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Figure 2. Emission standards of Tier 1
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Table 1. European Emission Standards for passenger cars

CO HC HC+NOx | NOx PM PN
Stage Date
g/km #/km

Diesel Engine

Euro1? | Jul1992 | 2.72(3.16) 0.97(1.13) 0.14(0.18)
Euro 2,IDI | Jan 1996 1.0 0.7 0.08
Euro 2,DI | Jan 1996¢ 1.0 0.9 0.10

Euro 3 Jan 2000 0.64 0.56 0.5 0.05

Euro 4 Jan 2005 0.5 0.3 0.25 0.025

Euro5a | Sep 20094 0.5 0.23 0.18 0.005"

Euro5b | Sep 2011°¢ 0.5 0.23 0.18 | 0.005" 2'01011

Euro 6 Sep 2014 0.5 0.17 0.08 | 0.005" ilomll
Gasoline Engine

Euro1? | Jul1992 | 2.72(3.16) 0.97 (1.13)

Euro 2 Jab 1996 2.2 0.5

Euro 3 Jan 2000 2.30 0.20 0.15

Euro 4 Jan 2005 1.0 0.10 0.08

Euro5 | Sep2009¢ 1.0 0.1/ 0.06 | 0.0059"

Euro6 | Sep2014 1.0 0.1/ 006 | 0.0059n | O 1o

x 107191

2 At the Euro 1-4 stages, passenger vehicles > 2,500 kg were type approved as Category

N; vehicles

®Values in  brackets are conformity of production (COP) limits
cUntil 30 Sep 1999 (after that date DI engines must meet the IDI limits)
42011.01 for all models
€ 2013.01 for all models
fand NMHC 0.068 g/km
9 Applicable only to vehicles using DI engines
h 0.0045 g/km using the PMP measurement procedure

'6.0x10'2 1/km within first three years from Euro 6 effective dates




Table 2. European Emission Standards for light commercial vehicles

coO HC | HC+NOx | NOx | PM PN
Stage Date
g/km #/km
Diesel Engine
N1, Euro 1 Oct1994 | 272 |- 097 |- 0.14
Class | Euro2,IDI | Jan 1998 1.0 |- 0.7 - 0.08
<1305 | Euro 2,DI | Jan 1998? 1.0 - 0.9 - 0.10
kg Euro 3 Jan2000 | 0.64 |- 0.56 0.5 0.05
Euro 4 Jan 2005 05 |- 0.3 0.25 | 0.025
Euro5a | Sep2009°¢| 0.5 |- 0.23 0.18 | 0.0059
Euro5b | Sep2011¢| 0.5 |- 0.23 0.18 | 0.0059 ilowll
Euro6 | Sep 2014 05 |- 0.17 0.08 | 0.0059 2'01 ot
N1, Euro 1 Oct1994 | 517 |- 1.40 |- 019 |-
Class Il | Euro 2,IDI | Jan1998 | 1.25 |- 1.0 - 012 |-
1305- | Euro2,DI | Jan1998% | 1.25 |- 1.30 - 0.14 |-
1760 Euro 3 Jan2001 | 0.80 |- 0.72 0.65 | 0.07 |-
kg Euro 4 Jan2006 | 0.63 |- 0.39 033 | 0.04 |-
Euro5a | Sep2010¢| 0.63 |- 0.295 | 0.235| 0.0059 | -
Euro5b | Sep2011¢ | 0.63 |- 0.295 | 0.235| 0.0059 ilowll
Euro6 | Sep2015 | 0.63 |- 0.195 | 0.105 | 0.0059 ilowll
N1, Euro 1 Oct1994 | 6.90 1.70 |- 025 |-
Class | Euro 2,IDI | Jan 1998 1.5 1.20 |- 017 |-
I Euro 2,DI | Jan 1998”7 1.5 1.60 - 0.20 |-
>1760 | Euro3 Jan2001 | 0.95 0.86 078 | 010 |-
kg Euro 4 Jan2006 | 0.74 0.46 039 | 006 |-
Euro5a | Sep2010¢ | 0.74 0.350 | 0.280 | 0.0059 | -
Euro5b | Sep2011¢ | 0.74 0.350 | 0.280 | 0.0059 ilowﬂ
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Euro6 | Sep2015 | 0.74 0.215 | 0.125 | 0.0059 2'01011
N2 Euro5a | Sep2010¢ | 0.74 0.350 | 0.280 | 0.0059 |-
Euro5b | Sep2011¢ | 0.74 0.350 | 0.280 | 0.0059 il01011
Euro6 | Sep2015 | 0.74 0.215 | 0.125 | 0.0059 il01011
Gasoline Engine
N1, Euro 1 Oct1994 | 2.72 0.97
Class Euro 2 Jan 1998 2.2 0.5
1<1305 | Euro 3 Jan2000 | 2.30 | 0.20 0.15
kg Euro 4 Jan 2005 1.0 0.10 0.08
Euro5 | Sep 2009¢ 1.0 0.1 0.06 | 0.005/9
6.0
Euro6 | Sep 2014 1.0 0.1" 0.06 | 0.005/9 « 10117k
N1, Euro 1 Oct1994 | 5.17 1.40
Class I Euro 2 Jan 1998 4.0 0.65
1305- Euro 3 Jan2001 | 4.17 | 0.25 0.18
1760 Euro 4 Jan 2006 1.81 0.13 0.10
kg Euro5 |Sep2010¢| 1.81 | 0.13! 0.075 | 0.005/9
Euro6 | Sep2015 | 1.81 | 0.13! 0.075 | 0.005/9 ?(.01011f’k
N1, Euro 1 0ct1994 | 6.90 1.70
Class Euro 2 Jan 1998 5.0 0.80
I Euro 3 Jan2001 | 522 | 0.29 0.21
>1760 Euro 4 Jan 2006 2.27 | 0.16/ 0.11
kg Euro5 |Sep20104| 227 |0.16/ 0.082 | 0.005/9
Euro6 | Sep2015 | 227 |0.16/ 0.082 | 0.005%9 | ®° 11k
x 10/
N2 Euro5 |Sep2010¢| 227 |0.16/ 0.082 | 0.005/9
Euro6 | Sep2015 | 227 |0.16/ 0.082 | 0.005/9 i‘oloﬂfk

2 For Euro 1/2 the Category N, reference mass classes were Class | < 1250 kg, Class Il

1250-1700 kg, Class 11 > 1700 kg

22



b Until 30 Sep 1999 (after that date DI engines must meet the IDI limits)

¢ Jan 2011 for all models
d Jan 2012 for all models
¢ Jan 2013 for all models
f Applicable only to vehicles using DI engines
9 0.0045 g/km using the PMP measurement procedure
h> And NMHC = 0.068 g/km
" And NMHC = 0.090 g/km
J And NMHC = 0.108 g/km

k6.0x10"? #/km within first three years from Euro 6 effective dates

Table 3. EURO-7 Proposal based on AGVES meeting

NOx | PN PM | CO HC NH; | HCHO | N,0® | cy,®
Furo 6d |60 |PN,; = |45 [1000 |THC=100 - - - -
(Gasoline) 6 x 10% NMHC=68

GDI only

Euro 6d |80 |PN,; =|45 |500 HC+NOx = | - - - -
(Diesel) 6x 1011 170
Furo7 [20- |PNy, =|2 | 400® | NMOG 25-|10 |5 10-20 | 10-20

30 | 1x10% 45

Unit: Gas mg/km, PN #/km
(@) CO include in RDE, (b) N,0 + CH, < sum of individual limits

a3

2= 2HE A= 1962 HOf|, O 5L DA RO] L= X[=2 Mo F &, O] =tk (sulfur

dioxide, SO,) X O HIZS THSte 2E AHE2=Z HEEZAUCH 1968 A, 7|E2| Of A
U OIS ChE LERANN HiER= 07| 2 222 st 7] 29 B2

HWEEIRACE ol2fst EE2 O|=2] 1970 H CAA Of Mz} O|ROF ol BEFES Sttt
AtSXtol CHsH MlE 4T SEf0] FOIMCH [25]. 1978 & H{Z| 7tA HiE EE2
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Et3taA (Hydrocarbon, HC) EALASHE(Nitrogen oxide, NOx) % 2AHSHERA (Carbon
monoxide, CO)2| W 5! X[CHZH0| CHSH SHAIE Frtat JHCH Q77 B2 ZAI0A 7|&
Xt o| AA4sHE (Nitrogen oxide, NOx) 2 B2 M 8Hst7| {8l 'A&Xt NOx ‘H'2 KHEHRUCE.
O] B2 28 F90M A8 T2 XM e HREES 2F XS HAS= AS
SHZ WUCH YK ZE (Particulate matter, PM) 22| 282 Za5H7| 2|8 2000 H 6 20|
O] HoilM Y2 7H7H0| O|FO{ /1 O] 2 'At=X} NOx & PM ' Z 0| 0| HHH QUL [26].

