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1.1.

Suv

2004

g/mile

NOx

gas recirculation: EGR

Suv 50

Tier2

20

Particulate matter: PM

1990

1-6 1-7 1-8

1-10

1-2

1-9

CO,

1-1

2007

NOx 0.07
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Hydrocarbon: HC
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Top dead center: TDC
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Smoke SOOT
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4.4 MPa 17.3 kg/m®

0.5 1.0 ms
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850 K
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1.3.

NOx
Homogenous Charge Compression Ignition: HCCI 11
1990
1-13, 1-14, 1-15, 1-16 HCCI

2 1-17 2
AR [1-18]

HC CO 18

[1-14]

EGR
NOX

Partially pre-mixed Combustion: PPC

1-19

Partially pre-mixed Charge Compression Ignition: PPCI

[1-20] EGR PPC
EGR
EGR EGR 61
PPC EGR
o-211  ppc Equivalence ratio
EGR NOX
EGR NOx  SOOT



HCCI PPC

Top dead center:

TDC

HCCI 112 Bottom dead
center: BDC
[1-14 1-15]
PPC
EGR TDC
PPC MK(Modulated Kinetics)
[1-22] MK
PPC
PPC
PPC MK NOX
Low temperature combustion: LTC
Homogeneous TDC heterogeneous
1-4
o -T
Kook [+# Akihama [
SOOT  NOx SO00T
PAH
2 (o251 NOx

[1-26]
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1.4.

EGR
[1-27]
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1.6.

PCI

1-33 )
PCI

EGR
PCI
EGR
PCI

PCI

12

EGR

(PCI

PCI



[1-1] Xavier Gitiaux, Sergey Paltsev, John Reilly and Sebastian Rausch:
Biofuels, Climate Policy and the European Vehicle Fleet, Journal of
Transport Economics and Policy, Vol.46, No.1l, p.1-23 (2012)
[1-2] M. Tatur, et al.: Tier 2 Intermediate Useful Life (50,000 Miles)
and 4000 Mile Supplemental Federal Test Procedure (SFTP) Exhaust Emission
Results for a NOx Adsorber and Diesel Particle Filter Equipped Light-
Duty Diesel Vehicle SAE Paper (2005), 2005-01-1755
[1-3] United States: Cars and Light-Duty Trucks: Tier 2, Diesel Net,
https://dieselnet.com/standards/us/1d_t2.php 2023.08.24
[1-4]
B 61 590
p.3518-3523 1991
[1-5] 1800bar
Vol. 58 No.4 p.19-24 (2004)

[1-6] T. Shimada, T. Shoji and Y. Takeda: The Effect of Fuel Injection
Pressure on Diesel Engine Performance, SAE Paper (1989), 891919
[1-7] NOX

Vol. 24, No.1, p.5-9 (1993)
[1-8] T. Kamimoto, H. Yokota and H. Kobayashi: Effect of High Pressure
Injection on Soot Formation Process in a Rapid Compression Machine to
Simulated Diesel Flames, SAE Paper (1987), 871610
[1-9] S. Shundoh, T. Kakegawa, K. Tsujimura and S. Kobayashi: The Effect
of Injection Parameters and Swirl on Diesel Combustion with High Pressure
Fuel Injection, SAE Paper (1991), 910489
[1-10] N. Ladommatos et al.: The Effect of Exhaust Gas Recirculation on
Combustion and NOx Emissions in a High-Speed Direct-injection Diesel
Engine, SAE Paper (1996), 960840
[1-11] J.G. Hawley et al.: Reduction of Steady State NOx Levels from an

13


https://dieselnet.com/standards/us/ld_t2.php

Automotive Diesel Engine Using Optimized VGT/EGR Schedules, SAE
Technical Paper (1999), 1999-01-0835
[1-12] P.M. Najt and D.E. Foster: Compression-Ignited Homogeneous Charge
Combustion, SAE Transactions, 92, Sec.1(1983), 830264
[1-13]
B 62-595 p.1240-1246 (1996)
[1-14] Y. Takeda et al.: Emission Characteristics of Premixed Lean Diesel
Combustion with Extremely Early Staged Fuel Injection, SAE Paper (1996),
961163
[1-15] NOX
B 63-606 p.368-373 (1997)
[1-16] F. wahlin et al.: Effect of Injection Pressure and Engine Speed
on Air/Fuel Mixing and Emissions in a Pre-Mixed Compression Ignited (PCI)
Engine Using Diesel Fuel, SAE Paper (2004), 2004-01-2989
[1-17] S. Onishi et al.: Active Thermo-Atmosphere Combustion (ATAC) -A
New Combustion Process for Internal Combustion Engines, SAE
Transactions,88, Sec.2 (1979), 790501
[1-18] 2
AR
https://www.honda.co. jp/pressroom/1996/296102.html
2023.08.24
[1-19]
Vol.34 No.l p.53-58 (2003)

