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Abstract : The aim in this study is to develop the combined EGR system with a non-thermal plasma reactor for
reducing exhaust emissions and improving fuel economy in turbo intercooler ECU common-rail diesel engines. In this
study, the characteristics of soot, CO and CO, emissions under four kinds of engine loads are experimentally
investigated by using a four-cycle, four-cylinder, direct injection type, water-cooled turbo intercooler ECU common-rail
diesel engine with a combined plasma exhaust gas recirculation(EGR) system operating at three kinds of engine speeds.
The EGR and non-thermal plasma reactor system are used to reduce NOy emissions, and the non-thermal plasma reactor
and turbo intercooler system are used to reduce soot and THC emissions. The plasma system is a flat-to-flat type reactor
operated by a plasma power supply. The fuel is sprayed by pilot and main injections at the variable injection timing
between BTDC 15° and ATDC 1° according to experimental conditions. It is found that soot emissions with increasing
EGR rate are increased, but are decreased as the applied electrical voltage of the non-thermal plasma reactor is elevated
at the same engine speed and load. Results also show that CO and CO; emissions are increased as EGR rate is elevated,
and CO emissions are increased, but CO, emissions are decreased as the applied electrical voltage of the non-thermal
plasma reactor is elevated at the same engine speed and load.

Key words : Combined plasma EGR system(Z#}=w} EGR #}HA| 2 #l), Non-thermal plasma reactor(¥] & Z-2}=n}
8L-8-7]), Turbo intercooler ECU common-rail diesel engine(E]®. ¢1€]Z ECU A Y t] A7), Soot, CO and
CO; emissions(7] <3, CO & CO; v}EE-), Fuel economy($I H])

L. M2 w3 ek, H el = o v Ahd o] F-84 Erte]
)t Bl LA e A g o] op sy OPH AU B A 7Lk g afel
u:Hﬂoﬂ Z}_E‘]_ 2 ar 1:94 T:}—o]iﬁ‘]— Ea%oi;—_& _1_‘[(:"[‘;2?_]_' Z_\]E‘i OE} Z% /\‘“7:” Z}%Oﬂ}d iﬁé al
s oAl L= "o o oHE— =70

o) A7) g LA GaehA o] x| L vk

*Corresponding author, E-mail: mwbae@nongae.gsnu.ac.kr



ENO, % wilo] v 7] gkel H3] Bol uj=
7] Wel, 245 AANA L gl wl7) vl
g AR EFeh] el g A
o} 7ol @75 7 ek

AREL BA ETA ] A= NO, 2 A v
= TAl A7) A *Jaiuaeﬂ EGR
Alz=g? 2 Fehzu} EGR 234 290 E A astel
tAd7) el H-83 A3, o] 5 wiEE] FAAY
W7t At ol Rl RAN, vl wEE A
Polol met mid wiEE o] 38 7IEA & A

714 Z3a & Rk ok, V)& v A 9 V)

ol

AAiel sl Amrt A7) i, wiy) W& E
A qre] gl oF Au)etste] F-A o] o= Ak

AzrEE HE JEEE Addd var]ge
NO, B v WiEE-8 Ao AAA7)17) 98 &
2}znbe} EGRS Z3H o7 A4l a2 4
gste] 13-4 22 dAH], A4 2D NO, - THC HH%%
o] 545 ZAME A9, NO,
OMW EGRE ] 571845 H A3 %}ié}ai%rﬂ,

E3] 7| BR8-S 2 EGRE 719 wHE NO,

E{E
i
fo ™
offt
1o,
N
83
o

Bﬂé%/l #A2Zo] t] )1, EGRS X 8&3l= AS
o A7FARI NOy & 8ol A9) G akg m A
29A W EGRES #8517 & 7A-$olE A7k

%‘«1 S7kll WEFNOs vl EE o) &F 0w HAES
Tk

Y, THC MiEEL 5Y 71353894 EGRE
o) VeSS FleE, 53 V@Rt =
2% EGRE Z719) w}& THC wjE 8] 5712
o] ¥ 73, THC wj&- Bl vl 3= Fep=vl Ql7bd
ko) FFe =4 GPA T, EGREo] S5 2
A7Faste) el 27 of 2 Yehm g2
sk,

2 ATANNE R JE e A oA %
of Az}=o] AMkel Zebxnl EGR 2 A|AES
H g-5ko] P20 e} Fehzn} wg7) rbd
St HEGRES WSR-S B9, v7] v & & Fo
T, CO % COr W EE2) 5248 2AaHE 2o B

o)},

2. A&

02
M

ENET

== o

i

2 aExIEAIstE=27 HI4A 4D, 2006

EGR Gas Thermomeler
o Blower

Exhaus!
Gas

Air Flow Meter

—

~3} (T Fresh Air
Filter

— Compressor

: Water omq

Fuel (‘onsumvlloﬂ

T @pﬂ

[Smoke]
Meter Exhaust Gas  Electronic Control Fuel Injection Dynamometer
Analyzer System With Common Rait Type Controller

