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Collection characteristics of electrostatic multi-layered multi-staged impaction system of mixed dry

and wet type

Junhyeong Kwon

Department of Environmental Engineering, The Graduate School,

Pukyong National University

Abstract

The fine dust reduction policy was introduced recently and air environment criteria
on PM 2.5 were applied from January 1, 2015. As such related regulation has been
reinforced, which requires the development of low cost and high efficient dust
collector. Among dry type dust collection systems, filter dust collector and electrostatic
precipitator are widely used in the industrial field with its excellent dust collection
performance. While the filter dust collector has excellent dust collection performance
with stable high collection efficiency (over 99%), It has problem of discontinuity of
operation by filter clogging and filter maintenance problem. Electrostatic precipitator
can handle a exhaust gas without significant pressure drop and is very simple in
terms of structure with easy maintenance and repair. But, it requires high initial
installation cost. To obtain high collection efficiency (over 99%), it must ensure wide
installation area, which results in the large size of device.

Existing scrubber include venturi scrubber, packed tower and spraying tower. Among
them, venturi scrubber has high collection efficiency among cleaning dust collectors, it
has high pressure drop compared with others (over 300 mmH;0) and large cleansing
solution is required that resulted in high operating cost. Generally, scrubber is not
restricted much by temperature and humidity and It can handle particle and gas

pollutants at the same time. But, it is highly possible for fine droplet to be discharged



outside. To solve the problem, demister must be installed at outlet to minimize droplet
discharge. But, when demister is installed, periodic replacement of demister is required
because the pore of demister is closed by dust.

Firstly, as for dry type dust collection system, to overcome problem of the filter
dust collector and electrostatic precipitator, this study attempted to develop
electrostatic multi-layered multi-staged impaction system that is combined with
electrostatic precipitator to the front part of multi-layered multi-staged porous plate of
dry type which introduced black box and block hole concept to increase dust
collection efficiency and to obtain more than 99% efficiency.

This study carried out experimental studies to interpret electrostatic multi-layered
multi-staged porous plate system pressure drop, dust collection efficiency, voltage and
current characteristics by physical variables such as inflow speed, number of stage,
tube diameter, applied voltage and shape and location of discharge electrode. As a

result, if voltage is not applied within flow rate 1.63 m®/min (tube velocity v,= 15 m/s),

tube diameter 12mm, it is 96.2%, and if applied voltage is 30 kV, it has 99.7% dust
collection efficiency. Thus, it can keep within 5% of electric power dependency. And, it
is determined to be a system for stable operation with suitable pressure drop (148 mm
H,0) and high collection efficiency (99.7%) without use of filter.

Secondly, to handle particle and gas pollutant at the same time, it is required to
introduce wet type dust collection system. As mentioned above, existing wet scrubber
such as venturi scrubber or packed tower had high pressure drop (300 mmH;0) to
obtain high collection efficiency and it needs to install demister to prevent fine droplet
discharge. Accordingly, this study attempted to overcome the above problem by
developing high collection efficiency electrostatic multi-layered multi-staged impaction
system of mixed dry and wet type that does not need installation of demister. The
system consists of electrostatic dust collecting part in the front and wet type

electrostatic multi-layered multi-staged impaction system in the rear. The 1st stage is

_XI_



single layer and 2nd stage is multi-layer system included black box type and 3rd ~
bth stage is the type where tube is inserted into black box to prevent discharge of
droplet. To solve spray nozzle block problem in the inflow of dust of high
concentration (10g/m® into wet system and to solve short replacement cycle of spray
droplet by high turbidity, electrostatic dust collection part is combined to the front of
the system to introduce water spray system at the rear part of the system which is
followed by maximum decrease of dust concentration introduced to multi-layered
multi-staged impaction system. Dust not collected by dry type electrostatic dust
collecting part in the front is collected by condensation by water spray, direct block
and impaction effect.

The study attempted to develop and commercialize compact electrostatic
multi-layered multi-staged impaction system of mixed dry and wet type that prevents
fine droplet discharge from external device without installation of demister having
suitable pressure drop (150 mmH;0) and high efficiency (over 99%) while keeping
simultaneous treatment of particle and gas pollutant. Through lab scale(1.63 m®/min)
device, pressure drop, dust collection efficiency characteristics, current - voltage
curve characteristics and NO; and SO; removal efficiency characteristics were
interpreted by means of experiments based on physical variables. Based on the lab
scale experiment result, Pilot. scale (50 CMM), Real. scale (800 CMM) dust collection
system was designed and manufactured. With the system, pressure drop and dust
collection efficiency were interpreted by physical variables such as flow rate, number
of stage, water spray amount and applied voltage.

Real scale (800 m®/m) for simultaneous treatment of particle and gas pollutant can
make zero discharge of droplet without installation of demister to prevent droplet
discharge. And, it showed high collection efficiency (99.38%) of dust collection
performance with low liquid/gas ratio (0.82 L/m% at suitable pressure drop (125
mmH,0). It is expected that this can be a basic model for commercialization of dust

collection system in the industrial field.
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dp= U%sinqbdt (2.2)

o714 ¢= Bt C2 43 A3 A CE THst= 7ol 43 4
o] o]F= Zoltt (Fig. 2.2). 7]

b=~ gt (2.3)

WeFo] 90" WA HH A= A ovbE olEste] HAAISHA

3

§= /?vaSinqﬁ dp=v,w=ur (2.4)
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Y i
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¥
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v.=v 21/ 1/ v,
/ -
e e e | SR, R Sk =

Fig. 2.2. Velocity at the point B.
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shAIRE AA 7IFE 2 FE7F wlg HEFeka, hole®] Reynolds
numberol] we} WE7] wjio] o3 WWE FE&S AAsE w$- )

2gFx el Htwolth (Yoa, 2004).
2.1.2. Stokes number

Stokes numbere= YAFE] HAAAZ L} TRl A tigk v &
S YeEE FA9 iR s g3 ZEolEe EAS #H yEhd