Figure 8 2 MZ2 [ 538 S&Xtel Hi7|7tA HiE 7|&S 29t A0|0, Figure 9 2

M2 2 Az 48X HiE 7|&2 B9 &Lt [27].
<1250 kg
Bl >1250kg
10-15 Mode JC08 |WLTP 3.0— T T -
2.5 | 10 HMode JC 08 WLTP,

0
1986 1990 1994 1997 2002 2005 2009 2018
Implementation Date

0.0-
1986 1992 1994 19982002 2005 2009 2018
Implementation Date

Figure 8. Japan diesel passenger cars emission standards
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(2)3.0 — <1700 kg (b) >1700 kg

10-15 Mode jcos  |were| 30— ST
2.5 1 251 1000, - 6 Mode (1988)
800 !

2.0 2.0 2 600 —
2 4004 | o
o 1.5 1 5 1.5 0/

1.0+ 1 %10 0

0.5 ) 0.5+

1988 1993 1997 2002 2005 2009 2018
Implementation Date

1993 1997 2003 2005 2009 2018
Implementation Date

Figure 9. Diesel light commercial vehicles emission standards
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AIphaGo

AlpRaGo Zero

MuZero

Knowledge

Human
Go data

Domain Known
knowledge rules

OO

AlphaGo becomes the first program to master Go using
neural networks and tree search
(Jan 2016, Nature)

Go

Known
rules

AlphaGo Zero learns to play completely on its own,
without human knowledge
(Oct 2017, Nature)

Go Chess Shogi

AlphaZero masters three perfect information games
using a single algorithm for all games
(Dec 2018, Science)

Go Chess Shogi Atari

MuZero learns the rules of the game, allowing it to also
master environments with unknown dynamics.
(Dec 2020, Nature)

Figure 10. Compare MuZero and reinforcement Learning Model [28, 29]
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Figure 11. Keyword trend of graph neural network [28, 30]
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Figure 12. The number of STEM doctoral graduates trends in the US and China [28, 30]
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Figure 13. Difference between Al technology fields and Al non-technology fields [28, 30]
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Cost to Train a Neural Network (ResNet-50)

$10,000

® Legacy GPUs
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Figure 14. Changes neural network technology of learning cost [28, 31]
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Table 4. Al System Performance Improvement Effect in Computer Vision Field
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Figure 23. Organic, fuel bound nitrogen compounds in solid fuels.
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Table 6. DOE methods synoptic table
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3.1.2 Taguchi
2=2] Genichi Taguchi of 2|3l & 22| HFS 7Hdot7| A W2 EIRUCt [76]. Ol B2
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Taguchi g2 ®Hsts 7|F2E2 FFW BFHXE D26t gon, 4z o
MO EHSH|(Signal to noise, SN)2t £2&= Z|Ci3lsioF & 60 7HX| O|&o| M5 HEE

M FRACE AR 2 M2 A0 mef HEet HleS e = AL,

—_

« smaller-the-better; 22 H= % A5}

SNyep = —10log" ") (19)

« larger-the-better: B+-& = Z[CH2}

E2[yq] ;
SNntb — _10l0gf(5(3/i_5[3/i]) ]
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Taguchi Z&0i| 2t LT HiEDF 5 B
Li2tojE o =oF 2ol £=0f w2t o BiES ArEE AQAX|Of CHet M2 Table 7 Of

29FE|0f /oM, 18 & 19 Taguchi Hf €2 Table 8 1F 20| Fa|& 5= ULt
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Table 7. Taguchi designs synopic table

Number of variables

Number of levels

2 3 4 5
2,3 L4 L9 LP16 | LP25
4 L8 L9 LP16 | LP25
5 L8 L18 | LP16 | LP25
6 L8 L18 | LP32 | LP25
7 L8 L18 | LP32 | L50
8 L12 | L18 | LP32 | L50
9,10 L12 | L27 | LP32 | L50
11 L12 | L27 | N/A | L50
12 L16 | L27 | N/A | L50
13 L16 | L27 | N/A | N/A
14,15 L16 | L36 | N/A | N/A
from 16 to 23 L32 | L36 |[N/A | N/A
From 24 to 31 L32 | N/A [ N/A | N/A
Table 8. Example of Taguchi arrays
L8(2 levels) | Variables
Experiment number | X1 X2 X3 X4 X5 X6 X7
1 1 1 1 1 1 1 1
2 1 1 1 2 2 2 2
3 1 2 2 1 1 2 2
4 1 2 2 2 2 1 1
5 2 1 2 1 2 1 2
6 2 1 2 2 1 2 1
7 2 2 1 1 2 2 1
8 2 2 1 2 1 1 2
Variables
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Mo 7tset QIAE Mog 5= Q= wOo|=0j Cist st dAE H&5t7| fIgo|Ct.

Figure 26 2 CHH| 9| A= CHEHSH|(Signal-to-Noise Ratio, SNR)C| &84 E7t U 22 E
BOFE= A0|H 2t &= Ho|= Ch31t 2L} Signal Factor = Ast= £8E 7| fI5tA
AL Xt o8l ol K|= QIALO|CH 41 QIXIOf| 2t =2 (Response)O| A X O H| 2| £tA| 7t
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=3 (Output)Z 2[0[5HH, A1t

am

Aoj et Yo £-d(Large the Better Characteristics), 25
£ 4 (Nominal the Best Characteristics), 22 £7/d(The Smaller the Better Characteristics)2|

37HX 272 L= = QUCL

62



Noise

factor | (X)
S Product » 0D
S —— System —
Signal Process Response
factor
Control

factor (Z)

Figure 26. Evaluation of the Distribution related Taguchi’s Signal-to-Noise Ratio
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2 200 =% 2 7t Fo&= WA= =27t Tt A= & FH|(Signal-to-Noise
Ratio)2| &4t EA(ANOVA)O| Lot 4 80 d2|= Cr=31F Z Lt DF(Degree of Freedom)&=
HOIE Wi HEo| Ao[Ct Yt oz Mol #EX| =2 ZHECt Seq SS(Sequential Sum
of Squares)= ZHO| 02| &0 het WSl FEO[Ct Minitab S/W OlM= HAE

Mg If P-Value 2 ALtSH7| 8l Seq SS & AH&SHA| &=Lt Adj SS(Adjusted Sum of
Squares)= 29| 0{2{ 20| CHot B4 2| Z=O|Ct Minitab Ol A= 20l CHSH P-Value 2
ALt sl Adj SS & AFESICE Adj MS(Adjusted Mean Sum of Squares)& Minitab
S/W Ol M= &0f it P-Value 2 A ASH| fI8H =78 B+ METH(Adj MS)E ALESILL F &

ANOVA Analysis Table O A= 2} &0]| Ci3t F-Value O] LI ZEICE F-Value & A5 SAHE2

tu

Zp QIXtZrol Aol HotLt U=X| =I5t I8l AH&TCt F-Value 7 2™ <O|Lt
A H/QRHE 2| G20l ACH= Z 2|O|$HCt, P 252 ANOVA Analysis Table O A& 2 &H0f
Ot P-Value 7t LIE ZICH P-Value = #HF 7HE(Null Hypothesis)dl| Btsts SHE F-st=

2tE0|04, P-Value 7t 228 7|7 7tE0] Bots 2 So| A #H/QAX= T EICE. p-
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KXot 2H 2 UR HZoloF T £ ULk E3 1 MY SE 7| HE, HEIRYS T

geteh 2 Hst M2 sHE=T2 0|8 == UL

2) HEIZH S 0| ¢t = X3} Y

Z| Mzt HXb= Figure 27 F Z0| LIEHEH 5= 2D, (a)Sequential approach, (b)adaptive

MBDO % (c)Direct sampling approach 3 7tX| 20| QUCE & H® 2 Figure 27 (a)=
HEXH Yoz =22 HEZES AESHY 1H|89| o Oi2[2E=2 AtESI=

Z0|C}. [79, 80, 81]. & YW T EF Figure 27 by FEO|AM HHEY X 2 Ht MES

285t 48 £ A N2tE ZYTIC (82, 83, 84 M| BN MIUA2 7hd 220 JHR =
Aoz MEr ZEo| X mef 2N S ool M22 ¥E Z2ES MY gttt [85, 86,

87]. AXtof a2t 2tgEl HEIRALIOIN EASHO HY Heet 52 fIXE ot
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HototCh EXts ZESHRRE 24 obgof Ol8& = €i2lE W g2 Ciysta 24

S0 et moshA dEdsior T2 Zuts e + UL
Sample design space ™ Sample design space Sample design space
v v v
Build metamodel Build metamodel Build metamodel
v v v
Validate the model —1 Validate the model Sample towards
¥ ¥ optimum guided by
Optimization on Optimization on metamodels
metamodels metamodels

(a) (b) (©
Figure 27. Metamodeling Based Design optimization strategies.
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(b)HEIZE E1n2|F, (HEZZE Z[H=t 8 (22HS0 w2t HEZEE 78S

=52 L [771.