[1-20] N. Shimazaki et al.: Premixed Diesel Combustion by Direct
Injection Near Top Dead Center, International Journal of ENGINE RESEARCH,
Vol.8, No.3, p.259-270 (2007)
[1-21]

) Vol.37 No.l p43-48 (2006)
[1-22] DI

14


https://www.honda.co.jp/pressroom/1996/296102.html

- 1

- Vol .28

No.1l p.41-46 (1997)

[1-23] K. Kook et al.: The Influence of Charge Dilution and Injection

Timing on Low-Temperature Diesel Combustion and Emissions, SAE paper
2005-01-3837 (2005)

[1-24] K. Akihama et al.: Mechanism of the Smokeless Rich Diesel

Combustion by Reducing Temperature, SAE paper 2001-01-655 (2001)

[1-25]

59
[1-26]
NOX
[1-27]

p.5-10 (2005)

[1-28]

[1-29]

[1-30]

[1-31]

[1-32]

[1-33]

PAH 1
187 p.55-60 2017
N, O, 2 Thermal
3 3 p.243-247 1977

-, Vol.36 No.5

, Vol .37 No.5 p.119-124 (2006)
NOX
2 -EGR PCI -
Vol .38, No.1 p.175-180 (2007)
NOX
5 ) -
Vol .39, No.6 p.125-130 (2008)
NOX
3 -PCI
Vol.39, No.1 p.27-32 (2008)
NOX
4 - PCI
Vol .38, No.6 p.71-76 (2007)

15



Pp.201-206 2008

NOx

16

39



17



2.1. PCI

[2-1,2-2,2-3]

I

PCI Pre-mixed Compression Ignition

PCI

2-1  PCI
2-1] PCI

NOX

2-1 2-1] PCI
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2.2.
2.2.1.
2-1

EPA-47

2-1

DI
2-2

Engine type

DI diesel

Cylinder number

1

Valve train

OHYV 4 valves (2IN/2EX)

Bore x Stoke

103.0 x 99.0 [mm]

Displacement 825 [cc]
Connecting rod length 188.0 [mm]
Piston bowl shape Re-entrant, Shallow-dish
Compression ratio 17.5, 16.5

Head swirl Ks1.3, 1.9

Injection system

Common Rail System (~160 [MPa])

Injection nozzle specification

435 cc/ 30 sec @ 100 bar, 7 holes

Injection nozzle cone angle

134, 158

Boosting system

External boosting system

2-2

Tests Results Method
Specific gravity [kg/m°] 841.2 ASTM D-4052
Sulfur [ppm] 7 ASTM D-4045
Flash point PM [°C] 66.7 ASTM D-93
Cetane number [-] 48 ASTM D-613
Distillation, 90% [°C] 308 ASTM D-86
Hydrocarbon type [vol%)]

Aromatics 23.7

Olefins 5.1 ASTM D-1319

Saturates 71.2
Poly-nuclear Aromatics [wt%] 10.1

19




2-2 2-3
[2-4]

Exhaust gas recirculation: EGR

EGR EGR

MEXA-9100DEGR AVL model415

NOx, THC, CO, CO,

FSN FP-215

Injector

Needle Lift

2-2

20



2-3

21



6052B1
5011A10Y26
Indicator

Indicated mean effective pressure: IMEP

W (2-1) P-V
P V IMEP 2-4 P
dv
(2-2)
Indicated
specific power: 1S-Power Ne (2-3)
In-cylinder
average temperature Rete of heat release: R.O.H.R.
W [J] =f P [Pa] dV [m] (2-1)
INEP [Pa] = W [J] 7 V [] (2-2)
IS-Power [W]= W Ne [rps] /7 2 (2-3)
2-4 PV

22



Ne 1350 rpm fuel flow, Ff
20 mm*/stroke

Pinj 50 MPa EGR
A/F (2-4) (2-5) EGR
EGR EGR
A/F
EGR EGR
A/F
MAF EGR
A/F (2-5)
EGR  [%]= Co, [%]/ Co, [%] x100 (2-4)
A/F [-]= [ka/s]/ [ka/s] (2-5)
2.2.2.
3D
Computational Fluid Dynamics:
CFD) KIVA 1125 KIVA 1l FORTRAN

[2-6]

2-3 2-4

23



2-3

Software

KIVA [l 23]
Freeware published by Los Alamos national laboratory

Turbulence model

k-¢

Breakup model

Modified [2-6]

Impingement model

Modified [2-6]

Reaction model

Overall reaction of n-dodecane
Reaction frequency factors were set to 0 (no-combustion)

NOx model Expanded Zeldovich mechanism
SOOT model Hiroyasu

2-4
Engine speed 1350 rpm

Fuel flow

20 mm?/stroke

Injection pressure

50 MPa

Start of Injection

21 BTDC deg.C.A.

Initial gas conditions

Input gas compositions were given by experiment

24




2.3
2.3.1.

