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Abstract

The diesel engine has long been the most energy efficient
powerplant for transportation. Moreover, diesel engines emit extremely
low levels of hydrocarbon and carbon monoxide that do not require
after combustion treatment to comply with current and projected
nitrogen oxides and particulate matter standards.

Traditionally, measures aimed at reducing one of these two exhaust
species have led to increasing the other. This physical characteristics,
which is known as NOx/PM trade-off, remains the subject of an
intense research effort. Diesel engine has low specific fuel consumption
and it also has a little CO and HC emission, while NOx and PM
emission are very much, compared with exhaust emission standards.

However, the limit level is more and more strengthened yearly due
to the importance of environmental protection. So, the optimal
countermeasure for the reduction of NOx and PM emission below limit

level is required.



In the meantime, many advances were achieved in diesel exhaust
after combustion emission control devices technology.

Selective catalytic reduction(SCR), used in the past to reduce NOx
from large industrial installations, is now being developed for
heavy—-duty on-highway diesel engines.

Diesel particulate filters(DPF) which are known for their ability in
reducing PM have previously suffered from regeneration, reliability and
durability problems.

PM can be removed by various filtering processes, but the filter is
blocked relatively fast and needs to be regenerated. The SCR solution,
however, gives problems with storage of the reducing agent. This is of
both inconvenience and safety concern.

An alternative way to access the NOx and PM reduction problem is
to use an plasma reactor. In plasma reactor, electricity supplied from

the vehicle electrical power supply i1s used to reduce NOx and PM.

In this study, an experimental research has been conducted to
reduce NOx and PM emission simultaneously from combustion flue
gases by  application = corona  discharge  type electrostatic
precipitator(ESP). The ESP was located on the exhaust line after
silencer. The operating conditions as inlet parameters taken in this
experiment were corona power input, gas velocity and mist
concentration. It was found that the corona discharge type electrostatic
precipitator could reduce diesel exhaust particles at moderatly

efficiency but appeared to bring slight effect on NOx.



ouy F43 /G drled Al W Asa R WEks A
SR WELS FAGE AAE AT BE LAE $9%2 90
= F9 5 Be dueAe odw l@ﬂ%ﬂl% Bests] Astel AE

— O
ﬁod
=
%0,
o
H
&
H!
2
S~
rlr
o
4]
2

gLsgel A ve= wirizkse] iAlE A

of Wgshs Be w=de ol Ytk %ﬁl AFA MBIk B
CO, NOy, AHFEAPM), SOx 59 FaEZd Age 9As A% A% 2 o

2

2ol digh AFE 283 S3stal gl

OAAZAA wlEEH = NOxE AAaA7)7] SlEiA dax =8 wAsd

FE9 Aol Frkd ol <X A s(engine performance)® A3

TAGZA A NOxZ A A8 Asir|~elo] 7

ANEES THAANZE F A& ¥ ofyet PMS AA| Aol &84 W
E i

A AD 4 Yt 3 sjEA 49 ﬂﬁ‘cﬂﬂoﬂﬁ &%= NOx= o
Jo] AF

of wigtel Al oAl oJste] FH3 ABAH[Eo] tha AT



olA Ze NOx& PM A7 wAAS sidstes M=z HHoes 14
Ae o] & AFVE M Folrh. Moz HA AHYAE JhetH LA
© HEEg=vHnon-thermal plasma)7]&2 <t 9 d SQF AX Zh=o A
gk A 7F Ao gk Eek=nk ¥h3-7](plasma reactor)® AHE 2}
A7] FwadAdA 715 AFEre M Helstal g8 4ot vld Eeb=nt
= AR /A e WHoeE AAE ¢ ded, dAxE 2A

(electron beam irradiation)ol] 2]8F Z3} HA7]#<l WA (electrostatic
discharge)ell oJgk Zoltt. 1 3 ZMA=A AR ZAbe] o3 =
(de-NOx), &3 (de-SOx)Ho] 19801 o] Kawamurasol 2sle] #|ote
ojgf &3tEo] A AEH ALEEHI glom, HS g&o]l F2 fAHE
Mstr] §13 A5-7F 3] Aot al ik o)A Ay oA AR
of oJ& Ful keVe] oUAE 7hEgE AARES YABAA HEE 59 v
ol W dFom mfletar 7| vkzel RAMNA EekzvkE HAA 7 O
ol AAE O 1 OH F¢ 2% dddel o) wj7{7k=e ¥ NOY
SO.& Abstatal ghwuol 5o dzeld oF&F3 vh3-AlA i’iﬂ’%-‘ﬂ 2 R
YA o] AE AVIHAFA & Mdy oA EHste] w7t E AT