Table 9. Commonly used metamodeling techniques

(a) Sampling

1) Classic methods

Factorial / Central composite / Box-Behnken / Alphabetical optimal / Plackett-Burman
2) Space-filling methods

Simple Grids / Latin Hypercube / Orthogonal Arrays / Hammersley sequence /
Uniform designs / Minimax and Maximin

3) Hybrid methods

4) Random or human selection

5) Importance Sampling

6) Directional Simulation

7) Discriminative sampling

8) Sequential or adaptive methods

(b) Metamodel Algorithm

1) Polynomial

Linear / Quadratic / Higher

2) Splines

Linear / Cubic / NURBS

3) Multivariate Adaptive Regression Splines (MARS)
4) Gaussian Process

5) Kriging

6) Radial Basis Functions (RBF)

7) Least Interpolating Polynomials
8) Artificial Neural Network (ANN)
9) Knowledge Base or Decision Tree

10) Support Vector Machine (SVM)
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11) Hybrid models

(c) Model Fitting

1) (Weighted) Least Squares Regression
2) Best Linear Unbiased Predictor (BLUP)
3) Best Linear Predictor

4) Log-likelihood

5) Multipoint approximation (MPA)

6) Sequential or adaptive metamodeling
7) Back propagation (for ANN)

8) Entropy (inf.-theoretic, for inductive learning on decision tree)

(d) Model validation

1) cross-validation method
2) Root Mean Square Error (RMSE)
3) Maximum Absolute Error (Max.Abs.Error)

4) R square (R?)

3) Sampling

aENel MEY Yy 24 ¢ A FRo 22 s =tA7|2 27

oK

7to|
SN0 HIHE H7|& BE0| 2O fractional factorial [80], central composite design(CCD)
[88], Box-Behnken [80], alphabetical optimal [89, 90] %! Plackett-Burman designs [80]2 £
CHISEA 471 [0 RICt Computational Analysis 2| 2<% ZA0| HEFES TS HiXIst=

A2 HmaXo|AHL X 2HEY £ el 874 s Mees 40| ALk [91].

metA 2ed 247t S¢S Ao 2k 222 ¥ & UL [92]. =S0ME s

27

0z
ki

2 ROl M= O ROl AFE &Lt 22X A2, CrZ orthogonal arrays

40

[93], Latin Hypercube designs [94], Hammersley sequences [95] S uniform designs [96]

4 7tX| 9-0| ULt Latin Hypercube designs = 1-D £ &0 A2t L5 BHH Hammersley
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Adaptive Regression Splines (MARS) [105], Interpolating Polynomials [106] 3 Inductive
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Radial Basis Function (RBF)
Radial Basis Function(RBF) Kernel SE+&= Gaussian Kernel O|2t1 £2|0 Ch2ut Z2

E°90|ULt. 1709 Y=H(Input)E, &7 TI(Hidden)E, 1702 £ (Output) S22 L EICt,
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[ Input layer] [ Hidden layer ] [ Output layer ]

Radial Basis Function(RBF)O|A &l (24)2] &t f = A0|0H, Al (25)2] SA p2t OO|E X

Atofel AHz|of et Ea2tX|= gh==0lLt.

9; = f(d)) (24)
di=Il X — p | (25)
d,= 22| E 72|(Euclidean Distance)O| X 2t &4 u AHO|2| HE|Z LIEFHCE & & ALO|Q

HE|E AlLh T 28] Ar8St= YRO|Ct S 07| M AL E|= &4 f= T2 Figure 29 2F
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Figure 29. Example of Gaussian Radial Basis Function
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Figure 30. Example of Multi-Layer Perceptron

Output layer

Table 10. Example of Difference of Multi-Layer Perceptron and Radial Basis Function

No. T Multi-Layer Perceptron Radial Basis Function
1 Similarity Dot Product Distance
2 | No. of Layers Two or More Two
3 | Learning BP BP
Sigmoidal or Tanh
4 | Nonlinear Function Gaussian Function
Function
5 | Output Linear or Nonlinear Linear
Weight Between
6 Yes No
Input and Hidden
No. of Weights for
7 4 4
Two Layers
8 | Convergence Speed Slow Fast

Table 10 2 Multi-Layer Perceptron 1t Radial Bassi Function 12| X}O|&H S HEOF&

Function = ACEET)

2 UMY BAS 5

XSO}

O =
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Polynomial Regression (PR)
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Trees(EDT)2| 3t O & LtEIH Z40|04, Table 11 2 Ensemble of Decision Trees(EDT) 7|8 &

Fa ¢Y H /X E L€ e Ao|Lt.

| Prediction 600 |

I —-'“:-. /
Average All Predictions

.

Random Forest
Prediction

Figure 33. Example of Decision Tree-based Ensemble Methods

Table 11. Explanation and Type of EDT Methods

No. | EDT Methods Explanation

Ct=9| booststrap HIO|HE 4-435t11 2} bootstrap

1 Tree Bagging o N
HIO|E0f CHet O] = Z¥S 2ol 2T 222 U&

Bagging 1t Boosting E Lt 2 HEHEZ

—

2 Random Forest weak learner 5= M5t MY Agtst

ot

Bn

Random Forest 2} Q| S A}SILE Random Forest =
3 Extra Trees =780 S StH MHEHSILE, Extra Trees =

oA HEiSHY Ol 2R T

Gradient Descent 2 3&05t0] X gtut ofZF 4t

4 Extra Gradient Boosting L o bpms o e
AHO|E x| aziote PYE HH=510] o5 222 T
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Figure 34. Analysis Equipment System related Uniformity Index
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Table 12. Mesh Modeling Information of CFD in SCR System

Mesh modelling information

Volume Number of
Analysis Base MeshSurface Mesh Prism LayerFine
Mesh Type (Total Mesh Prism
Tool Size Size Thickness Mesh
Quantity) Layers
50~100% 25% Surface
Star-
(Compared (Compared: 25%
CCM  +Polyhedral 1,041,308 4 mm
Base Mesh Base Prism:
V12.04
Size) Thickness) 12.5%
uA YRS D8 WE
| AU A U Mocer¥ AR HYR HY 2UY PoE WY
87% AN 23

UIBE #N : SCRUT 21 15mm 2T

Figure 35. Mesh Modeling Shape of CFD in SCR System
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Particie Temperature (C)
80.000 134.00 185.00 242.00 296.00 350.00

Mass Fraction of NH3

.0.0160.‘1

0.0053673

0.0087237

Figure 36. Example of CFD in SCR System

dutoz SEF LT (U MY HIHA| EOP4,5 =2 A TS| High RPM 0| Mass Flow of

Exhaust Gas, Gas Temperature of Exhaust, Urea Injection, Injection Duration of Urea & EE3t

Max Value & EN=Z TAHSHA ZCh A-SAL MZ=AOHCE ofZtel Xtoj= RUX|T, YOl
A2 SYoIEE RPM O] E0E S SCR AL 3527t &S0 M2t NH3 2| Mass

Fraction X Particle Temperature = £+ Z745HA| EICt,

81



Table 13. Boundary Conditions of CFD in the SCR System

Boundary conditions of CFD in the SCR System

No. Classification  Design Factors Unit Value
1 Material Shell Material in CFD Modeling SUS 436 L
2 Mass Flow of Exhaust Gas kg/h 316
TSCR Inlet Exhaust Gas Temp. May, °C 411
47Condition Turbo-Charger Max, RPM 203,000
57 Engine RPM RPM 3000
6 Adblue mg/s 105
77Urea Injection Urea Injection mg/Injection  30.6
87 Injection Duration msec 81.6
SCR Outlet
9 Pressure of Exhaust Gas kPa 9.8
Condition

Geometrical and functional data of urea injector nozzle holes

for the dosing of the SCR system

No. Classification Unit Value

1 Injector Hole Number No. 3

2 Hole Diameter um 120

3 Diameter at Hole Center Positions mm 1.9

4 Circumferential Distribution deg. 120
Static Mass Flow kg/h 3.2

Parameters for CFD spray initialization

No. Classification Unit Value

3 Hole Full
1 Equivalent Spray Type Type

Cone Spray
2 Cone Angle deg. 7
3 Spray Angle deg. 7
4 Estimated Initial Droplet Velocity m/s 24
5 Droplet Diameter, SMD pum 100
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=0 2242 =0|1Xt SFRALE Spray Time £ Uniformity Index 240l
LHBIX|= Start of Spraying A= (50ms) £E #E0| 7|7 ® End of Spraying
Al (81.7ms) X[ £ “S2| et Figure 37 Of [h2 3 End of Spraying AIF 81.7ms 0| Af NH3
Ul 3 NH3 Mass Fraction 2 g%t &ENO|HH, 2 Al 2| Ul= 0.964 O|CE 2|2 1 Cycle
A= 300ms S22 NH3 Ul = 0.963 O|C}. ZAl AlZH(Time of Spraying)O| 50ms 2f
81.7ms, 300ms Ui Ul Value = &2 #£(50ms Ul: 0.964, 81.7ms Ul: 0.964, 300ms Ul:
0.963)0| =Z& 2 Table 14 1 Z0| 243520, A[ZHS EHSAA 2880 B717F &

UA BFRALH.