Jor g oz THAY 5 gt

VnT

Stokes Number = LS (2.6)
o] 7] 4] 7 = o] 2kA| 7+ (Relaxation time)

vy = TYTE [em/s]

ppdzvo q

18,5 (2.7)

Stokes Number =
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2 ox [
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o714 p, = B2 D% [g/em’]
d, = A2 A7 [10 10" em]
C, = A9 3 B A A5 (Cunningham slip correction factor)
p = 7F=9 AAZAT [g/em—s]

hole?} =3 7o A [em]

n
I

9 Aol A Hiz wpe}l o] Stokes number’t T7FEFE F ko] A
52 1R AAY FYdFEel mETFE YA V1R s e
% WIS WEA7]7] ol¥gu. w3 Stokes numberZH-E A<l
(Cut-off diameter)> A +& 4 Jom, AaAddL Vsikol 2
HEslez VStk7 245 dd 432 AR, Fe5E dd ¢
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Fig. 2.6. Collection mechanism of electrostatic precipitator.
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224, 4A A F

1 x}&+ A S unipolar, ionic-chargingol Al Yx}eAe JaA AH, ==
AzEg AA 24 SR olFolxth (Smith, W. B. and
McDonald, J. R, 1976). 3tx 22 523 o2 /Nds 7|2z tF
Rom §iApel o] 3re] FE TheAdA sHES AAT o] oF

S A A (field charging)¥ &4 (diffusion charging)S s Aol 7l
Abstar kst Aol n = S ARESETE o] o] 2o uEw
StHE2 o5 o] ALlEtt (Ogleshy, S. 1978).
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}sm&d@

dq _ Noebqs( 1)2
dt 4e,
7ra UNe/ p{qe To—a 3CLT(2)—7‘(3)(K+2)+CL3(K—1)]€ECOS(9
471'80]{:Tar0 kTrs(K+2)
Ta UNe a )
2 erp 47r80akT
(2.11)
K_
7] & = = -
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=
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A2 Ask=F [coull
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o A2l F74& [coul/V-ml]

oL
[€)

o] ol % [m?*/V-sec]

2% [K]

el vt A ¢ m]

H}

0

—_
file)

23 -t} (Oglesby, S. 1978)
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v
E 2
N
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——
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=
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22.7. ANRAAFZA Y AR5 E

¢

Az B o8 AA7E sdEE WA HE AR " 9

= = ol sstAl Hed (]FF 5, 1996) o W HxE ¢
2kl B4 E T o] F 4% (migration velocity, W)2kal -t ) x}9)
TYSEE dAel FEet= Pl & AAH=H old Joeme

Fig. 273 %ol 7159 @ Fe /NARAe] oa 9ol npaAae

Collecting electrode

Fe do .s:d

Fig. 2.7. Force acting on the particle.

o714, A7141 3 F Ao AstdF qsk A8 A7 (e
A7) = AAZE) BEo Foz AHoHu}l ueba FAFoA ¢}
Zol A A7 A7IE Eg shd A (157 Folx
o g FRIHANA AR o fJAie] mpRAEGY FE 4

(2.15)3} 2t}
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Fy=3mp,dw, (2.17)
A2A W Ae o BEHEE Te% ol AAel 4851 W) 3

F, =F, (2.18)

gk, = 3mpdw, (2.19)

9] Aol A Yate] olE&T w o i Aelstd 2(2.18)% 2t}

w, = 7 (2.20)

A7 RAGFA Y] o] 248 HAEE ne= oA 7HA A 93] AEH
ok 22200 AXAEE AE Al F2 AFEE AL 9lE Deutsch-Anderson
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(2.21)
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2.3.2. #4%E (Inertial impaction)

(droplet), 4% (liquid film)¥} =] ¢} 2
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Fig. 2.9. Inertial impaction.
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2.3.3. 428 (Diffusion)
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Tabel. 2.1. Diffusion coefficient according to particle size (Parker C., 1995)

Diffusion coefficient D(cm'/sec)
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11.8 X102

Particle size d, (ym)

0.5
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Fig. 2.10. Diffusion.
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Mass fraction of particies

Log d,

Fig. 2.11. Log-normal distribution.
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Fig. 2.15. Collection mechanism of

multi-staged porous plate system.
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G, = —puu—7r* (3.6)

(3.7)

C,, Cpn, Cyp, 0, 2 0,2 B 552N AF gozs A 4
7 (grid turbulence) ¥ Ad W7/ T 71z A3 dolgd o AzA
FHH 1 = oS Table 319 g5+ A3t (Launder B. E. and
Spalding D. B. ; 1979).

Table 3.1. Values of turbulent coefficients

C Ci. G,y

n e

0.09 1.44 1.92 1.0 1.3
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Fig. 3.2. Particle trajectory of multi-layered multi-staged porous plate (d,=0.1um).

Fig. 3.3. Particle trajectory of multi-layered multi-staged porous plate (d,=10 pm).
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IV. Lab scale 3 AlxH

41. A7 5 dd A3 A"

4.1.1. 23%x

AT g 48N A4S AEW B9 $37), B2 F
T4, AW FFFA, AS, A7) B3 g AR A2 F9F
£ 9 el 5 34T + Qe ASALHUOE o FofA Utk #

l SAstlen, dHELY] Ay Ad =4 A (midi LOGGER

GL800, GRAPHTEC, accuracy *0.25%)%& °¢]&3] ZA3ch I a &
A% AR Q2PN AR @ A FEUL osd ZAaAn
(Yoa and Kim, 2013).
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Fig. 4.1. Schematic diagram of experimental apparatus.



(a) A 3-dimensional view of the system
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Fig. 4.2. Schematic diagram of electrostatic multi-staged

multi-layered impaction system.
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4.1.1.1. S8 oES T4

Fig. 43¢ #94% o34 ZdolEott ZYolEE 1 mm F4A9 -~
g QA= A7)+ 135x170 mmelt}. Fig. 44 24 o5 v o34
ZYolES FA H wjdoelt} FHFHE 1, 2, 3, 4, 5 staged T =

dolEoln 1 stager @&, 2 stager EF, 3~5 stag

(@)

rr
dz
ol
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frt
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Fig. 4.3. Configuration of inlet porous plate.
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Fig. 4.5. Front and side view of 1 stage.