= Aotk A L AAAAN LT L XA TS FHket] Lq%roﬂ ofel i

g Aol Hasta 7SR Sl w2 AWl &aF= ARl 3l
o] A& NI EAlel Bup w2 wg3ste rhsAde M = d7H
AR Y-S ol &3 B &

AZ1AJ] 7= dol et oy /A= ERdn ol WAl =
<



layer),
o] glom, o]

in ferroelectric pellet

discharge

Z (partial

s

il

=
<]

=]
=

(surface discharge)

o

=
=

SENE

3T
=

=

DC A

-

T

A=

A WA (silent discharge)

A A Eofe

]

ke
gl

o QU
= NOx A ZFol|

2

} 314}

1o
‘Wwo

o



2.1 Z =Y WA (corona discharge)

v 4 (radioactive

1=1]
=

discharge), #}F¢]4 E-A}(ultraviolet radiation), £Z(flame)

YA F Ak

o
T =

o]

il 7]

9|

A7 Fuo| e

M A 714 5 (breakdown)E €O =A7F =}

w2 o] Hol FrEAY F

e -
E B

3

=
1

o] deulel A%

Ho

= g

A4

Qﬂ)

Fije}

2 e
Akl 717 el 71 g

il

~N
Mo

o]
H

FAN0 AN EE

(jon wind)<&

o] &%

HpZo 2 Lo

N
Mo



=8

Edl

ELELPN
AR A

1 e
B3

o

uhs} 7o)

1

s

7F A7 oz st o] d=F9
Fig. 1A H

2.2 A2 WA (corona generation)

2

2
A

7}
ki3
o]
of uwzh 29

T oo ® TO

electron

s
Bo
Bo

T 3
A+ ¢
A v
A3 Fej = ety
flol e whEbA 22y
CAS)

JJJ i
B = o

1T & tim I
iy

3

positive ion

X N 0
Ldi_ii_&

™ T oo O o B uﬂ_&__éas __.,_...i_._?.{...:.__i__._.__.n.___

L

. —_—
™o Bentn gty o i AW e
&) S

=
=
o
u}
Blue glow

Wow
Ldm o =K o1ir
NOE ) o

Mo om

Fig. 1 Model diagram of corona discharge phenomenon



WA Fele) A A ks Ul 2ASL G ARANE AHEH,
DA M ARARE AP e SEZ oSN BAd FES
SH BAE Fig 1A 2ol goleoz HuM AFAAE sht
& JhaRAsh FES] Be Fol Fol

g oleFbge AA A Fv

oo
(2

rr

-

o o
o

FAAE AN EE o]

(Avalanche dividend)&g} 3t}

==

$1€

2N o
ilf o=@ ] ®
£l - e
’2' £ = CaNCY:) 8
‘% _;‘L' Avalanche dividend

o

Fig. 2 Model diagram of Avalanche dividend

Fig. 2614 wi wish 2ol BT 5 == w4 2049 A4 A
Fule Aol A nEw AR} SFaRAY} FES ] ol eg YA
1% gt £E8 2= @ ASEt S A4 e S6 g A5 29
SAAY FEd waY 1 FEKEAT BoR 23S old) 448 A
FAAY heRAs FES] R4 o2 A S Y WAA A%
Ak 99 nd A3 ES FolRe S PAFS Fako] o)Ba shuA
WATS EASD Qi haRAS SFAA FEHA Hr, o] FEE <



&
&

w2}

(o)

A A (electric field)S

1

T

W) THgol A R A

o

=

d 2} ALER

S
fue

mjn

¥ 9

< FZ24Y

=
=

AN AR

5

ol 5=

A5 77 ]

(inter electrode region)oll ©]Z A

Gt 27 wEe] %
AA7L Tp iAol

4

oF

Jel sk el Swst gobd spew

21

™

Holl F2= o] Fig. 3049 o] &9

o)

o] =3kA1 714

=
=

2}

ojm

TE

e

oA

%%

collecting plate

Ko
T

olFA FAHHE Thiol

W 7k EAR vhE

ol

ol

U

9|

E
=

7FE A

o

=

o]

&}(space charge)’} A

S

S
fe

]

