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BDF  Bio-Diesel Fuel 
BSEC  Brake Specific Energy Consumption 
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CH4  Methane 
CO  Carbon Monoxide 
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DI  Direct Injection 
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IPCC  Intergovernmental Panel on Climate Change 
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R.H.R.  Rate of Heat Release 
SCR  Selective Catalytic Reduction 
SOF  Soluble Organic Fraction 
T  Combustion Temperature 
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THC  Total Hydrocarbon 
3D-CFD 3  Three Dimensional-Computational Fluid 

Dynamics 
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Gas Chromatography / Mass Spectometer 2.1
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2.1 GC/MS  
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Column 
Temperature

40 , 12 /min

MS

Inlet Temperature 300
320 (10min) Interface Temperature     280

Column 
Specific

DB-1MS Ion Source Temperature 300
L: 60m, D: 0.25mm, T: 0.25μm Condition No mind scan

He Speed: 1.2mm/min Measurement Range (MW) 40~500
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GC/MS DB-1MS JME 2.1

40 12 320 320 10

2.2 JME

FAME Fatty Acid Methyl Ester

MP0 Methyl Palmitate, C17H34O2 MO Methyl 

Oleate, C19H36O2 MS Methyl Stearate, C19H38O2

MM Methyl Myristate, C15H30O2 MP1

Methyl Palmitoleate, C17H32O2 ML Methyl Linoleate, C19H34O2

MA Methyl Arachidate, C21H42O2  
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2.2  

 

 

2.3 JME  

 
 

2.1.2  BDF  

a)  

2.2 JME FAME

JIS#2 JME

2.3

JME MO 70%

50% 8 22

JME MO FAME

 

 

Formula
FAME Pure Grad State at Ambient 

TemperaturesC H O
15 30 2 MM 0.995 Liquid
17 32 2 MP1 0.95 Liquid
17 34 2 MP0 0.98 Solid
19 34 2 ML 0.95 Liquid
19 36 2 MO 0.96 Liquid
19 38 2 MS 0.98 Solid
21 42 2 MA 0.99 Liquid

Ingredients 
Chemical Formula Quantitative

Analysis  % C H O 

MP0 17 34 2 15.3 

ML 19 34 2 1.5 

MO 19 36 2 71.1 

MS 19 38 2 12.1 
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2.3  

 

b)  

2.4  

 

2.4  

 

 

D100 MO100 JME

MO100 40% D100

MO40 JME 40% D100 J40
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3)  
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Ret.Time5 15 25 35

C8H18
C9H20
C10H22

C11H24
C12H26
C13H28

C14H30
C15H32
C16H34

C17H36
C18H38
C19H40

C20H42
C21H44
C22H46

Item D100 MO40 MO100 J40 JME 

Density (15deg.C) g/cm3 0.8318 0.8487 0.8740 0.8498 0.8768 

Kinetic viscosity 
(30deg.C) mm2/s 3.212 4.041 4.041 5.040 5.040 

CHO 
mass 

% 

C 86.0 82.4 77.0 82.4 76.7

H 13.7 13.1 12.2 13.2 12.3

O 0 4.5 10.8 4.4 11.00

Aromatic  vol. % 18.8 11.3 0.0 11.3 0.0 

Lower heating value 
kJ/kg 42970 41431 39123 41447 39163

Flash point deg.C 73.5 - 174.0 - >200 

Sulfur mass ppm 6 3.6 0 4.6 2.5 

Cetane number 58.3 61.5 66.2 57.9 57.2 
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�� = ∑ ∑ ���������                                 (2.1) 

Qm ; Qij ; yi yj
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2.5

 

 

2.2  

BDF EU

EURO4

 

 

2.2.1  

 

a)  

2.2 L

(i-CTDi N22A2)

2.6 2.4  

  

2.6  

Item Specifications 

Engine type Water-cooled, 4-stroke-cycle, TI Diesel engine 

Valve train DOHC 4 valves 

Cylinder L4 

Bore x Stroke   85.0 x 97.1 mm 

Displacement  2,204 cc 

Compression ratio 16.7 

Fuel supply Common-rail (Max.: 160 MPa) 

Fuel injector 
 0.133 mm x 6 holes,  

Spray angle: 153 deg. 