1.9
2-5

mean effective pressure:

hydrocarbon: THC
1S-power [kW]
PCI
THC

ATDCdeg.C.A.
NOX

PCI
2-5 A/E 21 EGR 57 %
€ 17.5
Ks PCI
1.3
Indicated
IMEP NOX Total
NOx  THC [g/h]
( IS-NOX 1S-THC)
NOX IMEP
PCI
Strat of injection: SOI -30
IMEP
IMEP
-20 -25 ATDCdeg.C.A.

25



2-5
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PCI



2.3.2.

PCI 2-6
2-7 Rete of heat
release: R.0.H.R. Needle lift
EGR 40 % 50 % 55 %
21 BTDC deg.C.A. 2-6  PCI
EGR TDC
2-7 EGR PCI
PCI
2-6 PCI EGR

27



2-7

28

EGR



-20 ATDC deg.C.A.
-2 ATDC deg.C.A. 2-8
Total heat release

-20 ATDC deg.C.A.

(Low temperature heat release: LTHR)

heat release: HTHR LTHR
EGR
PCI LTHR EGR
2-8 PCI
EGR

29

High temperature
LTHR



EGR LTHR  HTHR

2-9 LTHR
HTHR LTHR HTHR
LTHR
1000 K HTHR
LTHR 70 K
50 K EGR
LTHR EGR
40 % ~12 ATDC deg.C.A. EGR
LTHR EGR
EGR
EGR HTHR
LTHR
PCI HTHR
LTHR LTHR
HTHR
KIVA 11 EGR 55 Y%
2-10 PCI
5 ATDC deg.C.A.
2-11
(9 )>2.5 2-12
2.0
2-11 2.5
20 BTDC deg.C.A. 0
2-11 PCI
PCI

30



2-12 PCI

51 698 J f&
20 J LTHR LTHR
HTHR
2-9
70 K PCI
LTHR
Christensen [

HCCI

2-9 PCI

31

TDC

PCI



2-10 PCI

KIVA Il analysis (no combustion)
Ne= 1350 [rpm], Ff= 20 [mm?3/stroke]
< Pinj= 50 [MPa], SOI= 21 [BTDC deg.C.A.]
o 100
P
= 80
5 60 H I-PCI

2-11 PCI
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2-12 PCI

33



2.3.3. PCI

2-13

NOx

THC

2-13 PCI

34

PCI

Ks1.3
IMEP
Combustion noise level: CNL
PCI



2.3.4. PCI
PCI 2-14
PCI BTDC 20 30 deg.C.A.
EGR

2-14 PCI
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2.4.

(1) PCI

(2) PCI

36

THC

PCI

NOx

&



[2-1] N. Shimazaki et al.: Dual mode combustion concept with premixed
diesel combustion by direct injection near top dead center, SAE Paper
(2003), 2003-01-0742

[2-2] B. Walter and B. Gatellier: Development of the High Power NADI™
Concept Using Dual Mode Diesel Combustion to Achieve Zero NOx and
Particulate Emissions, SAE Paper (2002), 2002-01-1744

[2-3] T. Kanda et al.: PCCI Operation with Early Injection of
Conventional Diesel Fuel, SAE Paper (2006), 2005-01-0378

[2-4]
https://www.meidensha.co. jp/products/automobile/prod _01/prod_01 03/pro
d_01_03 02/prod_01_03 02_01/index.html 2023.09.18

[2-5] Los Alamos National Laboratory: KIVA-11, A Computer Program for

Chemically Reactive Flows with Sprays,
https://lanl._gov/projects/feynman-center/deploying-
innovation/intellectual-property/software-
tools/kiva/_assets/docs/KIVA2 pdf 2023.09.15
[2-6] DI

Vol.26 No.3 p.39-44 1995
[2-7] M. Christensen and M. Johansson: The Effect of In-Cylinder Flow
and Turbulence on HCCI Operation, SAE Paper (2002), 2002-01-2864
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3.1.

3-1
PCI
2 PCI
PCI
3-1
15 5 - 48 B 5 % & HeE
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3.2.
3.2.1.