Negative
gas ions

Fig. 3 Model diagram of ionization process

Inter—electrode region

fie)

oj
_50

Sapele] 7



u %

J o)
1__]:]‘0/]

g7 =

= AAol

A ©x

ok
=10

£ 0w
o2 4

Al

B 4o
ﬂ@xﬁqogl
2o O o N UF
= _ W T
% p lod s
JIXO\.X_._vEE
ﬂ_W‘ﬁmﬂw.ﬂ
]Ll .)AO
%@%qoi
oy = Hﬁbb%
EAo] NIk
Lmogauﬂaﬂ% S
7 Ly
@%Ma]g 5 -
w2 s o O 5 o
N {Lﬁﬂ o : 3 EHTWU&
&Lm_% 2 @ = : 18 o %,@ e
NI o_cm A 8 = o &‘QQEM
ﬂﬁ_df%ﬂ ) : 13 ) ﬂ4éa
=2 HOOEATV g 3 Q I N
oaﬂxﬁ_ ) 5 < & kmn_ o]
~ o 5 1o ° o) .
EHE W nr o 2 o B
ﬂl.ﬁoﬂ_.vmﬂ,_iiﬂ@ m o O ﬂl %Wﬂ]ﬂrl
o @L.Lo : 12 s < 35 1A1@|7,A]o_,o1_
]ﬂo _,?_uu < ~ 2 ew o»ﬂﬂ_rmo&o
o Lmi Y i Z 0 B o = <
o T o iw&ﬂ R .mm i Wm]
]]elﬁoq < o X:Lo 0
° %ﬂ;_ o a g ﬂurmq}m
D ! g N ;mgﬂ
i %oaw,fya E o P 425
ad % pe | 8 & o { AR T
_,o_ﬂoﬂ O*PJQ ¥4 a2 ojn iy
Eomﬂm%ww | & g & w ﬂia
po= 0 w P 3 % g g ﬂwﬂﬁoa
:_aﬂiiqk =i BN %
W 17r1_1ﬂo 1& = 8 401 o
Ewromﬂlk@dn < i o 7 ) .Ofur_lt
W%ﬁﬁW%a : . gE %m%ﬂm
o 0 _ " g= y R —
s &wﬂ_ﬂ.% s = ﬁgﬁéﬁﬂ _ S g o % olp X
= v o ol nJ i -y = T D
o = g W ® = ©
£ %EMJ%
2 triil
N u,mmqmum
0 wﬂoJ:
‘M_.OumOOTD :i
X EQEE
EV
)A



s

CAE T L

& =

)

= ol 49

il

efj2faL

¥

)AO

2 TPA]

mjn

el

)AO

°|

7] A

5=

A3}
ARA7) 3 o] 7 3o

|
X
Tp
jze)

Nfo
o

o

71 A AN A A =

A

d

==
3

o]0 Y

=0

[e]

] of 1 a2

AR

S

ARl e] =t



o

o] A Wstel o

s

3 S

il

A

hin

)

T W}

E
==

2) F&n] Wg 3) 7k 79

=
_

WASAA 2o o

o
=

H-3ket rpm

—_
file)

3)

b1 9

= =]
435

X
=

w
in

hin

N

o
G
hin

=0

=39 o] 20mm,

ol
=

Fig. 5%} o] A=
2173 0.1mm<] ~H|¢

1 3}

6-10kV =

ol o
H=

d

A7F%

—_—

i 7t

9|

D/2 mm

$0.1 mm

"L

Stainless steel wi

®

D mm

20 mm

Fig. 5 Schematic diagram of experiment

_10_



600 r

——D1Bmm
2
@ 400 r
5
O
m i |
o
£ 200 r
O
R%
&
0
6 7 8 9 10
Voltage(kV)

Fig. 6 Time averaged current-voltage characteristics

Fig. 694 Ho]xo] Mol F7ie wel whd AFE dizF Hg oz =
7b shitk. 16mm zhFol A oFghe] At Frlelwm mEu dAlEe] A4 F
7F &F9ar, 9.2kVolite]l Aotk

20mm +EelA A%Zvel mE ;i waee] gwbeld 27 9w

_11_



g7l Ad Ay R ojEd Tlzsta & ATE flske] AR ESP
(electrostatic precipitator)ol| A= =37
A 10mm= &ty d=54d9 S53

o
o]+ 80mmeo|t}. 7] whalo g A ¥ ESPE tlAd

rr

r
=
)
ol
2
>
.
ol
ed)
i

Fig. 72 1400rpmoll A HF-stH Aol wE F7|HYAFE SAHste] ]
BAkskar, A7FASQE 7-9kVel A TEFnle] Wl wE =2 R/

1400 | |-=7kV = 8kV — 9kv]
~~ 1200
T : 10ALE < 4
2 S Vi
1000 |
o]
8 800 |
=
=
° 600 |
@
T4}
=
© 400 |
=]
o
B o200 t — N —
=y
0 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6

