat the jet velodity (flow velocity passing
through the 1¢t sage hole) toward the 2nd sage is higher than that
toward the 1 stage (i.e, flow velodities toward the 1t stage, 2nd
Sageae 1.0m/sand 0.1 nvsa v,;;=1.0, repectively). For a3 dage
system [2, 2, 3mm|, pressure drops are shown as 152, 221 mmH,O
in the systeminlet velodity v,;,=1.0, 1.2 m/s and rate of increase of
APfor 3 stlage becomes lower than thet of the 2 stage with the Sage
number increment because the 3rd stage hole diameter increasesto
3mm.

AP of 4dage (2, 2, 3, 2mm] and 5 dage[2, 2, 3, 2, 2mm] sys
tem are represented as 203, 259 mmH,0 in v, ;,=1.0 n/s, and 302,
39 mmH, 0 inv,;;=1.2 m/s, repectivdy. Asthe sysem inlet vdoc-
ity vy, increases, AP becomes much higher due to the proportion-
dity with the square order of inlet velocity by the Eq. (19).

The numerica results show a Smilar trend predicting a dightly
higher AP in comparison with the experimentd results because the
atenuation of viscogty effect in the laminar sublayer near the porous
plate surface by the particles sugpended in a gaseous flow is not
conddered for the present numerica smulaion. Thus, it turns out
thet the pressure drop characteridics with the inlet vl odity and stage
number can be estimated dmost exactly by the numericd smula
tion for amulti-sage porous plate sysem.

4. Collection Efficiency
4-1. Fractiond Collection Efficiency

To andyze the collection efficiency of the present sysem, the
particle number concentration is estimated a the inlet and outlet of
the system, and fractiond collection efficiency is obtained by

1 (96) =R 100 @

inj
Where, 1} is frectiond collection efficiency and N,,; is fractiond
particle number concentration & the inlet. N,,,; isfractiond particle
number concentretion & the outlet.

Main collection mechanisms of the present system are consid-
ered asimpaction (inertid force), turbulent diffuson, Brownian dif-
fuson and dectric force. In generd, the cut-off diameter d,, o, isex-
pressed as d, o, =9u0Stksy/0,vi, When the impaction effect is gpplied
to the system. To increase the collection efficiency (i.e., decrease of
d, .,), asmaler hole diameter and higher jet velocity are required,
but they result in the increment of pressure drop, Smultaneoudy.
Thus for an optimd design of the present system, the hole diame-
ter d and syseminlet veodity (or jet velocity) v ., €C. can betregted
as the mgior design parameters. The particle movement governed
by the mean flow moation, turbulent fluctuation, Brownian diffu-
son and dectric force isandyzed to edimete the collection efficiency
by numericd smulation.

Fig. 8 showsthefractiond collection efficiency with the effect of
only mean flow mation for a 3 dage sysem [2, 2, 3mm] & v, .=
08, 1.0, 1.2, 1.4 m/s by the numericd amulation. Collection effi-
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ciency for the particle size range over 1 um diameter goproaches
near 100% due to reldively higher inertid force e v, ;,,=10, 1.2,
1.4 m/s except for 0.8 mv/s, while becomes much lower bdlow 1 pm
diameter without conddering the diffusion effect as sysem inlet ve-
|00ty, Vsin dwm

Asin Fig. 9, conddering the turbulent diffuson effect with the
meen flow mation a the same smulaion condition asthat of Hg. 8,
higher efficiency over 90% for the submicron particle below 1 um
is estimated due to the effect of strong turbulent fluctuation in spite
of lower inertia force (i.e, rdativdy smdl patice).