4,949
GM  SuV

3-2

Direct injection: DI V. 6

Duramax6600 B

Variable bane

Variable Geometry System: VGS [ EGR
2 PCI
2 EPA-47
3-1 3-2
3-2
Engine type DI diesel
Cylinder number 6

Valve train

OHYV 4 valves (2IN/2EX)

Bore x Stoke

103.0 x 99.0 [mm]

Displacement 4,949 [cc]

Connecting rod length 163.0 [mm]
Piston bowl shape Re-entrant
Compression ratio 16.5

Head swirl Ks1.9

Injection system

Common Rail System (~160 [MPal))

Injection nozzle specification

435 cc/ 30 sec @ 100 bar, 7 holes

Injection nozzle cone angle

158

Boosting system

Inter cooled VGS turbocharger

40




3-1

3-2

41



3-3

Ne
HBM T10F Trq
(3-1) (3-2) Brake specific power: BS-Power
Brake mean effective pressure: BMEP BMEP
41t
2
IMEP (3-3) IMEP Friction Mean
Effective Pressure: FMEP BMEP
BS-Power [W] = 2t Trq [Nm] Ne [rps] (3-1)
BVMEP [Pa] = 4t Trq [Nm] /7 V [m*] (3-2)
BMEP = IMEP — FMEP [Pa] (3-3)

3-3

42



3-1
9100DEGR

#6
6052B1
5011A10Y26

AVL

NOx, THC, CO, CO,

Combustion Noise Level: CNL

EGR

43

model415

25

50 %

A/F

MEXA-

FSN

LFE-200B
FP-215

AVL
#6



3.2.2.

PCI
PCI
Engine Control Unit: ECU
ECU
ETAS ASCET
3-4 ECU ECU ETK
Experiment target,
ETAS ES1000 ECU
ES1000 ETK
1/F PC 1/F PowerPC
AD PC
ASCET 3-5 ECU ASCET
AD
3.2.3.
3D
2 KIVA 118334

44



Intake
Throttle

EGR valve

ETK*: ECU emulator

Original-ECU

ETK*

Experimental Target
ETAS ES1000

ES1120 Controller

[ ]

ES1130 Power PC

ﬂ+

Sensors

Injector

=

\\\‘/GS

ES1230 ETK I/F

ES1300AD

> | )

PC for

and Calibration (INCA)

Additional

Turbocharger

Sensors

| L— - Lambda Sensor
L—— - NOx Sensor

-Temperature Sensor
-etc

Aftertreatment
System

4

Engine

3-4

Original ECU

Replace control algorism

New function

under development

ECU functions

45

Developing Algorithm (ASCET)
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3.3.

3.3.1. PCI
Conventional PCI
3-6 Ne 1500 rpm Ff
20 mm*/st Pinj 80 MPa PCI
R.O.H.R.
PCI
NOX PCI Start
of injection: SOI
PCI EGR
TDC
3-6 PCI

46



3.3.2. PCI A/F
3-7 A/F PCI
A/F EGR 3-7
PCI 20 BTDC deg.C.A.
Conventional PCI
A/F EGR NOX
A/F NOX
EGR
EGR A/F
NOX
PCI
NOX
PCI BMEP THC
A/F THC
A/F NOX
3-7 EGR 3-
8 0, (Start
of combustion: SOC) (dP/d6 )max
0, CO, EGR
5 %
EGR
EGR EGR
EGR PCI
EGR TDC
EGR
NOX EGR
PCI EGR
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3-7

PCI

48



3-8

PCI

49

EGR



3.3.3. PCI
Start of injection: SOI -10 ATDC deg.C.A. -
40 ATDC deg.C.A. PCI 3-9 PCI
A/F  EGR 20 58 %
NOx THC
SOl Start of combustion: SOC
3-9 -10 ATDC deg.C.A.
-30 ATDC deg.C.A.

10 ATDC deg.C.A. 2 FSN
-20 ATDC deg.C.A. NOX
-30 ATDC deg.C.A. THC
-30 ATDC deg.C.A.

8 deg.C.A.

