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Abstract To protect the environment, the regulation of emissions from off-road engines which are relatively
neglected, is being reinforced. This paper deals with the robust design of off-road diesel engines considering the
emission characteristics. Measurements of the NOx and PM levels based on the DOE were carried out. The injector
hole number, injection timing and EGR rate were selected as the control factors. The orthogonal arrays table L(3%)
was made from 2 or 3 levels for each factor and measurements of emissions were accomplished based on the table.
The small-the-better SN ratio according to the Taguchi method was evaluated. The ANOVA (analysis of variance)
for the SN ratio was conducted. The injection timing on the NOx emissions and the EGR rate on the PM have the
largest effect on the low-load operation condition. The confidence levels of the control factors were more than 90%.
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[Fig. 1] Engine installation and experimental equipment
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[Table 1] Specifications of test engine

Components Specifications

Type 4 stroke / 4 cylinder
Displacement 3,409¢cc

Max Power 82 PS @ 2500 rpm

Intake type Turbo—charged

Fuel supply system Direct injection

EGR loop type High pressure EGR

% 52 A= AVLARS] ALPHA 240 kWE AHE-3191

o™ WTC(water temperature control)E Ag3ste]
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[Table 2] Levels of the control factors

.\ Level
Factor Code 1 5 3
Injector
A 5 6
hole number
Injection
. B TDC 2° ATDC | 4° ATDC
timing (deg)
EGR rate (%) C 10 15 20
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[Table 31 Lo(3%) orthogonal array
Inner array Outer array A7IA y& SAHE 53kl
No. o ot <
Injector hole Inqegtlon EGR Rl R
number timing rate X
N N N N [Table 4] Orthogonal array and SN ratio of NOx
5 ) 2 7 Tnner arra Outer array
N v ‘"NOx (ppm) .
3 1 3 3 SN ratio
- - - O. | Hole I, i EGR | o | o
4 2 1 2 No. 19 ne rate
s 5 5 3 1| 5 TDC 10% | 206 | 206 | -462563
5 5 3 ’ 2| 5 ATDC 2° | 15% | 137 | 138 | -427661
- 3] 5 ATDC 4° | 20% | 105 | 106 | -404651
! 2 ! 3 1] 6 TDC | 15% | 28 | 225 | 47000
3 2 2 1 5 6 ATDC 2 | 20% | 160 | 161 | -4410%
9 2’ 3 2 6| 6 ATDC 4 | 10% | 172 | 173 | 44738
716’ TDC 200 | 19% | 19% | 458007
8 | 67 | ATDC2 | 10% | 201 | 202 | -46.0855
9 | 6" | ATDC4 | 15% | 166 | 166 | -44.4022
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9 7] [Table 6] Response of the mean values of NOx
Level Hole No. Inj. timing EGR rate Total
1 1495 2082 1932
[Table 5] Response of the SN ratio of NOx 2 1966 1665 1758
Level Hole No. | Inj. timing EGR rate Total 3 1480 1537
1 -43.16 -46.35 -45.69 Delta 371 60.2 395 1368
2 -45.35 -44.32 -44.72 Rank 3 1 2
3 -43.20 -43.46 % 2712 44.01 28.87 100
Delta 2.19 3.15 223 757
Rank 3 1 2
% 2893 4161 29.46 100 Main Effects Plot for Means