Pressure Transducer
& Charge Amplifier

Fig. 1 Schematic of experimental apparatus for a test engine
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Table 1 Specifications of test engine

Item Specification
4 Cylinder, 4 Cycle,
Type Wa‘ter C(.)ole.d,
DI(Direct Injection),
Turbo Intercooler
Piston displacement {cc) 2497
Bore (mm)xStroke (mm) 91 x 96
Max. Power (kW/rpm) 104.5/4000
Fuel injection type Bosh common rail
Compression rate 17.5:1
Intake exhaust type TCI
Fuel injection timing BTDC 15° ~ ATDC 1°
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Fig. 2 Effect of the applied voltage on soot emissions for various engine loads as a parameter of EGR rate at an engine speed of
2100 rpm
Table 2 Increasing rate of soot emissions by increasing EGR Table 3 Reduction rate of soot emissions by increasing the
rate at an engine speed of 1500 rpm applied electrical voltage at an engine speed of 1500
. m
Engine | Applied Increasing rate (%) . P :
. Engine | EGR Reduction rate (%)
load electrical EGR EGR EGR load rate
0,
(%) |voltage (RV) | gor | 1005 | 20% @ | %) | 0kv | 8kv | 10kV | 12kv
0 2673 | 4796 0 0 347 | 429 | 510
0 446.9 743.8
100 0 10 2.8 7.2 14.0
10 0 496.4 842.9 100 0
12 0 5417 | 9583 20 0 4.9 70 | 106
0 0 1429 | 5714 0 0 86 | 114 | 229
8 0 153.1 628.1
75 75 10 0 4.7 8.2 153
10 0 151.6 645.2
12 0 166.7 | 7444 20 0 0.9 L7 ] 30
0 0 35.9 444 0 0 1.1 | 148 | 222
8 0 37.5 41.
50 ! 50 10 0 2.9 23.5 353
10 0 13.0 43.5
12 0 48 47.6 20 0 12.8 15.4 20.5
0 0 4.0 40.0 0 0 80 | 160 | 16.0
8 0 .
25 0 17.4 25 10 0 4.2 8.3 12.5
10 0 4.8 23.8
12 0 0 4.8 20 0 229 25.7 429
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Table 4 Increasing rate of soot emissions by increasing EGR

rate at an engine speed of 2100 rpm

Table 5 Reduction rate of soot emissions by increasing the
applied electrical voltage at an engine speed of 2100

Table 6 Increasing rate of soot emissions by increasing EGR

rate at an engine speed of 2700 rpm

Increasing rate (%)

. rpm
: . Increasing rate (%)
E A d .

ngine pp l!e Engine | EGR Reduction rate (%)

load electrical

y | v EGR EGR EGR load rate .

(%) | voltage (kV) |0, 10% 20% ) | %) | 0kV | 8kv | 10kV | 12kV
0 0 169.4 406.1 0 0 10.2 245 347

186. . ‘

100 0 86.4 430.0 100 10 0 4.5 8.3 11.4
10 0 227.0 498.6
12 0 265.6 571.9 20 0 2.4 10.7 133
0 0 113.7 535.3 0 0 2.0 5.9 11.8

75 8 0 1040 | 5200 75 10 0 6.4 92 | 138
10 0 106.3 5333 L
12 0 1089 | 5311 20 0 43 | 62 | 123
0 0 9.5 44.0 0 0 2.4 7.1 11.9

50 8 0 110 439 50 10 0 1.1 8.7 21.7
10 0 7.7 34.6
12 0 79 27.0 20 0 2.5 13.2 223
0 0 3.6 11.9 0 0 4.8 11.9 16.7

25 0 73 1338 25 10 0 1.1 6.9 13.8
10 0 9.5 21.6
12 0 71 257 20 0 3.2 43 6.4

Table 7 Reduction rate of soot emissions by increasing the
applied electrical voltage at an engine speed of 2700

Engine | Applied

l?yad ellectrlc]zg/ EGR fEGR T EGR

(%) |voltage (kV) | 0, 10% 20%
0 0 143.4 245.5
3 0 136.4 221.0

100
10 0 120.2 204.8
12 0 124.4 139.1
0 0 39.4 94.4
g 0 35.6 98.5

75
10 0 42.4 108.8
12 0 39.2 111.7
0 0 13.0 72.1
3 0 19.1 85.8

50
10 0 11.6 84.1
12 0 21.6 97.6
0 0 30.6 71.3
g 0 421 70.