_56_



Side view

00000000 |
O000000I |
00000000 |
00000000 |

|
|
|
|
|
L

1stage 2 stage
(sngle) (double)

Fig. 4.6. Front and side view of 2 stage.

Fig. 45~4.69 745 1~2 staged AWE<e} FHEo|t) 1 stageo] 7
T tube®] ZHol= 11 mmeolH FHoEE 7|Fo®E ¢o=E 3 mm, F=
7 mmyF Yo} St} 2 stage® A-F tubee] Zo]E 32 mmeo|H do =
4 mm, 9% 7 mmEF Yo Avk 3~5 staged] FEI= tube’} A 1A
a2 wixEo] 9lom tubezte] +E % Aol= 2 stageet LA A
Al E A

_57_



o] 7HA FEi7F AR E L Y (Lee and
Kim, 1997). & dFoA 2189 #Wd=52 A7 1 mm, Z2°] 140 mm<!
wire WA= (Fig. 47-a), YAIEHS A7 5 mm, Zo] 140 mm<¢!
screwed ¥ = (Fig. 47-Db), 7}= 2 mm, ¥7 1 mm, Z°] 165 mmel
7VAAe] 7F WESH(7F2 6 mm) sharp edge WA= (Fig. 47 -c)o& &

37HA T e wAd=s AREsklh

-

-+

-

(a) Wire (b) Screwed (c) Sharp edge

Fig. 4.7. Shape of discharge electrode.
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A B2 H stgddoa AFHS fly ashE AFEsSlTh Fig.
488 AEEIL=A7] (Beckman Coulter LS 13 320)= AF-&3te] E39

YALEE ZHT Zolth B AWML 0375~800 pm WIS 7

Cho, 1996).
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Fig. 4.8. Size distribution of dust.
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4.1.2. 2349

Table. 41 ThgA Zoo|E9] twbed Edots §43 Axd §3)
gao @ Folth FURE (v,=276, 346, 415 m/s)S 16742 W7
10 &< 12 mm?l tube®d &H3t+= F5% (v,=12, 15, 18 m/s) &S 4
ek F, olet FA A - %o WA 100 mmel s FHEE FEFel 2
b4 Mo FEH& FUREOR AHEHTH
Table 42+ & A3 g =S Q°Fg Aotk
Table 4.1. Inlet velocity and tube velocity with tube diameter
Tube diameter Tube velocity Flow rate Inlet velocity
(mm) (m/s) (m’/min) (m/s)
12 0.90 1.30 1.92 2.76
10 12 15 1.13 1.63 2.40 3.46
18 1.36 1.95 2.88 4.15
Table 4.2. Experimental conditions
Description Condition
Particle fly ash
Tube velocity (m/s) 12, 15, 18
Tube diameter (mm) 10, 12
Stage number 1, 2, 3, 4, 5, 1+5
Shape of discharge electrode wire, screwed, sharp edge
Applied voltage (kV) 20, 30, 40
Inlet concentration (g/m”) 1,35
Operating time (min) 4
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41.2.1. HEL A

kv

A7) oE ek A Al 2" A Z} stageo] AX s = gEE

2~dl 548 Hrtsty] g8 JHasd gEo AAe Fas <
74 Ak 2 Al zElo A gEEAed JFgE vAE F8 HFEE hole
S F4(tube B HF25), hole EolA plate7}A] 2] A, platezt A 2
stage = T°] Art olE W X3t uwE ¢gEE

4= At} (Parker, 1995).

A A
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A7|M, P, 2 P, & 7247 plate A9H 2 FRoAo 4 pe=
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+ platezt A E o v g

B AT E 27 b5 g S8 A2"e gEEL 545 A
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_62_



4.1.2.2. 3

o ¢

Al
o

Kol
=

o
%

ofp
oy

(4.2)

min - mout %100
min

n, (%)=

et (Yoa and Jang, 2014). ¥ A 2~ &l of A

S
=

el 5 E(g)

)

% (tube BF%), EA| stage F 59

o
T

o

= "AY

|

“%
B
e

s

~

il

o

oF
&

)

ol A stage

iy

{

Al

T

53

B

—

0

7

_&O

ATollME A7 o

.

w
Ho

_63_



A EA

= 9
—

(7}) Stage %, #4%% Asto o

ﬁo

el

wjr

=K

ol
Ho

il

4

_64_



(1) Tube #7 12mm

Fig. 49+ tube #7 12mm, ¥4 1~5 stagedl Al FL+5 o,
346, 415 m/s (tube &< v, = 12, 15, 18 m/s)oll A & S %S
Yebdn & 7F 1014 570 Wskgtell whet v, = 276 m/sollA 12, 25,
40, 53, 66 mMmILO, v, = 346 m/sel Al 19, 40, 63, 83, 103 mmILO v,, -
415 m/sell A 28, 58, 91, 120, 148 mmHO= YHEFYE

160
® 1 stage L
140 O 2 stage
v 3stage
& 4 stage
—_ - A
@) 120 m 5 stage
o
g
E 100} -
E v
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S 80} =
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o ]
—
v
= 60 | ) o
@ a
o
O a0 v o
o ®
20 ®
£
0 'l | 1
2.76 3.46 4.15

Inlet velocity (m/s)

Fig. 4.9. pressure drop with stage number and inlet velocity

(tube diameter = 12mm).
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(2) Tube 27 10mm

Fig. 410 tube 27 10mm, EA 1~5 stagedl A F+YH+% v, = 1.92,

240, 283 m/s (FESIHF5 v, = 12, 15, 18 m/s)ollA] &2

B\

3%k
S yeldth Stage 7 1914 57b#] wWslgkel] whe)l v, = 1.92 m/solA
13, 27, 44, 54, 70 mmH:0O, v, = 240 m/selA 20, 42, 69, 86, 111
MmO, v, = 288 m/selAl 30, 61, 99, 124, 160 mmH.0% }elyich
stage & 7kl wel & Skl o3 dEEA SIS HS AAE
H, =4 stageollA tHEAES A QDo oal 5o Aol Bl#H A