-10 ATDC deg.C.A.
deg.C.A.
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3-9 PCI
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THC BMEP
3-10 40 BTDC deg.C.A. 20 BTDC
deg.C.A. KIVA 11
5 BTDC deg.C.A.
20 BTDC deg-C.A.
40 BTDC deg.C.A.
3-9 30 BTDC deg.C.A.
THC

THC

PCI

3-10

52



3.3.4. PCI
3-11  PCI
40 MPa
THC
BMEP

3-11 PCI

53



3.3.5. PCI

1.4.
PCI
Ne 1500 rpm Ff 10 mm*/stroke
25 mm*/stroke PCI
3-12 10 mm*/stroke
20 mm*/stroke NOX
BMEP
EGR EGR
EGR
A/F PCI 25 mm*/stroke
Stoichiometry A/F
THC
23 mm*/stroke BMEP
320 kPa PCI PCI
BMEP NOX

54



3-12 PCI
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3.3.6. PCI

15

10 Nm

1500

PCI
PCI

rpm

PCI 300 kPa
PCI
ASCET
20 mm®/stroke
PCI
3-13
PCI
EGR
3-14 PCI
NOx THC CO

[3-5]
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NOXx [ppm] / THC x0.1 [ppmC] /
CO x0.1 [ppm] / Torque [Nm]

Pilotinjection Main injection
3 [mm3st] 17 [mm?3/st]

[ Conventional ]
1 1 \
J‘ > The injection form
— changes constantly.
-— J
e T

1 1 »

22 3.5
Crank angle [BTDC deg.C.A.]

3-13 PCI

Ne= 1500 [rpm], Fuel flow (demanded on ECU) = 20 [mm?/stroke]

7

[ co |

300

200

[ Torque | r

|
EXE
By

—
I
\i‘

100

— \Wi \;/\_J/
—| Combustion mode |
\ ~—__/
0 / e Conve:ntlonal [ SN
0 5 10 15 20 25 30 35 40
Time [sec]
3-14 PCI
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3.4.

¢y

THC

(2) PCI

(3) PCI
40MPa

(4) PCI

®)

PCI

PCI

NOx

EGR

PCI

58

EGR
NOx
THC
THC
BMEP
BMEP  320kPa
BMEP NOXx



[3-1] DMAX ~ 8GF1(DURAMAX 6600)
105 p99-111 2001

[3-2] IHI

https://www. ihi.co. jp/turbocharger/products/turbocharger/index.html

2023.08.30

[3-3] Los Alamos National Laboratory: KIVA-11, A Computer Program for

Chemically Reactive Flows with Sprays,

https://lanl._gov/projects/feynman-center/deploying-

innovation/intellectual-property/software-

tools/kiva/_assets/docs/KIVA2 .pdf 2023.09.15
[3-4] DI
Vol.26 No.3 p.39-44 1995
[3-5] NOX
3 -PCI1

- Vol.39, No.1 p.27-32 2008
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4.1.

EGR

EGR

4.2.

4.2.1.

PCI

EGR

4-1
Duramax6600 [1
3
EPA-47

61

EGR

PCI

EGR

PCI

DI 6



4-1

Engine type

DI diesel

Cylinder number

6

Valve train

OHV 4 valves (2IN/2EX)

Bore x Stoke

103.0 x 99.0 [mm]

Displacement 4,949 [cc]

Connecting rod length 163.0 [mm]
Piston bowl shape Re-entrant
Compression ratio 16.5

Head swirl Ks1.9

Injection system

Common Rail System (~160 [MPa])

Injection nozzle specification

435 cc/ 30 sec @ 100 bar, 7 holes

Injection nozzle cone angle

158

Boosting system

Inter cooled VGS turbocharger

4-1
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4.2.2. EGR

4-2 EGR EGR
EGR
20 EGR 4-2
Baseline EGR
Altl EGR EGR
Alt2 EGR
PCI
4-2 EGR

63



4.2.3.

30
2 3 KIVA | 1E-2e]

4-2

Software

KIVA 11 [4-2]

Freeware published by Los Alamos national laboratory

Turbulence model

k-¢

Breakup model

Modified -3

Impingement model

Modified -3

Reaction model

Overall reaction of n-dodecane
Reaction frequency factors were fit for experiments

NOx model Expanded Zeldovich mechanism
SOOT model Hiroyasu

4-3
Engine speed 1500 rpm

Fuel flow

20 mm3/stroke

Injection pressure

80 MPa

Start of Injection

20 BTDC deg.C.A.

Initial gas conditions

Input gas compositions were given by experiment

64




4.3.