Table 14. Comparison Result of Ul-related NH3 Spray Time of Case 01 in CFD

Spray Time 81.7 ms 300 ms

Outlet

Simulation  Inlet
condition

Model for ‘

Case 01 {0®

Dosing

cumulative NH3UI : 0.963

CFD 020

Results ::
Velocity Ul: 0.982 NH; Ul: 0.964 Velocity Ul: 0.982 NH; Ul: 0.963

Analysis

Time of 1 day 2 to 3 days

CFD
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Final Ul output

-1 _( (0.5/19) > 31)

Average NOx purification ef ficiency X Distribution sum of NO, purification ef ficiency

Front — end NOx — Back — end NOx
Front — end NOx

NOx purification ef ficiency = ( ) X 100 (32)

Distribution sum of NO, purification ef ficiency

(33)

19
= Z \/(Point NOx purification ef ficiency — Average NOx purification ef ficiency)?
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[l Analysis of Data
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for Control/Noise factors
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s s 5 No
M Experiments Design (Taguchi’s Koy Cavergnis

Orthogonal Matrix)

B Analysis of the S/N ratio Optimization Algorithm Yes

M Variance Analysis
M Algorithm of Verification and
W Determining Detailed interval

Construction
wDesign Variables /

No Verify with

CAE/Testing

End

Figure 38. Flowchart of the prediction process of the SCR system
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4.1.2 BAHS ol

SCR A|AE HAO|M nefsfjof & QIXf= CtEaf 20| 3| ol 20t £&&, $ailof
ClotA, NOx dols, w8 x, SCRA|AHLY & 8l 22 21 S0| Lk 2 AF0A =
&2 ZE0 AEHEQ Jgd=2 OX[= o0 EHE dACXNE Fo dAdH=s=

DN 2{SI 0K} SHEF SCR A|ARIQ| 27| HA AFY2 Table 15 Off H 2| &0

Table 16 1F ZC},

o]l O
I—

Table 15. Basic Specifications of SCR System

O, 20[OtX 2

No. Classification Specifications Remarks

1 Diameter = Length (0132.1<116.8), 2BRICK
2 c iCIR ‘ Cell Density 600 cpsi

atalys - : Passenger
3 Wall Thickness 3.5 mil

(3.00L) _ . _ Diesel
4 Wash-Coat Thickness 10mil@Corner, 3mil@wall Engine Type

. Blade Mo. 8
5 Mixer -
External Diameter 054

Table 16. Basic Layout of SCR System

No. Classification System Layout Remarks
1 SCR System -y J
Passenger
Inlet of Z 9
2 N Diesel
e { Engine Type
. T
3 Mixer r l
Top View Side View
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SCR Al2BQ| HY X HotE ot A Fol= Table 17 1F 2204, 220 21X E2t

ok

[El

UAMZE AL, B 7[7tA YA E, R20F M EL; BA7F 1, THO|Z L

I

, A =Y

A AL, 9N S0l 4, M SH0|E = Ak, YA SCR AL FH0HZE A2, SCR

1

A AE 2 ZO[O|Lf. Table 18 = 4 A/ #H2 /K| X 0 HE SM IS 2ttt

—

Table 17. Major Design Factors for Shape for SCR System

No. Major Design Factors Unit Remarks
1 Distance of Urea Injector and Mixer mm
2 Inflow Angle of Exhaust Gas deg.
3 Angle of Urea Injector and Mixer deg.

4 Mounting Angle in the Direction of p Determinati )
eg.
Rotation of the Mixer inside the SCR Pipe 9 etermination o

3Levels for
5 Number of Mixer Blade No. each Factor
6 Bending Angle of Mixer Blade deg.
7 Distance of Mixer and SCR Catalyst mm
8 Length of SCR Cone mm
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Table 18. Shape Characteristics of Major Design Factors for SCR System

No. Major Design Factors Detailed Description
1 Distance of Urea Injector and Mixer
@ Inflow Angle of
2 Inflow Angle of Exhaust Gas Exhaust Gas
(@ Angle of Urea --- - T
Injector and Mixer
3 Angle of Urea Injector and Mixer _
(1) Distance of Urea
Injector and Mixer
Mounting Angle in the Direction of . @ Mounting Angle in the Direction of
il -1 Rotation of the Mixer inside the SCR Pipe

Rotation of the Mixer inside the SCR Pipe

1 ® Number of Mixer Blade

i

5 Number of Mixer Blade
6 Bending Angle of Mixer Blade r b
® Bending Angle of Mixer Blade
© Length of SCR Cone
7 Distance of Mixer and SCR Catalyst 4
8 Length of SCR Cone

- -

() Distance of Miver and 5CR Catalyst

4.1.3 Taguchi 2w H{E S 0| &t Z[H A

= AT M= EAH==71 371 0]40]7| 20 F& HiX| A A|(Fractional Factorial Design)
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Table 19. Application of 8 Factors 3 Levels for Each Main Design Factors in SCR System

3 Levels
No. Major Design Factors Unit
1 Level | 2 Level | 3 Level
1 |A : Distance of Urea Injector and Mixer mm 95 85 75
2 |B : Inflow Angle of Exhaust Gas deg. 114 109 104
3 |C: Angle of Urea Injector and Mixer deg. 115 110 105
4 D : Mounting Angle in the Direction of deg. 10 0 10
Rotation of the Mixer inside the SCR Pipe
5 |E : Number of Mixer Blade No. 8 6 4
6 |F : Bending Angle of Mixer Blade deg. 125 120 115
7 |G : Distance of Mixer and SCR Catalyst mm 187 167 147
8 |H : Length of SCR Cone mm 186 166 146

ol

—

Figure 39 = Table 19 2 Fo|0f 2} HuH{HE S MZeh A0|CH 127 2 HELE 3 ¢

M

CIZt=E 13 ZH77HA| B X[ == RACH= 2|0j0|H, 2 AT M= FolEl 2A B 8 /) AT
HAL[ACH MEPN 2 2o| BTt 7HX| = 3 &0 2t 1~3 22 BHL| ALt Table 20 =

2H 2AERE Hubl S50 0j-8sto] Y=ot Ao|Lt.
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=S MINTAR - §I2 22

| TeE BEE HOHE@ AMQ SALHE IWIE BINO EFO BW ESEH
== ) *g I | @ [ |
B A
o | 07513 Bl ' Cl Cc2 C3 Cc4 CH Ch Cc7 C8
A B C D E F G H
12345678 1 1 1 1 1 1 1 1 1
2o YA e 2 2 1 1 1 1 2 2 2 2
el 7= 3 1 1 1 1 3 3 3 3
Taguchi & 7 4 1 2 2 2 1 1 1 2
. 5 1 2 2 2 2 2 2 3
Taguchi Z o HHE &3 6 1 o o o 3 3 3 1
L27(5++8) 7 1 3 3 3 1 1 1 3
ol g 8 1 3 3 3 2 2 2 1
o 27 9 1 3 3 3 3 3 3 2
10 2 1 2 3 1 2 3 1
L L27(3+13) e 11 Z 1 i 3 z 3 1 2
12345678 12 2z 1 2z 3 3 1 2 3
13 2 2 3 1 1 2 3 2
14 2 2 3 1 2 3 1 3
15 2 2 3 1 3 1 2 1
16 2 3 1 2 1 2 3 3
< 17 2 3 1 2 2 3 1 1
18 2 3 1 2 3 1 2 2
19 3 1 3 2 1 3 2 1
20 3 1 3 2 2 1 3 2
21 3 1 3 2 3 2 1 3
22 3 2 1 3 1 3 2 2
23 3 2 1 3 2 1 3 3
24 3 2 1 3 3 2 1 1
25 3 3 2 1 1 3 2 3
26 3 3 2 1 2 1 3 1
27 3 3 2 1 3 2 1 2
28

Figure 39. Application of Taguchi's Orthogonal Matrix for 8 Factors 3 Levels
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Table 20. Data of Taguchi's Orthogonal Matrix for 8 Factors 3 Levels in SCR System

A B C D E F G H
. Mounting Angle i . . . . .
No Distance of Urea Inflow Angle of Angle of Urea (:‘rllﬂ |.ng ngemi Number of Mixer | Distance of Mixer and | Distance of Mixer and
' ) . . . the Direction of Rotation Length of SCR Cone
Injector and Mixer Exhaust Gas Injector and Mixer L Blade SCR Catalyst SCR Catalyst
of the Mixer inside the (mm)
(mm) (deg) (deg) SCR Pipe (eq) (No) (deg) (mm)
Case 1 95 114 115 10 8 125 187 186
Case 2 95 114 115 0 6 120 187 166
Case 3 95 114 115 -10 4 115 187 146
Case 4 95 109 110 10 8 125 167 166
Case 5 95 109 110 0 6 120 167 146
Case 6 95 109 110 -10 4 115 167 186
Case 7 95 104 105 10 8 125 147 146
Case 8 95 104 105 0 6 120 147 186
Case 9 95 104 105 -10 4 115 147 166
Case 10 85 109 105 10 6 115 187 186
Case 11 85 109 105 0 4 125 187 166
Case 12 85 109 105 -10 8 120 187 146
Case 13 85 104 115 10 6 115 167 166
Case 14 85 104 115 0 4 125 167 146
Case 15 85 104 1135 -10 8 120 167 186
Case 16 85 114 110 10 6 115 147 146
Case 17 85 114 110 0 4 125 147 186
Case 18 85 114 110 -10 8 120 147 166
Case 19 75 104 110 10 4 120 187 186
Case 20 75 104 110 0 8 115 187 166
Case 21 75 104 110 -10 6 125 187 146
Case 22 75 114 105 10 4 120 167 166
Case 23 75 114 105 0 8 115 167 146
Case 24 75 114 105 -10 6 125 167 186
Case 25 75 109 115 10 4 120 147 146
Case 26 75 109 115 0 8 115 147 186
Case 27 75 109 115 -10 6 125 147 166
M ol
1) T=4A 22 Z
M T = = AlS o
Table 20 1 Z0| EAE HutiEEE 7|E2=2 27 i A ot 4o #=
MM o< N Feine: Ko} A = o| M [o] =2 X olA =
SARES MAHSIRAoH, >EE & 27702 A CIXtRlS Table 21 0ff F2|StRLt. 7[&
Gl o H 3 A A S X (o]} =
Z7|RH2 Figure 40 °F Zom, Ztzto| HAAHs =0 HolE|o QUACH CATIA E
L5IA FZ+O s £ AtS 70 A (o] ok
O| 8ot o, ZZto| 7t HAZE [f 70| 70| QIE 5 SHRILCE
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Exhaust Gas Flow