Equivalence ratio (&)

Fig. 7 Dependence of equivalence ratio for discharge current

_12_



N

3=

Foth Fig. 8ollA Hol%

5]

T
¢

3

EA ol 3

A A

1 7] 2]

-
s

5

=3

=
=

o] ESP

o] Hj7]

7hol| whep 2t

O A=
T o

= >

X X X

M~ 0

L 1 1 1 1 1 1
2 2 2 g2 9 2 g g g o
S © © © © © © © ©
® © & N © © © = &

(yn) Juauno abreyosi(

Reference gas velocity (m/s)

Fig. 8 Dependence of reference gas velocity

for discharge current

24

&71 37FA

2}, @@n] Wiste] wel, 1E]5l RPM ®iste] wE 7hs fel wep 22

oj
s

Lo

_18_



=

[€)

P o] o}

(9

7}

=

o

A

A

2
37 o]

bl o] 2

(S

7}

=

[€)

Siet. whebd, A3

P
T

o

3

[e]

TR T 7 T X T T @aaE%;u%
— =0 ;- iy r
LT iy ° 5T & o™ ™
vl | W n
ol to — ~ b= o1 A o+ il m@ ,_6| ofp
= m7c ﬂ_W ! i oy = o0 T 9 uo ofnl
R S N2 H g E I
o)) oo g T Sz PC.V T W Mﬂ
Y i OE Owa @.l — - X — — < o o K
<2 iof o] ®O Ko B8 < 0 S
D ; ~ XOox o= 2 1T I S S I |
- i~ o X < o o »u A,
-1 A uu =N - HoE @ 1
° N N ™ ®E o 5% T E 3 | -
BTy w9 2 T ®
Wwﬁﬂaﬂ _ <o o F .
W X X HRa, - A ol e
~ BT ) =0 S B N o2 3 N T
o o = wh 3 - o o=
Ne "o o o ™ S s w ) RO
s oo Mo ) TE
o ,_._._. o= ~ RS ES)
SOV S A Tkl T e
=T —_ Ny N7
PerT T X . B o £ Sl
KO X = B =1 o
G -l SRR e G | Y g
~ = © I ~ 3 0 ~
T oo TR T DGR o WA T
Mﬂ X ~ ;ﬂ —_ —_— == =0 X = o v
g n S b F A ~ o) on X
o T % o P N oo T o~
- B LR 0 N o T oo 20X
X~ 5 o < o O o =0 E N < = %o oy
B n g T S I e - R
™ of dp No 2 g5 ol N W o2n = oF 2 = hln
= - =o DI S SC ° ) iy
e < *F oo "En R
N = ol —_ - ) gl 2 % N
o ap L BT M X [ TR B
-~ T G o) T T 5o N oo
P Ky WA oy G B =
.|O_.H ﬂ_A-O \mﬁ ‘.Ol — Z‘.ﬁ ﬂ i ~— N Ov —_ o) LLO @) JvAl_‘_
T om % S mox . B9 =
X o} ~ H o W - 3 e e O =
_ U = om N - = 0 e T
s K7 or ox <O o o\ ad) — oy . Et <
T W oe oW R o3 N e X o

_14_

}.
A}g-5to]

=
=

H (mica)

& 100%100mm<]

S

&) 9l

S

3}



ol i

o
)
[

Al

100mm

4

Mica

%

%

100mm

ol ARgE QU7 A 71 Ad
3o Ao rbelm, YARE
ol mm% 1kV 95 #<tste] 3kVE A7bshalth
200mm
| |
I 1
Charging part Collecting part
1 e
__/ Y Y
A o x -qm"‘""
o - 4
]
=> R S =>
IOOTE//T ::j:__ll,//"-——_H_
—]
8KY JKY
(a)
Charging part Collecting part
Teflon Stainless plate
T I
10mm
L 0.1!'nm
20mm Zo stt;:;nless
P
| agn [
X 100.mm
L40.0mm4—‘\’/ ! 100mm
(b)

Fig. 9 Schematic diagram of ESP

_15_



& depdd. AdZ3A= 718, w9,

=
i)
—
o
rlo
112
s}
o
o,
oX,
1o,
N
uic)
=
it

2 BA7), Z12]al ESP(electrostatic precipitator)

2 F49. duse AFEANA FHd g8 FEAE AR F A ¥

= 60CAA +3T ALR dASA A% o

ESPE E¥sl= 759 WMes Aistetal A& 7t AN dss Ha
o

7] (silencer)E A X3FH ;. Fig. 118 A& =9 ALzl

i

u

Fuel Tank

| Flow

Co, e
HOx =nalyze

*ESP (Electrostatic precipitator)