4.3.1. PCI
[-4 49 single cylinder engine: SCE
EGR
multi-cylinder engine: MCE 1/C EGR
EGR
Ne 1350 rpm Fuel flow 20 mm*/stroke
PCI
PCI A/F21 EGR 55
A/F  EGR A/F
21 EGR 49 EGR 55 A/E 17
Start of
injection: SOI 4-3 Pinj
50 MPa
IMEP
IMEP(gross)
In-mani temp. 50
EGR EGR
EGR
70 80
4-3 A -27 -18 ATDC deg.C.A.
NOxX IMEP
A/E 21 NOX
| NOX A/F EGR
EGR 55 ° A/E 17 NOX
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A/F
EGR EGR
A/F PCI

4-3 PCI
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4.3.2.
3.0 4

kPa NOX
4-4

work

[4-10]

2.0 g/Kiih

67

1600 rpm BMEP 922

Brake



EGR

1.4

4-5

NOx

BSFC
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4-5
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41 73

4-6
Pmax (dp/d6 )max
Start of combustion SOC End of combustion EOC
4-7 SOC S %
EOC 95 % Pmax
f#
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4-7
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B-C

TDC

Q
DA

4-9

4-9

4-8

A-B
C-D D-A
K Cv
Exhaust Valve Open EVO
T, T, 4-8
n 4-1
B-C Q.
EGR
#1 #4 Ty
Vi/V, 17.5
4-1
K1
T. TDC
K1

71

(4-1)

Cv,



~
v

Pressure

Input heat

/B<
Cv,: Calculated
by experiment

~

Point Temperature
Otto cycle A T
A > B: adiabatic '
B = C: isochoric NAARE
C - D: adiabatic B | =T~
D - A: isochoric
T3 = % +T
C 3 CV1 2
V2 K2'1
D T4 = T3* V1

K,: average value from TDC to EVO
Calculated by experiment data

Cv,: Calculated by experiment data at EVO

data at TDC i
) :
average value fromIVC to TDC A @
LR
Calculated by experiment data Waste heat
Vv, Vi Volume
4-8
4-2
Test BSNOX T1 Ky Ky CV1 CVZ Q1
# | g/kWh K - - J/K J/K J
1 4.0 323.5 [ 1.3675| 1.2949 | 1.158 | 1.265 1810
2 2.1 3229 [ 1.3660 | 1.2928 | 1.164 | 1.278 1818
3 1.0 322.7 | 1.3645| 1.2909 | 1.175 | 1.295 1829
4 0.7 323.0 | 1.3640 | 1.2901 | 1.184 | 1.307 1847
5 2.0 346.3 | 1.3630 | 1.2887 | 1.128 | 1.251 1859
6 2.0 3329 | 1.3647 | 1.2913 | 1.150 | 1.266 1836
7 2.0 313.7 | 1.3675| 1.2948 | 1.189 | 1.300 1808
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EGR
EGR

4-4

EGR

4-9

73

T1

EGR



4.3.3. EGR PCI
4-10 1500 rpm
EGR PCI
EGR
A/F 3
EGR
+ 1 mm*/stroke
BMEP
Baseline = Altl o Alt2 A
NOx  THC
Baseline A/F 20
4.3.1.
EGR A/F
BMEP
4-10 EGR
In-mani temp.
NOX THC CNL
EGR
EGR Baseline Altl Alt2
100 40
EGR 0, 2
NOx  THC CNL PCI
CNL  EGR

74

20 mm*/stroke

4-2

EGR
A/F

THC
THC

4-11

In-mani O,

EGR
EGR
EGR



4-10 PCI EGR A/F
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4-11 EGR PCI EGR
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4-10 4-11 NOX
Heat rejection

EGR EGR

Alt2 EGR
7.3 Kkw
36 EGR

EGR

A/F

EGR EGR

4-12 PCI

25 ppm
EGR
4-12 EGR
EGR
Baseline 2.8 kw
110
EGR NOX
55 % EGR
EGR
A/F
EGR NOXx=25ppm
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NOx

4-13
4-12 A/F
3 EGR
NOX
EGR
EGR 4-12
NOX
EGR
NOX EGR NOX
NOx 4-14
EGR Baseline Alt2 5 deg. C.A.
o -T
Akihama [
i NOx SOOT
TDC
ATDC 4.8 deg.C.A. @ -T
EGR Alt2 Baseline
¢ -T ¢ -T
SO0T Alt2
NOX 4-13
Baseline
NOX
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4-13 PCI EGR NOX=25ppn
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4-14

NOx
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4.3.4. EGR
4-15 1500 rpm 10 mm*/stroke A/F
4-10 20 mm*/stroke

EGR NOx  THC
A/F
THC
THC
THC 700 ppmC A/F
Baseline Altl Alt2 29 36 42 NOX
25 50 70 ppm EGR
NOX
BMEP EGR
Alt2 Measured fuel flow
Altl BMEP
EGR
PCI EGR
EGR 5
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4-15 PCI EGR
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4.3.5. EGR
1500 rpm
BMEP
16 3