QY

Injector

Mixer

SCR Cone

Figure 40. Design of the SCR system

Table 21. Design of 27 Cases for Taguchi's Orthogonal Matrix in SCR System

Design related Shape and Layout of SCR System (Factors Type : A, B, C, G, H)
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Design related Bending Angle of Mixer Blade (Factors Type : F)
Case 1 Case 2 Case 3 Case 4

Case 7 Case 8 Case 9

@25«&

Case 16

115deg.

Case 25 Case 26

%

12
Design related Mounting Angle in the Direction of Rotation of the Mixer inside the SCR Pipe and Number of Mixer Blade (Factors Type : D,E)
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
+10deg. “~ + 1°~ Mu. "Odeg.. ‘l“u. Odeg.
Case 10 Case 11 Case 12 Case 13 Case 14 Case 15 Case 16 Case 17
+10deg. od~ + mdq.. A +10deg. Odel..

Case 19 Case 20 Case 21 Case 22 Case 23 Case 24 Case 25

+10deg. Mel-. + um.

4.2 SH7|EE ol 83t =[HEA

Case 26

Odeg. l

®

-

+10deg.

my
=
Hr
X

Table 22 & 27 7§ 2R Ot FSoiY 200X, O|L|E Z=2034S 2E5H CHK

[

mx

—
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Table 22. CFD Results of Taguchi’'s Orthogonal Matrix (Factors: 8EA, Levels: 3, L27)

A Distance of Urea Injector and Mixer (mm)

B Inflow Angle of Exhaust Gas (deg.)

C Angle of Urea Injector and Mixer (deg.)

D Mounting Angle in the Direction of Rotation of the Mixer inside the SCR Pipe (deg.)
E  Number of Mixer Blade (No.)

F Angle of Mixer and SCR Catalyst (deg.)

G Distance of Mixer and SCR Catalyst (mm)

H Length of SCR Cone (mm)

Ave. Std. SN Ratio Velocity NH3U H G F E D C B A No.

0.97 0.01273 —0.23886 0.98 096 186187125 8 10 115114 95 CaseO1
0.96 0.03111 —0.33428 0.99 094 166187120 6 0 115114 95 Case02
091 0.11031 —0.90526  0.99 083 146187115 4 —10 115114 95 Case03
0.97 0.01131 —0.2297 0.98 097 166167 125 8 10 110 109 95 Case04
0.96 0.02899 —0.32886 0.98 094 146167120 6 0 110109 95 Case05
0.93 0.08839 —0.69396 0.99 087 186167 115 4 —10 110 109 95 Case06
0.97 0.01556 —0.25729 0.98 096 146147125 8 10 105104 95 Case07
0.98 0.01909 —0.21795 0.99 096 186147120 6 0 105104 95 Case08
0.94 0.07778 —0.62888  0.99 0.88 166 147 115 4 —10 105 104 95 Case09
0.97 0.02828 —0.27011  0.99 095 186187115 6 10 105109 85 Casel0
092 0.0997 -0.78643 0.99 085 166187125 4 0 105109 85 CaselT
0.97 0.01414 -0.23912 0.98 096 146187120 8 —10 105 109 85 Casel2
0.97 0.02121 —0.26768  0.99 096 166167 115 6 10 115104 85 Casel3
092 0.09617 —0.7859  0.99 085 146167125 4 0 115104 85 Casel4
0.98 0.00707 —0.22025 0.98 097 186167120 8 —10 115104 85 Casel5
0.97 0.02334 -0.29077 0.98 095 146147115 6 10 110 114 85 Casel6
0.94 0.07849 —0.62501  0.99 088 186147125 4 0 110 114 85 Casel7
0.97 0.01131 —0.24756  0.98 096 166147120 8 —10 110 114 85 Casel18
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0.93 0.08344 —0.6545 0.99 0.87 186 187 120 10 110 104 75 Casel9

0.98 0.00707 —0.19356 0.98 097 166 187 115 0 110104 75 Case20

096 0.0297 —-0.32464 0.99 094 146 187 125 —10 110 104 75 Case21

0.93 0.08273 —0.65833  0.99 0.87 166 167 120 10 105 114 75 Case2?2

097 0.02334 —0.24596 0.99 096 186 167 125 —10 105 114 75 Case24

093 0.0799 -0.66431 0.99 0.88 146 147 120 10 115109 75 Case25

097 0.00849 —0.22932 0.98 097 186 147 115 0 115109 75 Case26

4
8
6
4
0.97 0.01131 —-0.2297 0.98 097 146167115 8 0 105114 75 Case23
6
4
8
6

097 0.01909 —-0.27157 0.98 096 166 147 125 —10 115109 75 Case27

Table 23. Response for the Signal-to-Noise Ratio

Level A B C D E F G H

1 —0.3858 —0.3945 —-0.3926 —04197 —0.7114 —0.4121 —0.3814 —0.4473
2 —0.4148 —04126 —0.3987 —04146 —0.2835 —0.3961 —0.4067 —0.402
3 —0.4261 —0.4195 —04353 —0.3924 —-0.2317 —04184 —04385 —0.3773
Delta  0.0403 0.025 0.0426 0.0273 04797 0.0222 0.0571 0.07
Ranking 5 7 4 6 1 8 3 2

Table 23 2 & FFT0A Z QAXtE MZCHESH|(Signal-to-Noise Ratio)0l| CHSt

F(Response)= HOIECE 2E +=9&= 4

BN
rE
e
10
bt

CH St f &2 2| X0 gto[H,

In

37|17t HESZ o] Ackn & 4= ULt 9IM E3|0|=9| £~(E)= 04797 O] B2 2 JHH
=2 HEF =2/0|M, SCR 2| ZO|(H), YAl SCR HO§Z+| HE|(G), 2o QX E{et
UM ZE Z = (C), Fe0F AME M ZEO| HE|(A), THO|Z LS M o He A2 = (D),
HiZ| 7t RUZEEB) R UM E20/=2 o'l 2= (F), BEH 2h2 282 0.07, 0.0571, 0.0426,

0.0403, 0.0273, 0.025 % 0.0222 O|LC}.
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Table 24. ANOVA for the Signal-to-Noise Ratio

Classification DF Seq SS Adj SS Adj MS F P
A 2 0.00779 0.00779  0.003896 1.7 0.232
B 2 0.003 0.003 0.0015 0.65 0.541
C 2 0.00957 0.00957  0.004784 2.09 0.175
D 2 0.00379 0.00379  0.001894 0.83 0.466
E 2 1.24757 1.24757  0.623785 272.04 0
F 2 0.00237 0.00237  0.001185 0.52 0.612
G 2 0.01475 0.01475  0.007374 3.22 0.083
H 2 0.02268 0.02268  0.011342 4.95 0.032
Residual Error 10 0.02293 0.02293 0.02293
Total 26 1.33445

Table 24 & Zt =F0|A 2z QIXtH AMZCHESH|(Signal-to-Noise Ratio)0| CHoF =4t
2M(ANOVA)S ot A1tE HO|FCHLERQIH 2 P2 005 0|2t 2 SE EM1F B~ AtO|0f|
EAN A2 2A T JASS 2|0|SICH E QL H 2| F4tE Table 24 2F Z0| A, B, C, D, F, G2

W20 30 24 REO| O E 9 220 Had2 =¥ Ma & Us €8 Add =

—

Table 25. Response for the Averages

Level A B C D E F G H

1 0.9588 0.9581 0.9583 0.9557 09278 09566 0.9591  0.9529

2 09562 09563 0.9574 0.9562 0.9684 09577 0.9569 0.9573

3 09551 0.9557 0.9542 0.9581 09738 09558 0.9541 0.9598

Delta 0.0037 0.0024 0.0041 0.0023 0.0459 0.0019  0.005 0.0068
Ranking 5 6 4 7 1 8 3 2
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| CHot 8 §2 Table 25 2F ZCt B Z2f|0|EQ| =(F)=
0.0459 o| Zto2 BEt +=2|7t 7HY &1 SCR 29| ZO|(H), UA Lt SCR F0H7te| AHZ|(G),
2o QIMEQL A7 Zt=(C), L2of CIME{Qt BIM7to| HE|(A), IHO|Z LiZ GlA]
A Ef

S| FHAE(D), 71712 RULEB) XL YA 220=0] FY AR 202

22 242} 0.0068, 0.005, 0.0041, 0.0037, 0.0024, 0.0023 % 0.0019 O|LCt.