Fhe ¢+ 9

J»

180
160 L ® 1 stage -
© 2 stage
w 3 stage
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o, m 5 stage R
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E 80 |
- - ¥
L o
§ 60 s
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20 | [ ]
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D +s A 'S
1.92 2.40 288
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Fig. 4.10. pressure drop with stage number and inlet velocity

(tube diameter = 10mm).
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Fig. 4.16. Characteristics of voltage-current with inlet velocity

(screwed discharge electrode, with inlet porous plate).
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Fig. 4.21. Collection efficiency with inlet velocity and stage number

(tube diameter = 12mm, inlet concentration 3g/m3).
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Fig. 4.22. Collection efficiency with inlet velocity and stage number
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Fig. 4.23. Collection efficiency with inlet velocity and stage number

(tube diameter = 12mm, inlet dust concentration 3g/m3).

_80_



2

1=}
40, 2.88 m/sell Al 94.2, 96.9, 97.4%° E&S YHEHH. F4F OF
EdlolE AXg 49 948, 975, 982%°] HXEES YEFHTH

(2) Tube A7 10 mm

o]

THEF veAd ZHClEVE AAHA FL A5, FdTE v,=1.92

100

I S stage
[~ 5 stage + Inlet porous plate

98 -

96 |-

94 |

Collection efficiency (%)

92

90 1 1 1
1.92 2.40 288

Inlet velocity (m/s)

Fig. 4.24. Collection efficiency with inlet velocity and stage number

(tube diameter = 10mm, inlet dust concentration 3g/m3).
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Fig. 4.26. Collection efficiency with inlet velocity and applied voltage

(sharp edge discharge electrode, inlet dust concentration 3 g/m3).
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Fig. 4.27. Collection efficiency with inlet velocity and applied voltage

(sharp edge discharge electrode, inlet dust concentration 3 g/m3).
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Fig. 4.28. Collection efficiency with applied voltage and inlet porous plate (sharp

edge discharge electrode, vi»=3.46 m/s, inlet dust concentration 3 g/mS).
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Fig. 4.29. Collection efficiency with applied voltage and inlet porous plate (sharp

edge discharge electrode, vin=2.40m/s, inlet dust concentration 3 g/m3).
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Fig. 4.31. Comparison of collection efficiency with applied voltage and
discharge electrode position (5 stage, with inlet porous plate, sharp edge
electrode, tube diameter=12mm, inlet velocity 3.46 m/s, inlet dust

concentration 3 g/m3).
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Fig. 4.32. Schematic diagram of experimental apparatus for multi-staged

multi-layered impaction system of mixed dry and wet type.
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mixed dry and wet type.
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T R el ASFH 1, 2, 5, 4, 5 stage®] vt EdlolECIH 1
stage®= W3, 2 stageT 53, 3~5 stages HS 71X =Z black holed}
tube A7} WAEHE=E FASAT. 5FY Ae HTTxo AYE
tubeE WAL} XS black boxtol Z3|A W 7|FE g ¢
out-flow holes &3l wxi}o} o}ef o] tubes &3] ts stage® ©|F

SHA Ho ZYolEE 28 AEE FAE 1 mm, 27]F 250x210 mm

Lo

o]t} Tubetr 9174 15 mm, W7 12 mm, black hole?] 2742 15 mmeo]
H stage?t A#E 10 mm, 5% (2~5 stage)S Z#|o]E Alo] 7HZA o]

20 mm©o] t}.

135

Q}@“@@
®®@®

170

x\

Fig. 4.34. Configuration of inlet porous plate.
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Fig. 4.35. Configuration and arrangement of porous plate.

Fig. 4.36~382] 4% 1~3 stage®] AW E<} =W rolt} 1 staged] 7
F tubed] Zol= 11 mmeolH FHOJEE 7|Fo® doF 3 mm, H=E
7 mmWF Yo} St} 2 stage® A-$ tubee] Zo]E 43 mmeolw Yo =
4 mm, F% 17 mm75 Yo Atk 17 mm T 6 mmE 3 stage WH-ol
AAE ). 3, 4 stagee] A$ 2 stage®t #E tube ZAolE 7pXth 5
staget= YA stageo] 22 32 mm Zolo tubeZE o] &3] do 4

mm, 92 6 mmyE U9 At
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Side view

==

Fig. 4.36. Front and side view of 1 stage.

e |

O000O00OO0I0
Q0000000
O00000O0I0
O000000I0

Fig. 4.37. Front and side view of 2 stage.

Side view
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Fig. 4.38. Front and side view of 3, 4, 5 stage.
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4212. FHE& AA7t~ =47 (Portable Flue Gas Analyzer,
E8500)

b ZAo Algd FA& A&7t~ =AH7](Portable Flue Gas
Analyzer, E8500)= W4 Thermoelectric Chiller W&, A& =9 Hx

W ARFLR afs SEEY BE AR

o

0,, CO, NO, NOy,
AHSATELE NO, SO, H,S, COy, CxHy, CO7F hom 2 Ajdol] AHE
sk 50,9 SAEE HS T 0~4000 ppmelt o] 7|71E HES 4G9

ZFo|A] AAFO R Tt EEE =439 T)
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4.2.2. 2349

Table. 432 t&4 ZHo)E9 tubeE F33le= &3 Al2d 9
Fol hE Folth FUF4(v,,=2.07, 276, 346 m/s) 16702 W7
12 mm?!l W7 12 mm<! tubeE F¥3st= F5 (v,=9, 12, 15 m/s) #%
;oo A A - Fo] A 100 mmel #S THste

e

oz Agd

Table 4.3. Inlet velocity and tube velocity with tube diameter

Tube diameter Tube velocity Flow rate Inlet velocity
(mm) (m/s) (m’/min) (m/s)
9 0.98 2.07
12 12 1.30 2.76
15 1.63 3.46