605 kPa NOX

0.5 FSN

400 500 kPa

PCI

PCI
PCI
CNL 4-
[4-12]
BMEP
Baseline Altl Alt2 EGR
BMEP A/F
Alt2 EGR BMEP
PCI 3 320 kPa
PCI NOx 30 ppm
PCI EGR
EGR Alt2 BMEP
Altl EGR
EGR
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4-16  EGR PCI
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4.3.6. PCI

Alt2 EGR EGR
PCI 40 mm*/stroke NOX
4-17 1500 rpm 40
mm*/stroke
A/F 17 EGR 46 NOx 28 ppm 0.41
FSN NOX IMEP(gross)
854 kPa EGR 10 kw
Alt2 EGR EGR
TDC
PCI
413
A/F EGR
EGR
5
PCI NOx <30 ppm <0.5 FSN
o /0 4-17 4-18 FTP75
La-141 FTP75 area 3
PCI EGR
PCI FTP75
PCI
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4-17 PCI
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4-18 PCI
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4.4 4

PCI

@

(2) EGR

(3) EGR
PCI

(4) EGR

(5) EGR

EGR

NOx

NOx EGR
NOX EGR
NOx PCI
EGR
PCI
IMEP 854kPa NOX

88

THC

PCI

A/F
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5.1.
4 EGR

PCI

5.2
5.2.1.
5-1

1] 4 B2

5-2

PCI

EGR
EGR

DI
3 [5-11

EPA-47

92

NOx

EGR

4

DI

[5-2]

[5-



5-1

Engine type

DI diesel

Cylinder number

6

Valve train

OHYV 4 valves (2IN/2EX)

Bore x Stoke

103.0 x 99.0 [mm]

Displacement 4,949 [cc]

Connecting rod length 163.0 [mm]
Piston bowl shape Re-entrant
Compression ratio 16.5

Head swirl Ks1.9

Injection system

Common Rail System (~160 [MPal])

Injection nozzle specification

435 cc/ 30 sec @ 100 bar, 7 holes

Injection nozzle cone angle

158

Boosting system

Inter cooled turbocharger

5-2

Tests

Results Method

Specific gravity [kg/m°]

841.2 ASTM D-4052

Sulfur [wt ppm] 7 ASTM D-4045
Flash point PM [°C] 66.7 ASTM D-93
Cetane number [-] 48 ASTM D-613

Distillation, 90% [°C]

308 ASTM D-86

Hydrocarbon type [vol%]
Aromatics
Olefins
Saturates

Poly-nuclear Aromatics [wt%)]

23.7
5.1 ASTM D-1319
71.2
10.1
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5.2.2.
5-1

Silverado 2500HD 2WD, 4 AT

[5-4]

hp @ 50 mph
CVS Constant Volume Sampler

[5-5]

Test Procedure 9

1,372
505

5-1 GM

GM Chevrolet

[5-31 5-2

IW 2,381 kg 5,250 Ibs, 15.1

Particulate matter: PM

PM

5-3
FTP75 Federal

10

Chevrolet Silverado 2500HD
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5-3

5-2

95

FTP-75



5.2.3. 2

2 (two-stage
turbocharger 2 ) 5-4
2
2 5-5 2
High pressure stage
Low pressure stage 2
2
2
2
5-5
Ricardo
WAVEE] 2
5-6 2 A/F  EGR
(Ne) 1500 rpm
(Fuel flow: Ff) 40 mm*/stroke
EGR A/F EGR
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5-6

5-5

5-4

Torque

A/F

EGR

Full load torque

/Bypass valve
control region

"7y,

Series two-stage
turbo charging area

Low
pressure
turbo only

Engine speed

97

EGR



5-6
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EGR

A/F



5.3

5.3.1. EGR
4 PCI EGR
52 5-7 EGR PCI
4
Ne 1500 rpm Ff 3 (10 20 30
mm*/stroke) A/F ( A/JF =31 20 17)
EGR EGR
A/F EGR
5-7 NOx THC
THC NOx
(E1-THC)
NOx THC
THC NOx  THC
60 80 PCI
EGR EGR
EGR
5-8 EGR 60
FTP75
EGR 5-9
EGR 60 PCI
80 90 EGR
100 FTP75
10
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S5-7

100

Ne=1500 rpm



5-8 EGR

5-9 FTP75 EGR

101



5.3.2. 2

5-10 2 PCI
Ne 1500 rpm
(BVEP) NOx A/F EGR
NOX
NOx  (EI-NOx) 5-10 VGS Variable Geometry System
[=-4] Baseline = 3
PCI -1 with PCI combustion e ) 4
EGR [5-21 Enhanced EGR cooler
2 591 o
Baseline FTP75 Binl10 120k mile NOX
NOx 0.6 g/mile [0 FTP75
BMEP 600 kPa 800 kPa  NOx A/F EGR
PCI BMEP 300 kPa ) Baseline
NOX EGR
NOX
2 CFD A/F  EGR
2
EGR PCI PCI
EGR NOx
BMEP 600 kPa 1000 kPa NOX
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5-10 2
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5.3.3.