Fg. 10 representsthe fractiond collection efficiency with the effect
of turbulent diffuson, Brownian diffuson and eectric force affect-
ing particle movement in addition to mean gaseous flow motion
for the 3 gage [2, 2, 3mm], plate interval 4 mm and v, ;,=1.0m/s
As shown in the Fgure, the effect of Brownian motion is dmost
negligible for the given inlet veodity (v, ;,,=1.0m/s) and particle
Szerange Applying dectric force of uniform dectric intengty, 600

September, 2004
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kV/m a the precharger in front of 1 stage, the effect of dectric
force by the only image force without the dectric intendty of the
2nd stage is cond dered from the aufficiently charged partideinthe
precharger incoming into the 2nd stage. Then, the collection effi-
ciency isimproved about 5% for submicron partides below 1 pm
by the effect of dectric force, while its improvement is rddively
negligiblefor larger particles over 1 um dueto higher inertid force.
Fig. 11 showsthe collection efficiency for the 5 Sage system [2,
2,3, 2, 2mm] and v,;,=1.0 m/swith the plateintervd 4, 10, 15mm
by the numerica smulaion. Asthe plate interval increases from 4
to 15 mm, the collection efficiency becomes lower since the parti-
des escaping from the collection area following the gaseous sream+
line increase by the enlargement of particle moving disance to the
collection plate with plate interva increment. This phenomenon is
sgnificantly shown for submicron particles below 3 um diameter
due to the decrease of inertia force. Moreover, conddering the tur-
bulent fluctuation with mean flow motion, the improvement rate of
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collection efficiency for the submicron particle becomes higher by
the enlargement of the turbulent diffuson area as the plate interval
increases

Fg. 12 represents the expearimentd results of oallection efficiency
a the same operation condition asthat of Fig. 11. The results show
that the efficiency smilarly decreases with the plate intervd incre-
ment as predicted in the numerica smulation. Specificdly, itises
timeted thet the collection efficiency is maintained higher than 80%
for dl the particle Sze range over 2 um diameter, while rgpidly de-
creases below 2 um diameter because of rdatively lower particle
inertid force. And, minimum efficiency gppears around 0.7 um di-
ameter, but the collection efficiency for smdler patidesthan 0.7 um
increases by the increment of turbulent diffuson effect. The nega
tive () sign of collection efficiency represents that the numbers of
submicron partides at sysem exit are in excess of those a system
inlet due to the particle disntegration phenomenon.
4-2. Overdl Collection Efficiency

The overdl collection efficiency charecteridtics are andyzed by
the experimenta and numerica Smulaion with various parameters
such as system inlet velocity, hole diameter, sage number and plate
intervd, etc. The overdl collection efficiency, n, isexpressed as

_2.(ViNin; 7ViNow)) y
> (ViNiny)

Where, V; isthe valume of each partide diameter. N, ; isthe number
of influent particles per each diameter and N, ; is the number of
effluent particles per each diameter.

The Rosn-Rammler distribution can be defined as the exponen-
tid relaionship between the partide diameter d,, and the mass frac-
tion of partides with diameter greeter than d,, M.

n(%) 100 (21)

Mg =exp( _(dp/ap)n) 22

Where, d, is the mean diameter and n is the spread parameter.

Fg. 13 represents the Rosn-Rammler distribution of cod fly ash
used in the present numerical smulation. In this Figure, d, and n
ae 1.22 um, 0407, respectively.
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Fig. 14 means the overdl callection efficiency with Sage num-
ber (plate arrangement) for v, ,,=1.0 nVs and plate interval 4 mm.
Numericd results of overdl efficiency are shown higher as 96.7,
98.2, 9.5% for the 3dage [2, 2, 3mm], 4 Sage[2, 2, 3, 2mm], 5
dage [2, 2, 3, 2, 2mm] sysem with increment of stage numbey,
repectively. And the experimental results show a Smilar trend to
those of numerical Smuldtion as 84.9, 92.6, 97.9% efficiency. It
means alittle lower efficiency than that of numericd result due to
the rescattering effect of particles deposited on the collection plate.
Fg. 15 represents the overdl collection efficiency with the plae
interva 4, 10, 15 mm for the 5 dage sydem [2, 2, 3, 2, 2mm] and
V,in=1.0m/s, by the numerica and experimental method. In case
of the mean gaseous flow mation for the particle movement, the
overdl efficiencies with the plate interva 4, 10, 15mm become
relatively low as 93.8, 47.2, 32.6%, respectively.