Table 4.4. Experimental conditions

Description Condition
Particle fly ash
Tube velocity (m/s) 9, 12, 15
Tube diameter (mm) 12
Stage number 1, 2, 3,4, 5, 1+5
Shape of discharge electrode sharp edge
Applied voltage (kV) 20, 30, 40
Inlet concentration (g/m3) 1, 3,5
Gas SOz, NOz
Gas inlet concentration (ppm) 30
water spray (mL/min) 150, 300
Operating time (min) 4
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(7} SO; AAAZE 57

50, +2NH,0H — (NH,),S0, + H,O
(NH,),50, + SO, + H,0 — 2NH,HSO,
NH,HSO, + NH, — (NH,),SO,

SO¢F NH/OHS &= H]E 16, 1:4, 1:28 Z43}4

(W4) NO; AlARE =4

6NO, + 8NH,OH—TN, +20H,0

NO:9} NH/OH®] & H]& 1:4, 38, 3142 ZH3std]

- 100 -

Al S

=

Ald o
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423. 23 ¢ 13

4.231. ¥ EL EA

Fig. 4.39%= A 1~5 stage, 5 stageo] F5F t&A ZdolEVF AX

A FdRE v, = 207, 2776, 346 m/s (tube T v, = 9, 12, 15
m/s)ol A FEEA SAGES YERdT & #7164 5742 W] w
2 v, = 2.07 m/sellA 11, 18, 25, 38, 42 mmH:0, v, = 2.76 m/s°lA] 12,

25, 43, 54, 70 mmH.0, v;, = 3.46 m/s°lA] 19, 40, 65, 85, 109 mmH0=

deph @ 5 Skl W f9055 @ qHEEd FRE 68
A e, B stagedl A SFEIEALS A @D 98] f2l Aol e
A4 F7HHe o 5 Atk KUY OEA Feols AR Al v, = 207,

2.76, 3.46 m/sel Al 58, 97, 148 mmH,0°] ¢F=&E4S e

160 |-
—@&@—— 5 stage + Inlet porous plate
140 o 5 stage /.
[ | ——w—— 4stage
— - —f— .- 3stage /
. qzo k| — ™ — 2 stage _//
(@] — 1 stage
™ : / o
T =
(= 100
= e
=9 =
-
g oof o -
@ — o - A
5 — — —_
3 &0 | .// ) _,--”'_J Q=
@ v B
o e —
B = LA e o
w0 §- e ____,__——-
P o g
- ———— " Y : ;|
0-—_—————————— = — T
0 ; i
2.07 2.76 3.46

Inlet velocity(m/s)

Fig. 4.39. Pressure drop with inlet velocity and stage number.
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Fig. 4402 5 stagedlX & ®BAIES A &2 dry typed} & A}
(water spray) 300 mL/min®] ¢#H<EAS vlwsk a9 o|th dry type<]

A5 TS v, = 207, 276, 346 m/sollA &4 42, 70, 109

120

T ey ype —
[ water spray

100} -

80

ol

40

Pressure drop(mmH-0)

2.07 2.76 3.46

Inlet velocity(m/s)

Fig. 4.40. Comparison of pressure drop with water spray and inlet velocity

(5 stage, water spray = 300 mL/min).

- 102 -



4232 A4} o dEde YAEE 54
(7)) B3 stage &, Q45 Aol B YW S 54

Fig. 4412 = ZA7F 8l 4%, Al=" 79
e 2 Aage] AlEgs 5S4s ek Aotk wdwE v, = 207
2.76, 346 m/s (FEEI 7% v, = 9, 12, 15 m/s)°lA 1 stage®] 74

76.0, 773, 78.1%, 5 stage®] -9 912, 925, 93.0%< &&S YERIAT
FAfEo] kAN QAA Tk Fo L GFFEC % i Ak

S37F A7 EA AR EE2 Attt (Yoa, 2004).

100

85 |-

90

a5 |-

80 |-

Collection efficiency (%)

—&— 207 m/s
75 (@] 276 m/s
—w— 346 m/s

70

1 2 3 4 5
Stage number

Fig. 4.41. Collection efficiency with inlet velocity and stage number

(inlet concentration =3 g/m3).
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Fig. 442+ &
AA Aol mE JREs 545 vEd Aot i wE v, = 207,
2.76, 346 m/sollA Y v FHlolEE AASHA ¥ A 912
925, 93.0% Ui ved SHUCIES AAT 45 922, 935, 945%2]
1E AA] A 0.8~1.5%9 JX &

U Ty FeolEe] % F7hH dAA

=
o
o
o
i
o
=
32
=
Ho
s
4z
v
of{
oX,
e
Y
o

S~

100
N 5 stage
[ 5 stage + inlet porous plate
—_ 85
=
= R
o e
=
o —
8
590 F
=
2
i3]
2
©
(&} 85 |-
80 ;

2.07 2.76 3.46

Inlet velocity (m/s)

Fig. 4.42. Collection efficiency with inlet velocity and inlet porous plate (inlet

concentration =3 g/m3).
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Fig. 443 5 stageol Al F94+E 2 =AM wE JE&S e
W Rol o

water spray = 150 mL/min®| 4 #4435 v, = 2.07, 2.76, 3.46 m/s
ol R E&&S 993, 94, 996%, = wAFF 300 mL/min® 749 994,
99.6, 99.8%°] X EE&S YERATE dry typed -5
of wat 1.8%° FHEE F7HE YHERE wHel = BARF 300

mL/min 9] 39 o] /bl wek 04%<] A aE& S7FE HER
o=

105

N o water spray
102 3 water spray (150 mL/min)
e water spray (300 mL/min)

99 |- = ] [F A
96 |-
93 |-
90 -
87 |-

2.07 2.76 3.46

Collection efficiency (%)

Inlet velocity (m/s)