Table 26. ANOVAs for the Averages

Classification DF Seq SS Adj SS Adj MS F P
A 2 0.000066  0.000066 0.000033 1.89 0.202
B 2 0.000028 0.000028 0.000014 0.8 0.478
C 2 0.000084  0.000084  0.000042 242 0.139
D 2 0.000027  0.000027  0.000014 0.78 0.484
E 2 0.011354 0.011354 0.005677  326.16 0
F 2 0.000016  0.000016  0.000008 0.47 0.64
G 2 0.000113  0.000113  0.000057 3.25 0.082
H 2 0.000215  0.000215 0.000108 6.18 0.018
Residual Error 10 0.000174  0.000174  0.000017
Total 26 0.012077

Table 26 2 &4F 24(ANOVA)S| B2 He[otel, 24 #H4 H= 0018 2 7t &2
PZtE JHAIH AA == G 7t 1 Ch30|CH

Ol2fgt HA W==2| pZt2 0.05 ECt X220 Ol {2 +=FUM SAHXH2ZE RolsiCH= 4
olg|stCt. P 340l 0.05 HCt 7L} Zo™

ZES WZ + UACE 005 2] &
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>
n>
=
n
rim
iy
rhu
mjo
=
m
fot
M
o
Ul
X
L]
rir
pav|
mjo
1o
O
rot
in

99



Main Effect for the Signal-to-Noise Ratio
Data Average

A B c D E F G H

=0.71

The Average of the Signal-to-Noise Ratio

T T T T T T T

T T T T T
75 85 %5 101 109 112 105 110 115 =10 O 10

Signal-to-Noise: Large the Better Characteristics

Figure 41. Main Effect for the Signal-to-Noise Ratio

Main Effect for the Average
Data Average

A B C D E F G H

0.687
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0.867
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The Average of the Average

0.837
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Figure 42. Main Effect for the Average
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H5E HEIRHAS FETH SCR A|AH Hs Z[Ci2 X F2

5.1 Z|M4A U QX uieto st HEfR A HiH
5.1.1 T2 MA H9|

HEIZES 0|82 Z

—

Al

24 2dg2A8S ol8ct0 Zast 2ygds Hsn

HEfZ RO F=tds =0l H=HQ ot50 East HYO[C) 2 A2 SCR A|2H 9
HEIR ES Ol 8% Z[HZ 2 M A IPYE Figure 43 of ZCt BHAE gt=0| Hol= Ch3at

Z Lt Formulation of optimization 2 F2 2A H==0| Cieh 27 =AM 2 24

(@He40} T4t oY) $HCF Sampling 2 ASI 72 H2 0|83t0] HEIRHS LAt

d

MHUMS &= 1H0|0, PIDOTECH OfA 7HESH MLO(Multi-Start Local Optimization)2t

EDT(Ensemble of Decision Trees)E 0|&%t QBC(Query-by-Commitment)2F MMDS(Multiple

ot

Maximum Distance Sampling) 7|8 & A2 ST}
Make design models using CATIA 2| =2 AAA R0 o5 FHE PSS
3D ZE 2 HZstE DHE0|H CFD Analysis using STAR-CCM++= 2H9 &l B E0f| CH3SH0] CFD

TS0 d5 22l uHOILE Generate Metamodel 2 ™ S0l Choh Aotk S 2510

HEIZ &S BtE = DY O0|CH Accuracy Convergence 1 0|A{= Norm. RMSE(Normalized Root

o

| 8ot0f 05 Zuate

_—

Mean Square Error) X|EES AXN Zot7F Loty YX|SH=X] Hlw
=MoICH AX|ILO7t 275t F=eE TE & 42 Predicting the optimal design

oM ds0| x|iztetn o dkl= HA 42 ==L CFD Analysis for Optimum

Design 2 =& & tofl Lt CFD S-S TSI, Accuracy Convergence IHJ0f| A Of & &
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5.1.2 HEIRES 0| 8¢t XX 24
1) Samling
Ctm ZuHi g ZModAoM ddet 27 7§ HO|HE &83t7] sk 19 7H9

S5 O|0|E{(Train Data)2t 8 7H2| A|&C|O|E{(Test Data)Z XHHHX|SIO] A HAY

ok

1

mjo

RISt & 3 H2| UHE (teration) MBS WSO, 2K OEF DY A QICH

Zosh XA HAEE2 PIANO Tool Y NMZEXA|Q PIDOTECH XA|Qtof 2} ofziet &2

grAlo 2 FO|st A} oLt Al (34)= @ O|X} CHak Al & & (Full Quadratic Polynomial Model)

n n n-1 n
y(x) =30+Zﬁixi+2ﬁiix% +ZX Z X BijXixj (34)
=1 i-1 =1 j=ir1

nSAT=(ndv+1)(ndv+2)/2 (35)

nSAT £ &2l #0|0, ndv & XS] =& 2|0| St} 2IAtO| 4=0f| k2t Figure 44 2F 20

St GO el 2|8 FHSIH of2f 4 (36), (37)2 AR 0 T2 ALt O|Lt.

A A== (ndv)7t 10 O|St=1.5xnSAT (36)

A A== (ndv) 7t 10 O & =10xnSAT (37)
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Figure 44. Recommendation of Testing Point related Parameter No.
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RMSE(Normalized Root Mean Square Error), Max.Abs.Error & Of2f2t 20|

=41 (38), (39)
o2 Folgtet.

1 )2
RMSE \/ ntestZ(y -y
Norm.RMSE = =

(38)
Q;—0Q4 Q;—0Q4
Nyese= S AY 0|0, y = =X SMO| M ALt M5 ZfO|CL ¥ = HEF 22 S Sl 0| =3t
A
o

=?F 81 AN ERI50ICH

Max.Abs.Error = Max[y; — y;,

~

Y2 — Y2 +,¥g — Vsl (39)

FI1HoR & UiEt RYSO| AT MWW Ole RO Y HSIHo ohEEO| Ta 3

= —
HE Of2iet Z2 Al (4002 ABSIO X} $hCt,
Maching Ratio (%) = % x 100 (40)
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Home
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Table 27, Table 28, Table 29, Table 30, Table 31 2 MMZ=l HEt R& £=X|E 7|EIOZ2

m

1

SCR A|2BlE R O|0[X|E E0=C 4 ddE HE 2 $X|& 7|#H2= SCR

Table 27. Design Modeling of 1% Train Data

Design Parameter

of 1st Train Data Case 1 Case 2 Case 3 Case 4

A BCGH

DEF
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Design Parameter
of 1st Train Data

I
ABCGH

DEF

Design Parameter
of 1st Train Data

A B CGH
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Design Parameter
of 1st Train Data

Case 13

Case 14

Case 15 Case 16

ABCGH| Q

D:EF

Design Parameter
of 1st Train Data

A B, CGH

D;EzE
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Table 28. Design Modeling of 2" Train Data

Design Parameter
of 2nd Train Data

Case 20

Case 21

ABCGH

D EF

Design Parameter
of 2nd Train Data

Case 25

Case 27

ABCGH| Ol

D EF

111



Design Parameter
of 2nd Train Data

ABCGH| QI T

D.EF

Design Parameter
of 2nd Train Data

ABCGH| @df

D, EF
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Design Parameter
of 2nd Train Data

Case 36

ABCGH | A

DEF

N

L

§ -

Table 29. Design Modeling of 3rd Train Data

Design Parameter
of 3rd Train Data

Case 41

ABCGH| @l

D.EF
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Design Parameter

of 3rd Train Data Case 44 Case 45 Case 46 Case 47

ABCGH| /

D EF

Design Parameter
of 3rd Train Data

ABCGH|

D EF
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Design Parameter
of 3rd Train Data

ABCGH| Qf

D.EF

Table 30. Design Modeling of 4th Train Data

Design Parameter
of 4th Train Data

Case 60

Case 61

ABCGH | @ -

D EF
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Design Parameter

of 4th Train Data Case 64 Case 65 Case 66 Case 67

A B CGH

D,EF

Design Parameter
of 4th Train Data

ABCGH|

D.EF
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Design Parameter
of 4th Train Data

Case 73

ABCGH|{

D.EF

Design Parameter
of 4th Train Data

A B CGH

D.EF
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Table 31. Design Modeling of Test Data

Design Parameter

of Task Data Case 1 Case 2 Case 3

A B.C,GH

D;:EzE

Design Parameter
of Test Data

A B, C G H

D, EF
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Design Parameter
of Test Data

A B C G H

D; E E
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Table 32. 1st Train Data for Optimal Creation of Metamodel including NH3 Ul Results