EGR system HP-Hot-EGR / HP-Cooled-EGR 

Boost control VNT turbocharger 

Swirl control Continuously variable (Swirl ratio: 1.2-4.4) 

Max. power   103(140)/4000 kW(PS)/rpm 

Max. torque   340(251)/2000 Nm(lb.ft)/rpm 
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2.7  

 

2.8 2.10

(ECDY) (

FP-2140H) 30 3

( LFE-150B)

CO CO2 THC NOx O2

(MEXA-1500DEGR) CO CO2

NDIR(Non-Dispersive Infrared Analyzer) THC FID(flame ionization detector) NOx

CLD(Chemiluminescence Detector) Soot AVL

415SE
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Swirl control 
valve

IntercoolerAir flow meter

DOC

EGR cooler
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Smoke meter Exhaust gas analyzer
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2.7 (  3 ) 

 

 

2.8 (  3 ) 

�
MEXA-1500DEGR

(CO CO2
NO/NOx THC O2)

�
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�
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7
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)

� CHINO

�
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2.9 (  3 ) 
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P�(t) = 	 

��

 P���(t) + 	��

�

 P��(t) + P�(t)                 (2.2) 

PG Pz

 

 

b)  

2.10
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ECU No.1 5

No.6 7
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360
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0

Full load

Exp.
No.

Engine 
speed
rpm

Torque
Nm

BMEP
kPa

EGR
ratio
%

Swirl
ratio

Inj.press.
MPa

Inj.quantity
pilot / main

mg/st.

Inj. timing 
pilot / main
deg.ATDC

1 1500 50 291 39 3.4 58 1.60 / 10.5 -11 / -4.5

2 1500 72 411 36 3.4 73 1.69 / 13.2 -11 / -4.0

3 1500 160 916 3.5 2.6 107 1.30 / 29.1 -11 / -2.0

4 2000 100 570 24 2.8 111 2.38 / 17.9 -15 / 4.5

5 2500 90 515 24 2.6 132 2.57 / 17.5 -20 / 6.5

6 2500 200 1136 17 2.1 142 (w/o) / 40.6 (w/o) / -9.0

7 2500 270 1539 5 1.3 150 (w/o) / 51.0 (w/o) / -12.0
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DPF

MAP  

 

2.8  

 
 

50%(MFB50: Mass 

Fraction of Burned Fuel 50%) ECU

ECU

ECU

Engine 
speed
rpm

Torque
Nm

BMEP
kPa

EGR
ratio
%

Swirl
ratio Inj.press.

MPa

Inj.quantity
pilot / main

Mg/st.

Inj. timing 
pilot / main
deg.ATDC

1250 50 285 44 3.5 48 1.76 / 11.2 -14.5 / -4.4

1250 70 396 39 3.5 56 1.70 / 14.8 -14.4 / -3.9

1250 90 512 31 3.3 68 1.75 / 18.2 -13.8 / -3.0

1250 120 683 22 3.1 81 1.72 / 23.6 -12.8 / -1.8

1250 160 910 1.6 2.2 90 1.10 / 31.7 -15.8 / -1.8

1500 50 291 39 3.4 58 1.60 / 10.5 -11.0 / -4.5

1500 72 411 36 3.4 73 1.69 / 13.2 -11.0 / -4.0

1500 90 514 32 3.2 80 1.75 / 18.0 -14.2 / -3.2 

1500 120 697 24 3.2 97 1.80 / 23.5 -13.1 / -2.1

1500 160 916 7 2.6 107 1.30 / 29.1 -11.0 / -2.0

2000 50 279 42 2.5 75 1.92 / 11.3 -20.6 / -5.6

2000 70 399 35 2.8 90 2.00 / 14.8 -20.1 / -5.1

2000 90 510 27 2.8 105 2.30 / 18.8 -19.6 / -4.6

2000 120 684 23 2.6 125 2.10 / 24.0 -20.3 / -5.3

2000 160 906 16 2.4 130 (w/o) / 32.4 (w/o) / -5.5

2500 50 283 37 2.1 98 1.90 / 11.5 -26.8 / -6.8

2500 70 400 32 2.5 116 2.22 / 16.2 -26.5 / -6.5

2500 90 515 24 2.6 132 2.57 / 17.5 -20.0 / -6.5

2500 120 679 21 2.5 136 2.30 / 24.8 -26.6 / -6.6

2500 160 908 18 2.3 140 (w/o) / 33.8 (w/o) / -8.2

3000 50 286 16 1.7 108 2.37 / 12.1 -29.2 / -7.7

3000 70 411 14 1.7 115 2.49 / 15.8 -29.6 / -8.1

3000 90 514 13 1.6 129 2.57 / 19.3 -31.1 / -9.6

3000 120 694 15 1.6 138 2.68 / 24.7 -32.4 / -10.9

3000 160 925 11 1.5 142 (w/o) / 32.6 (w/o) / -13.3

3500 50 283 0 1.2 116 2.20 / 14.8 -33.9 / -9.4

3500 70 397 0 1.2 125 2.38 / 18.0 -35.6 / -11.0

3500 90 514 0 1.2 136 2.61 / 21.3 -38.0 / -13.1

3500 120 685 0 1.2 140 (w/o) / 26.7 (w/o) / -16.3

3500 160 913 0 1.2 148 (w/o) / 34.0 (w/o) / -17.9
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VNT (I.C.) ECU