Fig. 4.43. Collection efficiency with inlet velocity and water spray

(5 stage, inlet concentration =3 g/m3).
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() Fdes=d B JFJae 54

, FdEE7E S7hgel whet

300 mL/min® - 0.3%<]

[\
1
X
Lo
i
)
fols
o
s
ol\
N
N
1%
=2
'z
o,
i
Mo
>~
el
ol Jo

W ol AAY] oty & A 300 mL/min 74-F-, A4l Hla] 4

105
EN no water spray
[ water spray (300 mL/min)
100 - = —
=
= =
5 95
2
=
w
=
2 90}
2
(:
85 -
8“ 1 1 1
1 3 5

Inlet concentration (gf’ml}

Fig. 4.44. Comparison of collection efficiency with water spray and inlet

concentration (5 stage).
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(v S £ AFA7H e JJEE 54

(FdF &4 SdolE X A

Fig. 445 E2A7 ¢le A S, 5 stage, sharp edge WA=, 945 ot
A ZYolEV A, FYRSE E A7FAde e I EES JER

T zolth 917 At 0 kVe A¢ FAvE v, = 207, 2.76, 3.46 m/sol
2920, 925, 945%, 2A7F A4 20 kVel AF 959, 96.5, 98.2%, <17} A
30kVe] A-F 969, 97.2, 9.1%2 FHR&FE&S YERAT

100
. O KV
[T 20 kV
gg | | IEEE 30 kV =
<
E—- =
& 96 -
2
=
)
=
L g4t
(%]
@
=l
[45]
g2 | I
90

2.07 2.76 3.48

Inlet velocity (m/s)

Fig. 4.45. Comparison of collection efficiency with inlet velocity and applied

voltage (inlet porous plate, 5 stage, inlet concentration =3 g/m3)

- 107 -



(B E2AF 2 AdA7M e FEE 5

(FdF &4 SdolE X A

3

Fig. 446< 5 stage, v;, = 346 m/sollA] Z2AF 2 Htelztel & A

AEge Mg ezl

105

100

95

Collection efficiency (%)

90

85

= A} 150 mL/min, 9 4%
30 kVol wz} 99.8, 99.9%, = wAFZF 300 mL/min® 7%
30 kvl wal 99.8, 99.9%¢] & &S e

N o water spray

1 water spray = 150 mL/min
B water spray = 300 mL/min

20
Applied voltage (kV)

30

Fig. 4.46. Comparison of collection efficiency with water spray and applied

voltage (5 stage, v;,= 3.46 m/s, inlet concentration =3 g/m’).
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4.233. 7t LdE4Y AARE A

(7}) SO, 7}~ AASEE EA

(1) BRAF) B8 AALE 54

Fig. 4472 5 stage, 74T v, = 207 m/sellA & A o &

SO AAREES YEH Zolth & #AFF 150, 300 mL/minell A SOz Al

AEE&L 747 50, 63.3% % & A F7lo] wet o 7bxn7F A XH

>,
o
¥
£

|
L

N
1o,
m
b
=)

2]
o,
ol\

7t2 AA ZE2 Fsdn

65 |

60

50

SOZ removal efficiency (%)
th
I
T

45

40

150 300

Water spray (mL/min)

Fig. 4.47. SO, removal efficiency with water spray (5 stage, v;,=2.76 m/s).
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‘:o[r
o
A

g

80

60

SOZ removal efficiency (%)

55

2.07 2.76 3.40

Inlet velocity (m/s)

Fig. 4.48. SO, removal efficiency with inlet velocity
(5 stage, water spray = 300 mL/min).

- 110 -



(3) NHsOH At&ol W& AAEE 54

Fig. 449& SO.¢ NH,OH®| = Hlo] W& SO, AAE&S YEH Ho
o} 5 stage, EFAFF 300 mL/min, FY9-F% v, = 2.07 m/sl A NH.OH
o] FZo we} SO0t & HE xdste] A4S S SOt
NH,OH® = H|7} 1:6, 1:4, 1:2 o w 2+2F 80, 76.7, 73.7%°] AAZ &S
LER ST

2 (4.4)9] Whg-Ae] whgl SO,eF NHLOHE 1:29] 12 ¥kg-tr}, 814

Tool2H whg o] mE & ek g A4 wg Al SO.% NHOHZF A
FHoR W £ glv] W] NHOHE A wgule] s)date &
o #FoE FPLEH SO AARE] TFE & 5 Urh
85
80
% 7S
g
E 70 |
Z
%ﬂ
65 |-
60

1/6 1/4 1/2
Mole ratio (SOsz H4OH}

Fig. 4.49. SO, removal efficiency with SO/NH4OH mole ratio
(5 stage, NH,OH(aq) spray = 300 mL/min, v;,=2.07 m/s).

- 111 -



(7h) NO; 7t AAEZE 54
(1) ERALZY & AAZE 54

Fig. 4502 5 stage, 4% v, = 207 m/sellA & FAF] w2
NO; AA&Z&S vepd ety & EAFF 150, 300 mL/minol| A NO, A
AL &L 77F 350, 56.7% =2 & FAFEFS] St wEl of-7hu]7E AX
5l

A B slae] HAEwWA =72 A4 aee AEsag)

60 |

I
o
T

NO, removal efficiency (%)
8

150

Water spray (mL/min)

Fig. 4.50. NO, removal efficiency with water spray (5 stage, v;,=2.07 m/s).
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Fig. 4508 <o wE NO, AAEZES vebd Aolt} 5 stage,
2 BAF 300 mL/min, §916% v, = 207, 2.76, 346 m/solAl NO, A
AREEL 567, 500, 400 % = Yol S7rstel wek NO, AAZE
of fFasteE AL & & ATk ol FESUA g A-rpaue] A
(A ] a)eh Al=" o] AFAILT F, 72 F5od e JEATS

50

NO, removal efficiency (%)

40 |

30

2.07 2.76 3.46

Inlet velocity (m/s)

Fig. 4.50. NO, removal efficiency with inlet velocity
(5 stage, water spray = 300 mL/min).
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(3) NHsOH At&ol W& AAEE 54