25 5
10 0 45.1 69.2
12 0 65.3 76.0

rpm
Engine | EGR Reduction rate (%)
load rate —
(%) (%) 0kv 8kV 10kV | 12kV
0 0 6.9 11.1 17.5
100 10 0 9.6 19.6 23.9
20 0 13.5 21.6 42.9
0 0 49 12.0 15.5
75 10 0 7.6 10.1 15.7
20 0 2.9 54 8.0
0 0 8.4 104 18.8
50 10 0 34 11.5 12.6
20 0 1.1 42 6.8
0 0 12.0 15.7 30.6
25 10 0 43 6.4 12.1
20 0 12.4 16.8 28.6
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Table 8 Increasing rate of CO emissions by increasing EGR Table 9 Increasing rate of CO emissions by increasing the
rate at an engine speed of 1500 rpm applied electrical voltage at an engine speed of 1500
. rpm
. . Increasing rate (%)
Engine Appl%ed Engine | EGR Increasing rate (%)
load electrical EGR EGR EGR
%) | voltage (kV) load | rate
(% £ 0% 10% 20% (%) (%) 0kV kv [ 10kV | 12kV
0 0 3.7 92.7 0 0 21.0 27.0 33.9
8 0 6.0 4
100 72 100 10 0 23.6 27.5 322
10 0 3.8 93.2
12 0 2.4 114.1 20 0 8.2 277 48.7
0 437 91.3 0 0 7.9 9.6 14.8
0 38.5 111.3
75 75 10 0 4.0 8.2 12.8
10 0 41.8 125.5
12 0 411 136.9 20 0 19.2 292 422
0 21.0 88.1 0 0 3.9 6.5 8.4
50 0 186 834 50 10 0 1.9 107 | 112
10 0 25.8 82.4 i i i
12 0 24.1 82.7 20 0 2.4 33 5.3
0 0 333 134.0 0 0 0.7 34 4.8
8 0 338 137.2
25 25 10 0 1.0 3.1 59
10 0 329 133.6
12 0 34.7 149.4 20 0 2.0 3.2 11.6
Table 10 Increasing rate of CO emissions by increasing EGR Table 11 Increasing rate of CO emissions by increasing the
rafe at an engine speed of 2100 rpm applied electrical voltage at an engine speed of
I - o) 2100 rpm
p . ncreasing rate (% I
Engine | Applied Engine | EGR Increasing rate (%)
load | elecirical | pGr | EGR | EGR load | rate
(%) | voltage (kV) | 0, 10% 20% %) | (%) | OkV | 8kV | 10kV | 12kV
0 0 39.6 48.0 0 0 0.5 1.8 1 27
100 8 0 P8 | 612 100 | 10 0 07 | 13 | 47
10 0 389 67.5
12 0 43 692 20 0 9.6 15.2 17.4
0 0 39.2 68.3 0 0 4.7 7.9 122
75 8 0 33.0 658 75 10 0 0.1 2.1 2.7
10 0 31.6 68.8
12 0 274 69.0 20 0 327 - 82 12.7
0 0 29.2 94.4 0 0 35 6.7 8.5
50 0 28:6 94.6 50 10 0 3.0 8.4 12.0
10 0 314 92.4
12 0 334 95.8 20 0 3.6 5.6 9.2
0 85.7 2333 0 -0 0.9 6.6 164
25 0 00 | 2437 25 10 0 1.8 36 | 133
: 10 0 54.2 265.6
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Table 12 Increasing rate of CO emissions by increasing EGR
rate at an engine speed of 2700 rpm

Engine | Applied Increasing rate (%)
l?)/ad ellectrlc]?{] EGR EGR EGR
(%) | voltage (kV) | g0y 10% | 20%
0 0 2.9 8.6
100 8 0 2.2 9.4
10 0 1.8 7.2
12 0 2.7 5.8
0 81.8 87.2
0 77.5 90.4
75
10 0 74.0 85.1
12 0 71.9 101.0
0 0 10.0 12.2
8 0 .
50 9.8 12.0
: 10 0 94 11.4
12 0 9.3 11.6
0 0 3.8 22.9
8 0 2 .
’s 8 224
10 0 3.0 22.8
12 0 0.7 20.5
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Table 13 Increasing rate of CO emissions by increasing the
applied electrical voltage at an engine speed of 2700

rpm
Engine | EGR Increasing rate (%)
load rate

%) | (%) | 0KV | 8kV | 10KV | 12kV

0 0 2.1 5.5 7.5

100 10 0 1.4 4.4 7.3

20 0 2.9 4.2 4.8

0 0 3.0 7.2 9.6

75 10 0 0.6 2.6 3.6

20 0 4.8 6.0 17.7

0 0 0.8 1.7 3.0

50 10 0 0.6 1.1 13.9

20 0 0.6 0.9 2.4

0 0 1.2 1.4 4.5

25 10 0 0.2 0.7 1.4

20 0 0.8 1.3 2.5

Aol =1L BARAF| 2L, 17]9] Z2AE HEHA| 7]
A 245 CO; | EE-S YJERN AL 9ltt Table 14,
16 9 180 %= 71 # &AL % 1500, 2100 Z 2700 rpm
A 243 e AgH oz vwsr] s 4
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Fig. 4 Effect of the applied voltage on CO emissions for various engine loads as a parameter of EGR rate at an engine speed of
2100 rpm