Primary port

Secondary port CO2

EGR

CO2 (2.3) EGR  

EGR Rate = 100
CO-CO
CO-CO

22

22 � (2.3) 

BDF

2.8

1250rpm 3500rpm 50Nm 160Nm 30

 

Cooled EGR BDF 2.9 2.10

 

 

2.9 EGR  

 

 

PCCI 2.11

PCCI

BDF

Rotation speed rpm 2000
Torque Nm 100
BMEP                 kPa 570
Fuel injection pressure MPa 111
Swirl ratio 2.8
MFB 50% deg.ATDC 12.1
Pilot ingection mg/st. 2.38
EGR rate % 30, 25, 24, 20, 17, 10, 0
Fresh air mg/st. 380, 390, 405, 425, 450, 500, 700
Main injection timing deg.ATDC -5.3, -5.2, -5.1, -4.7, -4.5, -4.1, -4.0
Pilot injection timing deg.ATDC -19.5
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PCCI

 

 

2.10  

 

 

2.11 PCCI  

 

 

2.2.2 PM  

PM 2.11

SOF Soluble Organic Fraction Soot 6) Soot

Soot

PM 7)

Soot PM

PM

Rotation speed rpm 1500
Torque Nm 72
BMEP                 kPa 408
Fuel injection pressure MPa 73, 160
Swirl ratio 3.4
MFB 50% deg.ATDC 10.3
Pilot ingection mg/st. 1.69
EGR rate % 36
Fresh air mg/st. 308
Main injection timing deg.ATDC -3.9, -1.3
Pilot injection timing deg.ATDC 11.0

Rotation speed rpm 1500
Torque Nm 72
BMEP                 kPa 408
Fuel injection pressure MPa 50, 73, 120
Swirl ratio 3.4
MFB 50% deg.ATDC 10.3
Pilot ingection mg/st. 1.69
EGR rate % 36
Fresh air mg/st. 308
Main injection timing deg.ATDC -7.3, -6.5, -5.1
Pilot injection timing deg.ATDC w/o
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SOF

PM BDF PM

 

 

 

2.11 PM 6) 

 

a) SOF  

PM PM

SOF GC/MS

(NEDC, US06) 1500rpm

72Nm 2000rpm 100Nm

1500rpm 72Nm PCCI 3 PM  

 

 

2.12  
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2.12  

 
 

 

2.13  

 

2.13  

 

 

2.12 2.12 3

15L/min 20min

Name/Model Diesel Filter holder/FH-1000

Diameter of filter Φ 47mm

Inlet/Oulet Rc1/2

Quality of material Stainless

Dimension 87.3(W) 98.0(H) mm

Name/Model Quartz filber filter/2500 QAT-UP

Dimension 25~110 mm

Thickness 432 μm

Qeight 5.8 mg/cm3

Flow rate (water) 220mLPM/cm3

Flow rate (air) 73mLPM/cm3

Max temperature(air) 1093 

Efficiency of collection 99.9%

pH 6.5-7.5

Strength 210 g/cm3

Moisture absorption 0.04 mg

Usage Measurement of atmosphere
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100ml

10min SOF

5ml 1ml

GC/MS  

GC/MS

( 2.13 2.13) SOF

8

 

 

b) PM  

Engine Exhaust Particle Sizer Spectrometer (EEPS) Model-3090 ( 2.14) 

2.8 2.11 PM

EGR PCCI

EEPS3090 2.14 2.15

1l/min 608 EEPS

 

 

 
2.14 EEPS3090  
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2.14  EEPS3090  

 

 

 
2.15 EEPS3090  

 

EEPS3090 PM

(coagulation) 8)

9) 2.16

Item Specifications

Particle Sizer Type 3090 Engine Exhaust Particle Sizer

Particle Size Range     nm 5.6 ~ 560

Particle Size Resolution 16 channels per decade (32 to total)

Charger Mode of Operation Unipolar diffusion charger

Inlet Cyclone 50% Cut-point    μm 1

Time Resolution 10 size distributions/sec

Flow Rates
Sample Flow : 10 L/min
Sheath Air     : 40 L/min

Inlet Sample Temperature   10 ~ 52

Operating Temperature 0 ~ 40

Storage Temperature          -20 ~ 50

Atmospheric Pressure Correction 
Range    kPa(Mbar)