Fig. 451 NO:¢} NH,OH?| & H]o] m& NO, AAE&S e 3]
o} A 300 mL/mine 2 TY9s Fxoln NH,OH® Fikol uhel
NOz9te] & vg zdste] 43S F339th NO.2 NH,OHe & H|7}
1:4, 3:8, 34 4 o z+z} 70.0, 66.7, 60.0%] AAFE LS VeI T

2] (45) W&ol wal NO.$F NH,OHE 349 & H & uk3-3it}, 8}~
gk o] EA Hbg2le] mE Ex|ek= dE] AA wE Al NO9F NHL.OH7}

BEFHom g F g7l WEol NHOHE #AFo 2 FYTFF NO;

75
70 -

3

z

=

] 65 -

=

=

o

=

2

E 60

g

~4

=

=
55 F
50

1/4 3/8 3/4
Mole ratio (S()sz H4DH)

Fig. 4.51. NO; removal efficiency with NO»/NH4OH mole ratio
(5 stage, NH,OH(aq) spray = 300 mL/min, v,,=2.07 m/s).
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3.

water spray = 150 mL/min® 2% #4#<% v, = 2.07, 2.76, 3.46 m/s
oA HAZTEL 99.3, 994, 99.6%, water spray = 300 mL/mine| 7%
99.4, 99.6, 99.8%°] I &EE&S YEFATE dry typed A% FHFrEol
Z7vste] whet 1.8%¢ HAEE Z7FE UeRgE wrdo] water spray
= 300 mL/min ¢ 4% %ol Sl w2k 04%¢ JAaE S7HE
Uetdlth ol §4 Aladle Be B3 FHAAAR qH oF mA
w3 FHow <l YAl Ax &

of Uehl: dxow o,

4. 5 stage, v, = 346 m/slA FYE%E 1,3 5 g/m’ o]l }E IHNESS

Alagk e Zoltt Dry type®l A%, fUs =7 S7Fgel wEk 2.5%
o] Hxl&EFo] F7reol whsll & #AFEF 300 mL/min®] - 0.3%9
AXNEZE 715 BAY ol dry typeol A, dA v=7F SUkshd

A AR FER AR SHERTE SUEH, o= Qldl ATl
w2 g Hol A7 "otk & #AFE 300 mL/min 4%, dry type
of e} Fhom e oN-spxulo] o&] wA AH} YAzt L
2H7F 58t Aol o3 s oF3pA 7] 7] wiEoltt

SR @l A9, 5 stage, sharp edge 3

E7b A, §94% 2 QA mE FREEES A7 AY 0 kv
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A FAFE v, = 207, 276, 346 m/sel A 92.0, 925, 945%, 917k 7
20 KV A% 959, 965, 982%, <17F Ak 30kVel A4 969, 97.2,
9.1%°] FEE&S HERIHL

5 stage, v, = 346 m/selA =&AF 2 AGSATT WE HAEELS
E BAF 150 mL/min, 9 74-¢ A7kt 20, 30 kVell wel 99.8, 99.9%,
TAFE 300 mL/min®] 74-%- 17k 20, 30 kVell wat 99.8, 99.9%

45 8S e,

i

Lo

E A & SO, AIAEEL 5 stage, TUFE v, = 2.07, 276,
3.46 m/s, = wAFF 150, 300 mL/min®l Al 50, 63.3% =% & FAFHS] <
Zhell whel -7 au|7E AXHA Fgdy shae] HEWA O SR

AA Z&ES st

. TS WE SO, AAEELS Sstage, THTSE v, = 207, 276,

é

sellAl SOz AA&ZES 70, 633, 56.7 %= Aol F7hgkel

. SOx¢F NHILOH®] & vlo] we SO, AALELS 5 stage, & A 300
mL/min, 4944 v, = 207904 SO.¢F NHLOH® £ ul7} 1:6, 14,

1:2 2 W ZH7} 80, 76.7, 73.7%9] AAEE

Al SO2¢F NH,OH7E Aoz vbga o gl7] vl SO.¢F NH,OH
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S7tE A 2E&2 Aedh
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V. Pilot ¥ Real scale I RA Al 2 €

5.1. Pilot scale (50 CMM) Az A| 2=

50 CMM ‘ 3 —
Feeder| | M5
| 7 Sampling
s S — = | ESP | Water Multi-layered | X Train
: I Ve Unit
| spray |Multi-staged| |/ :
M-5 Porous
Sampling Plate Lo
Train
Unit

Fig. 5.1. Schematic diagram of experimental apparatus.
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5111 &A 71 A

o AZAAR FdRE= WA 0672 meZ A 4F 50 CMMY o)
A7l AAE FY+52 1.24 m/s ot}

OQutlet “‘ \ N
" & I
i &
TOO
% X Iy
~140=
o5 | ||l et |
1850 490 g 9 a ‘ ——— MLt~ layered
/ ( / kAUlti—staged
porous plate
190 = A0
o0
| ~~—nlet porous plate
R | Lasod & B
400 ) & o] G
QN““‘HDischarge
I 2 I electrode
~140 Collecting
electrode
200 I W W
Inlet

Fig. 5.2. Sketch of 50 CMM (Top view).
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Fig. 5.3. Sketch of 50 CMM (Side view).
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Fig. 54+ F45F o34 ZdolEe 7|z
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Fig. 5.9. Drawing of porous plate. (50 CMM, 5 stage)
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Fig. 5.10. Multi-staged multi-layered impaction system
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Fig. 5.12. Feeder (ROVO Feeder).