PCI

NOx

NOx

NOX

2
Iw 2,381 kg FTP75
NOX 5-11 NOX
Baseline 1 2
3 NOX
NOX -1
PCI NOX
2 EGR NOX
2 200 1,550
Baseline VGS
FTP75 150 300
5-11 FTP75
2" hill
5-12 2 VGS
NOX
2
A/F EGR
PCI
EGR NOX
FTP75 NOX
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5-11 FTP75 NOX Baseline 1

5-12 FTP75 NOX 150 300
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5-13

PM

5L
Baseline
EGR
120k mile Binl0
NOX
PM
2l PCI
PM
NOX
economy FE Baseline
EGR
EGR
NOX

Non-methane organic gases NMOG

Diesel oxidation catalyst: DOC
Eoro 4610
5-11
[ 3 PCI
° >t PCI
EGR =
5-12
2
120k mile Bin8
Fuel
Baseline
NOx 2
EGR
Bin8
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5-13 FTP75
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5.4 5

EGR NOX
2 2

¢H) CFD 2 VGS

A/F  EGR
) 2 A/F

EGR
3) 2 EGR
NOX Tier2

Bin8  NOx
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6.1.

1
2
PCI
3 PCI
EGR
PCI
4 EGR
NOx

THC

EGR

EGR A/F
PCI

PCI
EGR
NOX A/F
THC
PCI

112

PCI

PCI



EGR EGR
PCI
IMEP 854 kPa NOX
5 PCI

2 A/F  EGR

2 EGR
NOx

113



6.2.

2012

CO,

2050

PCI

PCI

6-6

NOx

EGR
SYKACTIV-D
ot 62 SYKACTIV-D
[6-3]
6-4 6-5
CO,
2050

IEEJ
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[6-1] Suv CX-5
https://newsroom.mazda.com/ja/publicity/release/2012/201202/120216a.ht

ml 2023.10.31
[6-2] SKYACTIV-D
No.30 P9-13 2012
[6-3] 2 SKYACTIVD No.39 p.14-20
2022
[6-4] SKYACTIV-D 1.5
No.32 p.21-27 2015
[6-5] SKYACTIV-D 3.3 — 6
— No.39 p.21-27 2022
[6-6] IEEJ 2023
https://eneken.ieej.or.jp/data/10585.pdf P44-49 2023.10.31
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A/F: Air fuel ratio

ATDC: After top dead center,

BDC: Bottom dead center

BMEP: Brake mean effective pressure

BSFC: Brake specific fuel consumption
BSNOx: Brake specific NOx emission NOX
BTDC: Before top dead center,

CNL: Combustion noise level

Common Rail System:

Cv: Specific heat at constant volume
deg.C.A.:

DI diesel: Direct injection diesel
DOC: Diesel oxygen catalyst

EGR: Exhaust gas recirculation

EI-NOx: Emission index of NOx NOx

EI-THC: Emission index of THC THC

EOC: End of combustion

Ff: Fuel flow

HCCI: Homogeneous charge compression ignition
HEPA filter: High efficiency particulate air filter
1/C: Inter cooler

IMEP: Indicated mead effective pressure
IMEP(gross):

In-mani: Intake manifold

IW: Inertia weight

IS-NOx: Indicated specific NOx emission NOX
NOX

IS-Power: Indicated specific power

IS-THC: Indicated specific NOx emission THC
THC

Ks
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LTC: Low temperature combustion

MAF: Mass air flow

MCE: Multi-cylinder engine

MK: Modulated Kinetics

Ne: Engine rotational speed

NL Needle lift

NOX: NO  NO,

OHV: Overhead valve

PPC: Partially pre-mixed Combustion

PPCI: Partially pre-mixed Charge Compression Ignition

PCI: Premixed compression ignition
Pcyl: In-cylinder pressure

Pinj: Injection pressure

PM: Particulate matter

ROHR R.O.H.R: Rate of heat release
SCE: Single cylinder engine

SOC: Start of combustion

SOl: Start of injection

SO0T, smoke:

Stoichiometry:

TDC: Top dead center,

THC: Total hydro carbon

Tinj: Injection timing

VGS: Variable geometry system

B X2
€ Compression ratio

n Thermal efficiency
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GM
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