70 ~ 103
(700 ~ 1034)

Humidity    % 0 ~ 90 RH (noncondensing)

25 (A)

11 (B)

(C)

n

n
n
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MD19-2E ( 2.17) 120

15~300 3

608  

 

 

2.16 9) 

 

 

2.17 MD19-2E  

 

2.2.3  

2.18

10)  
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2.18  

 

a)  

( 80 mm) ( 668 cm3)

2.19

 

 

 

2.19  

 

30 160 MPa

( 0.133 mm 6 holes

Spray angle 153 deg.) 6 1

Injector
High Speed           

Video CameraStrobe Light

Computer Picture Memory

Quartz GlassFrosted Glass

Injector
High Speed           

Video CameraStrobe Light

Computer Picture Memory

Quartz GlassFrosted Glass

Booster Pulse Generator Computer

Constant

Hydraulic Pump

Injector

Charge Amplifier

Battery

Driver

Volume
Chamber

Digital Pressure Gauge

Vacuum PumpC2H4 O2 N2

Spark plug

Piezo

Injector

I/O ConnectorSpark Driver

A/D Board
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2.20  

 

 

2.21  

 

2.20 2.21

16

8

0.0 0.5 1.0 1.5 2.0             2.5             3.0
After start of ignition (sec)

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

P
re

ss
ur

e 
(M

P
a(

ga
ug

e)
)

1

1

3 ms

1100 ms

1.85 ms 2

A B

C D

A

C

Spark Driver

I/O Connector

Injector Driver

Picture Memory

T0

T0

A B

C D

A=T0+0.0 ms
B=A+3.0 ms

C=T0+1100.0 ms
D=C+1.85 ms

1

1

3 ms

1100 ms

1.85 ms 2

A BA B

C DC D

AA

CC

Spark Driver

I/O Connector

Injector Driver

Picture Memory

T0

T0

A B

C D

A=T0+0.0 ms
B=A+3.0 ms

C=T0+1100.0 ms
D=C+1.85 ms

Reference 
Signal

Ethylene 
Spark Signal

Pressure Data 
Signal

Injection 
Signal

Photograph 
Signal

Fixation

Exp.
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(

) =8 16 kg/m3  

(2.4)   

OHCOOHC 22242 223 ���             (2.4) 

( + =3 97)  

2O� 222 NOHOC ����� = 422 3 HCO 	 2424 NHC � = 3 97            (2.5) 

1002242 
�� NOHC (2.6) 

2O 2N 42HC

2O� 2N � 42HC � (2.5) (2.5) (2.6) (2.7)  

33 422 �
 HCO 974 422 �	
 HCN  (2.7) 

2.15 3.8%

12.9% 83.3%

 

 

2.16  

 

 

 

b)  

BMP (8bit)

Image-Pro Plus 4.0J BMP

0 255 2.22

Formula C2H4

Molar Weight 28.054
Density     kg/m3 1atm 25 1.155
Lower Heating Value    MJ/kg 47.17

Flammability Limit vol %
(1 atm, 25 ) 2.75 28.60

Max Flame Speed m/s
[Fuel Consistency vol %]

68.3
[7.40]
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9

 

 

 

2.22  

 

2.3  

 

 
2.23  

 

BDF 0 MO

CHEMKIN-PRO 3 CFD BDF

KIVA-3V FAME

pe
ne

tra
tio

n

Fuel jet Back ground Analyzed Fuel jet Fuel jet w/o noise

0 3 CFD

� 0
BDF

�

�

CHEMKIN-
PRO

SENKIN

� 3 CFD
BDF

�

KIVA-3V 
rel.2

�
Soot

� NEDC, 
US06

�

�

�

�EMKIN-
O
ENKIN

�

KIVA-3V 
rel.2

�
S t

�

�
�
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2.23  

 

2.3.1 0  

0

0 CHEMKIN-PRO SENKIN

CHEMKIN-PRO 2.24   

 

 
2.24 CHEMKIN-PRO  

SENKIN 5 A. B. 