Table 14 Increasing rate of CO, emissions by increasing EGR
rate at an engine speed of 1500 rpm

Table 15 Reduction rate of CO, emissions by increasing the
applied electrical voltage at an engine speed of 1500

Enci Applied Increasing rate (%) pm
ngine pplie Engine | EGR Reduction rate (%)
load electrical EGR EGR EGR load rate
(%) |voltage (kV) 0% 10% 20% (%) (%) kv 8kV | 10kV | 12kV
0 0 2.6 78 0 0 26 | 39 | 39
100 8 0 4.0 %3 100 | 10 0 13 | 38 | 5.1
10 0 27 8.1
- 0 ” il 20 0 12 | 36 | 72
0 0 115 | 246 0 0 0 16 | 66
7 8 0 98 23.0 75 | 10 0 15 | 44 | 838
10 0 83 233
- 0 58 Y 20 0 13 | 26 | 66
0 0 100 | 225 0 0 25 | 50 | 125
50 8 0 103 | 231 50 10 0 23 | 23 | 63
10 0 132 | 211
> 0 TARREETY 20 0 20 | 61 | 102
0 0 100 | 333 0 0 33 | 67 | 133
25 8 0 103 | 31.0 25 | 10 0 30 | 61 | 61
10 0 107 | 321 .
O 0 o2 T 308 20 0 50 | 75 | 150
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Table 16 Increasing rate of CO, emissions by increasing EGR Table 17 Reduction rate of CO, emissions by increasing the
rate at an engine speed of 2100 rpm applied electrical voltage at an engine speed of 2100
v - rpm
. . Increasing rate (%)
A g :
Engine , pplied Engine | EGR Reduction rate (%)
load electrical EGR EGR EGR load
(%) | voltage (kV) oad | rate
g 0% 10% | 20% ©) | (%) | 0kV | 8kV | 10kV | 12kV
0 5.6 9.7 0 0 1.4 2.8 42
0 . .
100 36 29 100 10 0 13 2.6 5.3
10 0 5.7 114
12 0 43 5.8 20 0 1.3 1.3 7.6
0 0 3.6 36.4 0 0 1.8 3.6 5.5
8 . .
75 0 3.7 37.0 75 10 - 0 1.8 1.8 3.5
10 0 5.7 321
12 0 58 127 20 0 13 67 | 80
‘ 0 10.0 17.5 , 0 0 2.5 125 | 150
50 0 77 179 50 10 0 4.5 6.8 15.9
10 0 171 28.6 :
12 0 8.8 17.6 20 0 2.1 43 14.9
0 10.3 20.7 0 0 3.4 6.9 17.2
25 0 71 214 25 10 0 6.3 9.4 15.6
10 0 7.4 18.5
12 0 12.5 299 20 { 0 2.9 8.6 114
Table 18 Increasing rate of CO; emissions by increasing EGR Table 19 Reduction rate of CO, emissions by increasing the
rate at an engine speed of 2700 rpm | applied electrical voltage at an engine speed of 2700
rpm
: : Increasing rate (%) -
Engine Appl}ed Engine | EGR Reduction rate (%)
load electrical EGR EGR EGR load rate
(%) | voltage (RV) | gor | 10% | 20% @) | %) | 0kv | skv | 10kV | 12kV
0 ¢ 16.0 25.3 0 0 27 | 27 | 40
100 0 178 | 260 100 | 10 0 11| 23 | 34
10 0 16.4 24.7 i ) .
12 0 16.7 23.6 20 0 2.1 32 5.3
0 0 4.7 12.5 0 0 16 | 31 | 47
75 i 0 6. 127 75 10 0 0 1.5 45
10 0 6.5 14.5 . :
12 0 4.9 16.4 20 0 1.4 1.4 1.4
0 9.8 15.7 0 0 20 | 20 | 39
50 0 100 140 50 10 0 1.8 1.8 3.6
10 0 10.0 12.0 ~ ’ : i
12 0 102 143 20 0 34 5.1 5.1
0 0 9.1 152 0 0 30 | 61 | 91
25 i 0 62 123 25 10 0 5.6 8.3 13.9
10 0 6.5 129 | i i i
12 0 3.3 16.7 20 0 5.3 7.9 7.9
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