Fig. 10 Schematic diagram of experimental apparatus

_16_



a) Diesel engine and dynamometer

b) Control panel
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c) High voltage power supply and ESP

d) Corona discharge type precipitator

Fig. 11 Systems for experiment

_18_



3.3.1 71¥ke] A

X

T

A
=

[e)

e

of Algd 7]#e 63

5
T8 A2 Table 17

Table 1 Engine Specification
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MODEL

ND8O0DI

Company(nation)

DAEDONG (Korea)

Type of Engine

Water—-cooled 4 Stroke

Single Cylinder

Diesel Engine

Purpose Agricultural
Combusti
ombustion Direct Injection 4 hole nozzle
Chamber
Displacement
Volume 631 cc
(cc)
Cylinder b
ylinder bore 92 X 95
XStroke(mm)
Continuous
Maximum Power 5.9 / 2200
(kw/rpm)
Compression Ratio 19 1 1
Fuel Injecti
uel Injection 180 bar
Pressure
Fuel Injecti
ue .nJ.ec ion BTDC 22°
Timing
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Ao AFES ARE AlEe] AREA, FFAIE =4 A
frie4 23 Table 29 2t}
Table 2 Properties of test fuel
Parameter Value
Density, 15T 0.836 g/cr
Kinematic Viscosity, 40T 2.75 mt/s
Flash Point 69 C
Sulfur 0.031 W/W %
Water & Resident 0.005 V/V %

Calorific Value(Net)

10,300 kcal/kgf

Carbon Residue 0.08 W/W %
Cetane Index 54
Ash 0.001 W/W %
Nitrogen 40.7 mg/kgf
Carbon 86.6 W/W %
Hydrogen 13.3 W/W %

Stoichiometric Ratio

14.4 kgf/kgf
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3.3.2 =87

713 41 2 58 A AFEE sHAY AY-2 Table 33 2tk A5
AN BEAL FY Ft A7) AFL AdGon, BT AME kef
992 S4E Aol AN H A

Table 3 Dynamometer Specifications
Model D-10A (Japan)
Max Capacity 7.4 kKW
Max Speed 2200 rpm
Max Measuring Torque 49 Nm

3.3.3 w7l 54 A=A

w7lel £4E& NOE T3 ZlEte] HlETtre RS

KANE-MAY 90069 QUINTOX AAEA71¢ Smokeo %S w9z =4

s 4= A+ smoke meterES AFESFSIT)
Zy AZ719] AFES Table 49} Table 59 #t}.

Table 4 QUINTOX Specifications

Measuring Object Range (accuracy)
Oq 0 - 25 % (£0.2)
CO 0 - 4000ppm (£20)
NO 0 - 5000ppm (*5%)
NO2 0 - 800ppm (+£5%)

_21_



Table 5 Smoke Meter Specifications

Model, Company(nation)

P8340, G Cussions (England)

range

0 - 100 %

ofef el ARk el s

= =
Axbela BSPY frwd o mRE shne] 48 ANS,

H, C. O, N, §%

o
2%

 1lkgo] 9AA2T wjo] v Axvbsa , [Nm'le
16
q, = )\q0+0.7(8h+0+?w) (1)
A7IM, N= BVIHLE, g ol& FI|Fo A (2)o] o3te] AtHT
8
q =3-335(8h+—c+s—o) (2)

3

Aol Axbel = 21(1),(2) £9 hEA 0.133, c2A 0.866, o,n,s ¥ w
= 2% o 0.08 AFEESIT
2N

AzznlEol b [kg/kWhrld W kW A AX7t=g Q

) [Nm?/kW-

&, =q,b (3)
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bl ow ezl stk AE F7|TAdA e HIbEeol gle A9
NO, NOz ¢ #ddd th59f 313 whg-2o] F3 wkgo] doju= sog &
A4 g
NO+ N —= N2+ O (D
NO+ O + M — NO;+ M (2)
NO + O3 — NO2 + Oy (3)
NO+ OH + M — HNOs; + M (4)
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4.2 ESPel ©]gt vj7]¢] vf<d(Smoke) A7 A5
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Fig. 14 Comparison of smoke(%) between that of
system off and on at 1000rpm
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Fig. 15 Comparison of smoke(%) between that of
system off and on at 1400rpm
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Fig. 16 Comparison of smoke(%) between that of
system off and on at 1800rpm
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Fig. 17 Collecting plate surface condition
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4.3 Wi7] & Wl e vjd A7 AT
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