5.1.1.3. 3&FLFZA
(Cateco Method 5 Sampling Train, CleanAir, USA)

Fig. 5.13. Cateco Method 5 Sampling Train (CleanAir, USA)
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Table. 5. 2. Particle distribution and collection efficiency (Pilot scale, S50C MM)

inlet Y4E T FJH THIE HAId A (m) - 2561
o | 030- | 040- | 050~ | 065~ | 080- 1.0- 16- 20~ 30- 40~ 50~ 75 100~ 150~ <200
ML 0,40 050 06 080 10 16 20 30 40 50 75 100 150 20.0 :
rg | 904.73 | 14784 | 1801.1 | 2110.6 | 4298.2 | 6369.4 | 20033. | 29244. | 5913.5 | 4885.2 | 2793.3 | 96.812 | 75.676 0 0
Outlet 74 ¥ T FEHE TE71= 794 (m) 2.334
o] 030- 1 040- | 050~ | 065~ | 080~ [ 10-1 16- 20- 30~ 40~ 50~ 75 100~ 150~ <00
M 0.40 050 06 0.8 10 6 20 30 40 50 75 100 150 20.0 :
rg | 56.015 | 59.420 | 106.29 | 82.302 | 83538 | 81.179 | 61.897 | 32.986 | 4.8490 | 6.1072 | 11.504 | 49107 | 14.317 | 44.898 0
Total

Collection efficiency

of PM 25 (%) : 99.15

Collection efficiency
of PM 10 (%) : 99.19

collection efficiency

(%)

1 99.24
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Fig. 5.15. Schematic diagram of experimental apparatus.
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Fig. 5.16. Drawing of real scale

(Top view).

- 135 -



00—

e Yt

:

ey
LIRS Tev v

oo e
]

Fig. 5.17. Drawing of real scale (Side view).
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Fig. 5.19. Electrostatic multi-layered multi-staged impaction system of mixed dry and wet type
(Real scale, 800 CMM).
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Fig. 5.20. Drawing of Real scale porous plate (1 stage).
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Fig. 5.21. Drawing of Real scale porous plate (2 stage).
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Fig. 5.22. Drawing of Real scale porous plate (3 stage).
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Fig. 5.23. Drawing of Real scale porous plate (4 stage).
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Fig. 5.24. Drawing of Real scale porous plate (5 stage).
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thy ZHolEY 4 set & 1 setd tube XA HixEwo|th kA AW

StAd vke} o] Lab scale % A|2=®l3 FAU3 tube &35, tube
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Fig. 5.25. Drawing of Real scale porous plate (1 stage, arrangement).
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Fig. 5.26. Drawing of Real scale porous plate (2 stage, arrangement).
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Fig. 5.30. Real scale porous plate (assembly).
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Fig. 530> Real scale (800CMM+=) % A|2=gle] wbd=olth & 15
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Ho
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Fig. 5.31. Discharge electrode (Real scale, 800 CMM).
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Fig. 5.32. Electrostatic section (Real scale, 800 CMM).
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Fig. 5.33. Multi-layered multi-staged porous plate and water spray system (Real
scale, 800 CMM)
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Fig. 5.34. Electrostatic multi-layered multi-staged impaction system of mixed dry and wet type
(Real scale, 800 CMM).
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7B 3A] A2014-9%, 2014.1.24,

re
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fueil
rlo
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N
to
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(1
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>
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N,
FN

AR Q)] Aol wel APstion], AP FFHE 700~800 m’/minO 2

At AEAHAE o g AF o BN FAG) 1087 £heke] A

A s 2Es 4 122 B9 AWEE Ada

523.1. 484 R 7F 53 2%

Table. 5.3. Pressure drop (Real scale, 800 CMM)

Unit Result
1 124.96
Pressure drop 2 mmH->0O 125.13
Average 125.05
$¢] Table 52+% Real scale % Alx®le] Al 72357 CMMe
N oEEAe 24 AvE 28 24 F Ao et
ol21gt A= Lab scale § %1 Al2=¥13} Pilot scale {7 Al =glo] A
FANIE 2 vk e Az 7]E MA Jx 7]l vl e oHEA %
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Table. 5.4. Velocity and flow rate (Real scale, 800 CMM)

) ) Outlet
Unit Inlet velocity ]
velocity
1 109 12.2
Velocity 2 m/sec 11.1 12.0
Average 11.55
Average flow rate m’/min 723.57

?le] Table 532 t&HEH SAH I FAol o] Folxlow 23] 427
of Hygew 72357 CMMe| Agwds 7HS el o= Ag
] 3l 700~800 CMME W3k Aapol),

5232 MEtE T §&

Table. 5.5. Relative humidity with water spray (Real scale, 800CMM)

Water spray unit Relative humidity
O 54
X 55

Table. 54 X 715 5o 2 w7t~ AEses =

— O H-I-= T

o2

s 42

)
fl

f

BE IS S 51%, BEF /FERA B A %2 AH BAE

459

2 7% F99 $4 UF g dA9A Azl 8 demistergle] 439
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52.33. JX&EE

Table. 55+ Real scale {Z Al~"o] g% 72357 CMMol A
Zyzve] A zxe] o HAag s SAAYE YepdYg B ZEAE )
e A Hugoz 99.02%° FAXE&ES YEdth o= Lab ¥

Pilot scale FA Alx="o] ERAL Al ARG E H|&] 08% AL v+
A LS Hol=d Lab % Pilot scale §% A]~®lo] H| & Real scale

A Azdel A g B BAmBol 7ol 7 BaHE oxel A

=

N

74 e A7) wd yYehve ddo® #dE . Real scale [ 1A
2do] & ¥ =547 & Pilot scale F7 Al 2glo] ]3] ZA 74
g olfr= el ARl wheEl Pilot scale JX AlZ2=®lo H|E| Real
scale F 7 A|=®lo] Alx~®E]l W] f&o] A wah wA A o] A
E T3 AFH =2 7beAdel V] "ot = AR At

(20 kV)E 25 H839e A% 9938%% £ JUESS Y

Table. 5.6. Collection efficiency (Real scale, 800 CMM)

Collection
. Inlet dust Outlet dust .
unit . . efficiency
concentration | Concentration
(%)
1 3488.543 45.793 98.69
water
2 7184.829 47.190 99.34
spray
Average - - 99.02
mg/m’
IT control 6694.133 44.204 99.34
water spray
+ 7766.142 48.486 99.38
applied voltage
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