Main Effects Plot for SN ratio

Injector hole number Injection timing EGR rate

-43,04
-43.54
-44,04
-44.54

-45.04 \

-45,59

Mean of SN ratio

-46.04

-46.54

1 2z 1 z 3 1 2z 3

SM ratio! smaller-the-better characteristics

[Fig. 1] Main effect plot for the SN ratio of NOx with
respect to each factor
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[Fig. 2] Main effect plot for the mean values of NOx
with respect to each factor
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[Table 7] ANOVA for the SN ratio of NOx 371¢] Ao] QA= sk PM HlZaF SN v 9] Hk&-
Source | DF | SS MS FO P Fo} Fa¥%E Table 99} Fig. 391 YERASITE PM i
Hole No. 1 9.6269 9.6269 6550 0.004 N _
2k =) A = } [e)
Inj. timing | 2 15,329 7.6648 52.15 0.005 gl thelA= NOx wi= -t 22] EGR &9] 7]¢f %
EGR rate 2 75310 3.7665 25.62 0.013 7} 7V & Aoz Uehgon B A7) S1AE & S
Error 3 0.4410 0.1470 _ N
T T s o o2 4P ke AS HF 4 Ak
Table 107} Fig. 4= Ao} 1Ab=ol tig PM wl& 3
3.2 PV HiEE S o el v wgEsl Fazholul, SN vl W
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= 1_. =
e ey T T oD EGR & BA AV, 9AE & 5 o vep
Aslal, 543 FSN(filter smoke mi r) A S _ _ }
?L ]'—1- =70 ( t Umbe)H/\E 9’]—1 I’Eﬁ]'EGR%O] 57]_ Q—T‘EPMQ] HH%EkO] %‘7}_5_]_
Hidol 12ttt Z1g]a MinitabS ©]&3t] WA s - o . _
4 SN HlE e A, o] EGR &9 5o 2 3] i ol w717t
A SN H[Z 3
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[Table 8] Orthogonal array and SN ratio of PM o] Aol A OR FFe o] FrhH= A
Outer array O] a1 %o o= f"]’ﬂ'?_q'[ll]
N Inner array : FSN (S72)
o. Mie R SN ratio QIAE] & 47} 530 A 62 Z7Fgol ulel PM Hj
No. Inj. timing rate il v S A3 ol AAE & STt Soldel whit
1] 5 TDC 10% | 300 | 266 | -9.0514 AL ol Aol 7103k Bold o] Avl ZbaslT Tee
2 | 5 | ATDCZ | 15% | 323 | 312 | 100362 A w el 711w Ak gashal azel
3| 5 | AIDC4 | 20% | 338 | 381 | -1L12% Gab ATt 7Fsel7] Wi o E AR E
4 6 TDC 15% | 265 | 251 -8.2356
5 6 ATDC 2° 20% | 363 | 330 -10.8039
6 6 ATDC 4° 10% | 227 | 225 ~7.0823 [Table 10] Response of the mean values of PM
716’ TDC 20% | 29 | 335 -10.0352 Level Hole No. | Inj. timing | EGR rate Total
8 6’ ATDC 2° 10% | 308 | 281 -9.3908 1 3.200 2.860 2678
9 6’ ATDC 4° 15% | 244 | 237 76232 2 2840 319 2720
3 2.753 3410
[Table 9] Response of the SN ratio of PM Delta 0‘296 0‘242 0‘7132 L5710
Level Hole No. Inj. timing EGR rate Total % 25,22 %15 14663 100
1 -10.072 -9.107 -8508
2 -8.862 -10.077 -8632
3 -8612 -10.656 Main Effects Plot for Means
Delta 1211 1.465 2.148 4.824 . Injector hole nurmber Injection timing EGH rate
Rank 3 2 1 e
% 25.10 30.37 4453 100 3‘3
E 3.24
Main Effects Plot for SN ratio B 314
Injectar hale number Injection timing EGR rate § 304
-85 =
2.9 \ /
o -80 / / 2.8
B b 274
=z
© 95 281
i 1 2 1 2 3 1 2 3
o
2 oo [Fig. 4] Main effect plot for the mean values of PM
with respect to each factor
-10.54

1 2 1 2 3 1 2 3

SM ratio! smaller-the-better characteristics

[Fig. 3] Main effect plot for the SN ratio of PM with
respect to each factor
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FO gkel Z47F 14.14, 804, 21.06°1H P gt 22} 0.033,
0.062, 0.0170]c}. webA 1AH & 429} EGR &2 9%5%
A5 A Frelstel, BAF A7) 909 554
Felge Blakich

[Table 111 ANOVA for the SN ratio of PM

Source DF SS MS FO P
Hole No. 1 29307 2.9307 14.14 0.033
Inj. timing 2 3.3330 1.6665 8.04 0.062
EGR rate 2 8.2780 4.3640 21.06 0.017

Error 3 06217 0.2072

Total 8 156134
3.3 £X = MH
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