No. A B C D E F G H NH3 Ul
Case 01 95 114 115 10 8 125 187 186 0.964
Case 02 95 114 115 -10 4 115 187 146 0.833
Case 03 95 109 110 10 8 125 167 166 0.966
Case 04 95 109 110 0 6 120 167 146 0.943
Case 05 95 109 110 -10 4 115 167 186 0.867
Case 06 95 104 105 0 6 120 147 186 0.962
Case 07 85 109 105 0 4 125 187 166 0.851
Case 08 85 109 105 -10 8 120 187 146 0.963
Case 09 85 104 115 10 6 115 167 166 0.955
Case 10 85 104 115 0 4 125 167 146 0.853
Case 11 85 104 115 -10 8 120 167 186 0.970
Case 12 85 114 110 10 6 115 147 146 0.951
Case 13 85 114 110 -10 8 120 147 166 0.964
Case 14 75 104 110 10 4 120 187 186 0.874
Case 15 75 104 110 0 8 115 187 166 0.973
Case 16 75 104 110 -10 6 125 187 146 0.943
Case 17 75 114 105 0 8 115 167 146 0.966
Case 18 75 114 105 -10 6 125 167 186 0.956
Case 19 75 109 115 0 8 115 147 186 0.968

Table 33. 2nd Train Data for Optimal Creation of Metamodel including NH3 Ul Results

No. A B C D E F G H NH3 Ul
Case 20 95 104 115 10 4 125 187 146 0.894
Case 21 | 79.11 | 11213 | 106.63 | 3.87 7 122.24 | 152.07 | 158.89 | 0.966
Case 22 | 9233 | 10893 | 113.6 | -9.33 7 122.25 | 17047 | 158 0.967
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Case 23 | 7835 | 108.47 | 1084 | -8.54 6 116.98 | 17045 | 166.11 | 0.965
Case 24 | 77.93 | 105.93 | 106.05 4 6 122.13 | 148.65 | 172.39 | 0.964
Case 25 | 89.92 | 11041 | 11217 | 9.15 6 115.27 | 153.42 | 165.26 | 0.963
Case 26 75 114 105 10 4 125 187 146 0.906
Case 27 | 90.6 | 1044 | 10758 | 0.83 5 118.87 | 17393 | 177.7 | 0.957
Case 28 | 80.37 | 109.27 | 107.07 | -7.37 4 120.66 | 1854 | 179.87 | 0.916
Case 29 | 94.05 | 113.49 | 105.67 | -0.92 6 124.04 | 183.44 | 182.53 | 0.916
Case 30 | 81.93 | 113.53 | 107.74 | -6.93 4 118.73 | 1484 | 149.64 | 0.931
Case 31 | 89.8 | 110.6 | 113.63 | 2.72 5 124.67 | 162.73 | 178.54 | 0.951
Case 32 | 76.18 | 112.24 | 106.76 | -0.59 5 120.29 | 163.23 | 171.88 | 0.954
Case 33 | 77.35 [ 108.12 | 112.65 | 6.49 6 117.35 | 184.65 | 181.29 | 0.962
Case 34 | 82.05 | 109.3 | 11147 | 9.99 5 123.23 | 182.28 | 157.76 | 0.944
Case 35 | 82.06 | 109.29 | 109.12 | -8.82 6 115 | 170.53 | 155.41 | 0.961
Case 36 | 84.41 | 106.35|113.24 | 647 7 119.89 | 156.41 | 183.65 | 0.969
Case 37 | 85.59 | 11047 | 11441 | 529 4 118.53 | 160.13 | 150.71 | 0.918
Case 38 | 90.29 | 111.06 | 110.29 | 8.82 5 116.77 | 172.88 | 178.03 | 0.952
Case 39 | 92.65 | 104.01 | 106.76 | -6.47 7 118.49 | 147.01 | 167.16 | 0.968

Table 34. 3rd Train Data for Optimal Creation of Metamodel including

NH3 Ul Results

No. A B C D E F G H NH3 Ul
Case 40 | 75.00 | 107.13 | 109.38 | 6.25 8 121.31 | 17450 | 171.00 | 0.975
Case 41 | 8433 | 10433 | 111.84 | 7.47 7 121.10 | 170.19 | 180.83 | 0.970
Case 42 | 9400 | 111.83 | 110.93 | -7.88 8 118.33 | 160.34 | 183.84 | 0.973
Case 43 | 87.66 | 109.34 | 11234 | -1.44 6 11643 | 184.86 | 172.18 | 0.961
Case 44 | 9354 | 11213 | 11474 | 5.95 5 124.45 | 165.67 | 160.41 | 0.947
Case 45 | 87.32 | 11040 | 106.93 | -4.01 7 121.29 | 174.20 | 185.27 | 0.971
Case 46 | 78.24 | 10572 | 111.10 | 6.62 7 120.40 | 164.60 | 153.32 | 0.966
Case 47 | 81.87 | 105.79 | 106.20 | 2.93 7 117.65 | 185.81 | 171.87 | 0.970
Case 48 | 9398 | 110.13 | 11246 | -2.90 8 119.14 | 181.93 | 152.67 | 0.968
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Case 49 | 7649 | 107.40 | 107.80 | 4.20 7 118.87 | 155.80 | 181.46 | 0.973
Case 50 | 92.45 | 110.15 | 105.30 | -8.39 5 124.13 | 149.92 | 176.13 | 0.959
Case 51 | 79.66 | 104.73 | 112.55 | 10.00 4 124.67 | 155.59 | 17499 | 0.939
Case 52 | 85.92 | 109.93 | 110.61 | -0.67 5 115.93 | 149.56 | 172.15 | 0.958
Case 53 | 94.73 | 107.80 | 106.27 | 1.41 4 121.33 | 147.74 | 150.81 | 0.930
Case 54 | 94.73 | 107.33 | 105.50 | 2.02 6 116.87 | 159.27 | 154.05 | 0.960
Case 55 | 86.73 | 106.41 | 108.80 | -8.81 5 120.13 | 161.13 | 185.17 | 0.955
Case 56 | 90.78 | 112.20 | 11046 | 9.60 5 116.82 | 173.40 | 160.13 | 0.949
Case 57 | 8290 | 112.70 | 108.34 | 3.33 4 123.89 | 149.87 | 170.53 | 0.933
Case 58 | 79.40 | 106.99 | 105.41 | 9.60 5 119.00 | 176.06 | 183.88 | 0.954
Case 59 | 87.27 | 106.32 | 107.20 | 9.06 8 119.01 | 154.99 | 150.81 | 0.968

Table 35. 4th Train Data for Optimal Creation of

Metamodel including NH3 Ul Results

No. A B C D E F G H NH3 Ul
Case 60 | 95.00 | 104.15 | 115.00 | -9.59 4 115.00 | 185.37 | 186.00 | 0.907
Case 61 | 80.30 | 109.09 | 110.93 | 1.54 6 118.65 | 168.55 | 167.33 | 0.963
Case 62 | 79.77 | 108.36 | 112,59 | -8.52 7 125.00 | 151.87 | 164.69 | 0.965
Case 63 | 92.74 | 107.05 | 105.00 | -4.13 6 119.74 | 180.55 | 149.48 | 0.955
Case 64 | 9191 | 106.28 | 109.43 | -1.43 6 125.00 | 163.50 | 158.92 | 0.958
Case 65 | 81.89 | 109.38 | 105.55 | 2.72 4 119.40 | 181.67 | 157.55 | 0.912
Case 66 | 78.50 | 107.82 | 11045 | -8.00 5 122.52 | 171.27 | 185.73 | 0.956
Case 67 | 75.21 | 107.54 | 111.39 | 10.00 8 123.73 | 187.00 | 150.13 | 0.970
Case 68 | 92.47 | 114.00 | 109.20 | 1.30 7 116.23 | 187.00 | 163.95 | 0.967
Case 69 | 75.12 | 107.91 | 105.98 | 4.40 6 116.00 | 181.99 | 186.00 | 0.967
Case 70 | 80.99 | 104.00 | 109.27 | 9.23 4 115.00 | 182.54 | 164.13 | 0.919
Case 71 | 82.85 | 110.64 | 11497 | 1.46 8 115.44 | 147.00 | 146.00 | 0.962
Case 72 | 75.25 | 106.40 | 115.00 | -10.00 6 123.69 | 168.34 | 164.43 | 0.960
Case 73 | 89.27 | 109.79 | 113.13 | -4.23 5 117.72 | 166.33 | 176.41 | 0.953
Case 74 | 75.00 | 109.68 | 113.21 | 2.79 6 120.27 | 183.22 | 171.52 | 0.961
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Case 75 | 95.00 | 11246 | 112.34 | 9.54 5 125.00 | 183.33 | 172.67 | 0.944
Case 76 | 89.98 | 11241 | 107.63 | -3.03 6 121.32 | 170.63 | 164.14 | 0.962
Case 77 | 8541 | 114.00 | 111.84 | 6.03 7 123.98 | 161.83 | 161.77 | 0.964
Case 78 | 95.00 | 106.40 | 108.55 | -1.02 8 120.07 | 167.55| 17593 | 0.972
Case 79 | 81.39 | 111.45 | 109.64 | -2.66 5 120.34 | 147.00 | 156.92 | 0.954
Table 36. Test Data for Optimal Creation of Metamodel including NH3 Ul Results