However, conddering the turbulent diffusion effect with the mean
flow mation, collection efficiencies are shown quite high as 99.5,
96.0, 92.8% with the plate intervd (4, 10, 15 mm), as Sated earlier
in the section on fractiond collection efficiency. There is a dight
difference between the numerica and experimenta results show-
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Fig. 15. Overall collection eficiency of 5 stage system (v, - 1.0m/
s plateinterval: 4, 10, 15 mm, plate arrangement: [2, 2, 3,
2, 2mm]).

ing alittle lower efficiency in the experiment than that of numeri-
cd smuldion due to the particle rescattering effect in the case of
the experiment.

CONCLUSIONS

The characteridtics of collection efficiency and pressure drop for
the multi-gtage porous sysem were evaduated by experiment and
numerica Smulation with the operation parameters such asthe age
number, plate intervd, hole diameter and system inlet velocity, etc.
In the numericad smulaion, the effect of mgjor factors such as mean
flow motion, turbulent fluctuation, Brownian motion and dectric
force upon the particle movement was andlyzed for the collection
efficiency of the present system. The following condusions are sum-
marized.

1. Pressure drop highly increases with increment of sage num-
ber (1-5 gage) and system inlet velocity. In particular, AP of the 5
dagesytem [2, 2, 3,2, 2mm] &t v, ;,=1.0, 1.2 n/sis shown as 296,
428 mmH,O by the numerical smulation and 259, 399 mmH,O in
the experiment.

2. Theeffect of mgor parameters such as meen flow mation, tur-
bulent fluctuation, Brownian motion and eectric force on the par-
tide movement was eva uated numericaly, and collection efficiency
for the submicron particle below 1 um was highly improved due
to aturbulent diffuson effect.

3. Overdl collection efficiencies with increment of sage num-
ber (3-5 gage) become higher as 96.7, 98.2, 99.5% at the plate in-
tervd 4 mm and v, ,,=1.0 m/s by the numerical smulaion and 84.9,
92.6, 97.9% in the experiment, respectively.

4. Forthe 5 dage sysem [2, 2, 3, 2, 2mm)] and v, ,,=10nvs, over-
adl collection efficiencies with plate intervd of 4, 10, 15mm are
esimated a5 99.5, 96.0, 92.8% computationaly and 97.9, 89.2, 85.3%
showing dightly lower efficiency compared to the numericd resuits
dueto the particle rescattering effect, experimentaly.

5. It is necessary to evauate the optimal design parameters such
as dage number, plae arangement, plate interva, plate porosty

September, 2004

and sysem inlet velocity, ec. for the analyss of collection effi-
ciency and pressure drop of multi-stage porous plate system.
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NOMENCLATURE

O

: stokes-Cunningham dlip correction factor
: particle diameter

: électric field strength

: external force

: electrostatic force

: production of turbulence energy by mean velocity gradient
: gaussian random number

: turbulence kinetic energy

: massfraction of particleswith diameter greater than d,
, . massof theparticle

n(t) :Brownian force per unit mass

p :staticpressure

Re, : particle Reynolds number

S  :ratio of particle density to gas density

S spectra intensity

T, :paticleintegral time

T, :Lagrangianintegral time

U :veocity of gas

u  :velocity of particle

Voin : Systeminlet velocity

X, . pogtion of paticle

y . distance from the wall to the particle

o

ST T TS

afo

3z~x

Greek Letters

& :turbulence energy dissipation rate

n. :overdl collection efficiency

¢(t) : Gaussan vector white noise random process with spectral
intensity

T; :stresstensor
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