No. A B C D E F G H NH3 Ul
Case 1 95 114 115 0 6 120 187 166 0.941
Case 2 95 104 105 10 8 125 147 146 0.960
Case 3 95 104 105 -10 4 115 147 166 0.880
Case 4 85 109 105 10 6 115 187 186 0.950
Case 5 85 114 110 0 4 125 147 186 0.880
Case 6 75 114 105 10 4 120 167 166 0.874
Case 7 75 109 115 10 4 120 147 146 0.875
Case 8 75 109 115 -10 6 125 147 166 0.956
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Table 37. CFD Results through Created Metamodel

No. CFD No. CFD No. CFD No. CFD No. CFD
(Test Data) | Results | (1Train Data) | Results | (2"¥ Train Data) | Results | (3" Train Data) | Results (4™ Train Data) | Results
Case 1 0.941 Case 1 0.964 Case 20 0.894 Case 40 0.975 Case 60 0.907
Case 2 0.960 Case 2 0.833 Case 21 0.966 Case 41 0.970 Case 61 0.963
Case 3 0.88 Case 3 0.966 Case 22 0.967 Case 42 0.973 Case 62 0.965
Case 4 0.95 Case 4 0.943 Case 23 0.965 Case 43 0.961 Case 63 0.955
Case 5 0.88 Case 5 0.867 Case 24 0.964 Case 44 0.947 Case 64 0.958
Case 6 0.874 Case 6 0.962 Case 25 0.963 Case 45 0.971 Case 65 0.912
Case 7 0.875 Case 7 0.851 Case 26 0.906 Case 46 0.966 Case 66 0.956
Case 8 0.956 Case 8 0.963 Case 27 0.957 Case 47 0.970 Case 67 0.970
Case 9 0.955 Case 28 0.916 Case 48 0.968 Case 68 0.967
Case 10 0.853 Case 29 0.916 Case 49 0.973 Case 69 0.967
Case 11 0.97 Case 30 0.931 Case 50 0.959 Case 70 0.919
Case 12 0.951 Case 31 0.951 Case 51 0.939 Case 71 0.962
Case 13 0.964 Case 32 0.954 Case 52 0.958 Case 72 0.960
Case 14 0.874 Case 33 0.962 Case 53 0.930 Case 73 0.953
Case 15 0.973 Case 34 0.944 Case 54 0.960 Case 74 0.961
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Case 16 0.943 Case 35 0.961 Case 55 0.955 Case 75 0.944
Case 17 0.966 Case 36 0.969 Case 56 0.949 Case 76 0.962
Case 18 0.956 Case 37 0.918 Case 57 0.933 Case 77 0.964
Case 19 0.968 Case 38 0.952 Case 58 0.954 Case 78 0.972

Case 39 0.968 Case 59 0.968 Case 79 0.954
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Table 38. Accuracy Result of the Metamodels

Ranking No. Algorithm Plot Norm.RMSE(%) RMSE Max.Abs.Error
0.976° © Train Data Test Data 5?
(CD
f‘p} ’
i z
1 KRG E 28.5% 0.004 0.008
““o.829 ::::I 0.976
0.976 Train Data Test Data { >
2 EDT R 57.0% 0.008 0.020
.829 AO:S:I 0.976
g 0.903 ¢'
3 RBFi E //g* 82.5% 0.011 0.021
o.snga/ 0.903 0.976
Actual
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Table 39. Result of CFD Compared to Metamodel Optimization

No. Major Design Parameters Contrib

ution Analysis [%]

1 A: Distance between Urea Injector and Mixer
2 B:Inflow Angle of Exhaust Gas

3 C: Angle of Urea Injector and Mixer
4 D: Mounting Angle of Mixer

5 E: Number of Mixer Blade

6 F: Bending Angle of Mixer Blade

7  G: Distance of Mixer and SCR Cone
8 H: Length of SCR Cone
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Table 40. Result of CFD Compared to Metamodel Optimization

NH; Ul

No. Major Design Parameters Unit Value
Prediction ~ CFD

1 A: Distance between Urea Injector and Mixer mm  80.42

2 B: Inflow Angle of Exhaust Gas deg. 107.38

C: Angle of Urea Injector and
deg. 108.02

Mixer

4 D: Mounting Angle of Mixer deg. 5.67

0.97461  0.97293

5 E: Number of Mixer Blade No. 8

6 F: Bending Angle of Mixer Blade deg. 121.21
G: Distance of Mixer and SCR

7 mm  163.97
Cone

8 H: Length of SCR Cone mm 171.03

Matching Rate (%) 99.83
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Table 41. Design Modeling of Base Model and DOE Optimization, Metamodel Optimization

Base Model DOE Optimization Metamodel Optimization
e o B: 110deg H: 166mm B:108.02deg W70,
) @ y
| || R | i
A: 95mm G: 147mm " ;‘A: 75mm G: 187mm 2 A:m

E:8EA
{,, »

F: 125 deg F: 115 deg

F: 121,208 deg

NH; Ul: 0.959639 NH; Ul: 0.973499 NHs; Ul: 0.972931

Table 42. Summary of Base Model, DOE Optimization and Metamodel Optimization

Classification Base Model DOE Optimization Metamodel Optimization
Results of Optimization 0.959639 0.9734991(1.44% 1) 0.972931(1.38% 1)

Data Quantity 1 27 87

Contribution N/A N/A E>F>D

Prediction N/A N/A Predictable
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Abbreviations

C Carbon

Cco Carbon Monoxide

HC Hydrocarbon

NO Nitric oxide

NO2 nitrogen dioxide

NOx Nitrogen oxide

PM Particulate Matters

N2 Nitrogen

co2 Carbon Dioxide

SO2 sulfur dioxide

NMHC Non-methane hydrocarbon,
THC Total hydrocarbon

LNT Lean NOx Trap

DPF Diesel particulate filter

EGR Exhaust gas recirculation
SCR Selective Catalytic Reduction
Ul Uniformity Index

EDT Ensemble of Decision Trees
RBFi Radial Basis Function Interpolation
RBFr Radial Basis Function Regression
PR Polynomial Regression
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RMSE

Norm.RMSE

Max.Abs.Error

DOE

MLO

QBC

MMD

CFD

MLE

GP

GVWR

Root Mean Squared Error

Normalized Root Mean Squared Error
Maximum Absolute Error

Design of Experiments

Multiple-start Local Optimization
Query-by-Commitment

Multiple Maximum Distance Sampling
Computational Fluid Dynamics
Maximum Likelihood Estimation
Gaussian Process

Gross Vehicle Weight Ratio
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Abstract

A Study on Performance Prediction using Machine Learning Algorithms

in Selective Catalyst Reduction System

Graduate School, University of Ulsan
Dep. of Mechanical Engineering

SungHun Kim

The significance of the selective catalytic reduction system in vehicles increases in line
with the high standards of emission control and enhanced selective catalytic reduction
efficiency. This study aims to improve the performance of the selective catalytic reduction
system through optimization methods. The existing methods for the design and
performance improvement of selective catalyst reduction systems tend to be inefficient,
due to layout changes that require modification when mounting a vehicle based on
previously designed models. There are some factors that can affect the design of the diesel
engine selective catalyst reduction system that can be identified by applying an optimized
design. The objective function is defined as the ammonia uniformity index, and the design
parameters are defined in relation to the pipe length and mixer related to the chemical
reaction of the urea solution. The Taguchi orthogonal array design is used with the eight
factors and three levels of the main design factors. The distance of the urea injector, the

distance of the mixer, the inflow angle of the exhaust gas, the angle of the urea injector,
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the angle of the mixer, the mounting angle in the direction of rotation of the mixer inside
the selective catalyst reduction pipe, the number of mixer blades, the bending angle of
the mixer blade are identified as the eight major factors involved. These factors can also
be considered manufacturing factors and can be established through machine learning.
Machine learning has the advantage of being more efficient compared to other methods
in determining the relationship between the data for each mutual factor. Machine learning
can help in reducing processing time, which can further decrease the cost of the design
analysis and improve the performance of the selective catalyst reduction system. This study
shows that the results are statistically significant as the p values of the mixer blade number
and cone length are lower than 0.05.

Machine learning is used in this study to deal with the reduction in the design period
and major performance improvement of the selective catalyst reduction system. Three
metamodel algorithms, namely, ensemble decision tree, Kriging, and radial basis function,
are employed to develop the metamodel. The accuracy of the metamodel is verified based
on three indicators: the normalized root mean square error, root mean square error, and
maximum absolute error. The metamodel is generated using the Kriging model, which has
the highest accuracy among the algorithms, and optimization is also performed. The
predicted optimization results are confirmed by computational fluid dynamics numerical
analysis with a 99.83% match. The ammonia uniformity index is improved by 1.38%
compared to the base model, and it can be said that the NOx purification efficiency is
improved by 30.95%. Consequently, optimizing the uniformity index performance through

structural optimization is of utmost importance. Furthermore, this study reveals that the
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design variables related to the mixer play a crucial role in the performance. Therefore,
using the metamodel to optimize the selectively catalytic reduction system’s structure
should be considered significant. Finally, in the future, the analysis model can be validated

using test equipment based on the findings of this study.
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