C. D. 

E. 11)  

A~C 0 A

SENKIN

m (2.8)  

.
1

constmm
K

k k 

� 

(2.8) 

0/ 
dtdm   

mk k K  

(2.9) (2.10) (2.9)

(2.10) A~E

Gas-Phase Chemistry

Gas-phase kinetics
Pre-processor

Gas-phase kinetics
Library

Senkin

Senkin Input

Output files

Gas-phase kinetics
Link file

Thermodynamic
Data
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D E

(2.10) A~C

 

kk
k WV

dt
dm �
                                                            (2.9) 

Kk ,...,1
                                                        

kk
k WV

dt
dY �
                                                           (2.10)   

Kk ,...,1
                                                              

t k� Wk k V

Yk=mk/m, v=V/m  

(2.11) e (2.12) de (2.13)

 

0
� pdvde                                                             (2.11) 

e p   

k

K

k
kYee �






1

                                                              (2.12) 

ek k   

k

K

k
kk

K

k
k dYedeYde ��





�

11

                                                  (2.13) 

dek=cV,kdT T cV,k k

 

kV

K

k kv cYc ,1� 


 (2.14)

(2.20) (2.15)  

0
1


���

 dt

dv
p

dt

dY
e

dt

dT
c k

K

k
kv    (2.14) 

0
1


�� �



k

K

k
kkv Wev

dt

dv
p

dt

dT
c �                                            (2.15) 
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(2.16) C

(2.17) C

(2.15) (2.18) B

(2.15) (2.19) A

 h=e+pv (2.20) dh=0

(2.21)

(2.22)  

W

RT
p



    (2.16) 

R W ρ   

m
tV

tv
)()( 
                                                              (2.17) 

dt
dV

mdt
dv 1
                                                            (2.18) 

�




�
K

k
kkkv Wev

dt
dTc

1
0�                                                   (2.19) 

dh=de+vdp+pdv                                                        (2.20) 

k

K

k
khYh �






1

(2.21) 

hk k   

�




�
K

k
kkkp Whv

dt
dTc

1
0�                                                  (2.22) 

kp

K

k kp cYc ,1� 


  

k�

(2.23)  

�
�
�

�
�
� 	


RT
E

ATk a
f exp� (2.23) 

Ea β Α
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CHEMKIN  

 

a) D100  
12) 2.24

R 2

OH OH

OH 2
13) OH

CO

 

 

 

2.24 12) 

 

R

Auto ignition = Hydrocarbon oxidation reaction

Peroxyalkyl radicals  ROO

Oxohydroperoxides  OOQOOH

Branching OH , Aldehydes, Ketones

R + R’

Olefin + R’

LTR*

Olefins + HO2

Aldehydes + Olefins + OH
Cyclic ethers + OH

Hydrocarbon  RH

*LTR: Low Temperature oxidation Reaction
**HTR: High Temperature oxidation Reaction

Abstraction reaction of H+X ,O2

Addition reaction+O2-O2

Intramolecular abstraction reaction of H***

Addition reaction+O2-O2

�-scission

*** : K. Hashimoto

HO

O

HO
O

O
O H

Alkyl radicals  R

Hydroproxides  QOOH

HTR**
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R OH

HO2

HO2 H2O2 900 K

H2O2 OH OH

CO H2O

1200 K

OH O H HO2 CO

CO2 CO

-scission R CO

CO2
14)  

56 n-haptane

15)

Golovitchev Diesel oil surrogate (C14H28) 16) (

71 325) LLNL Lawrence Livermore National 

Laboratory n-heptane

CHEMKIN-II

Toluene C14H28 (2.24)

(n-haptane)

(Toluene)  

1.5C14H28 + 0.5O2 2C7H16 + C7H8 + H2O            (2.24) 

 

b) MO100  

2.25 17)

C19H36O2 MO100
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(*) C18:1 18 1

. 

2.25 17) 

 

 

2.26 MO  

 

MO100 2.26

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C
O

O
CC

C

C
C

C
C

C
C

C
C

C
C
O

O
C

C
C
C

C
C

C
C

C

C
C

C
C

C
C

C
C
O

O
CC

C
C

C
C

C
C

C
C

C

C18ME (C19H36O2)

C18:2ME

C18:1ME*)

C19H36O2 + O2 = C11H22O2 + C5H10O2 + C3H4

MD

MP2D C7H16

C3H6 C7H15-2 H2O

C4H19 C6H12 CH3

C11H22O2
(MD)

C5H10O2
(MB)

MB

MB3J MB2J

CH3OCO MB2D MB2OO

MB2OOH3J MB2OOH4J

MP2D

MB2OOH4OO

MB2OOH2*O

CH3OCO

CH3O

ME2J CH3OCO

C2H3CO

MB2OOH

MB2D

MB2O

MBCY4O2

ME2*O

C3H4 C3H4

C2H3C3H3

HCO

H2O

CH2OO

CO
CO2

C2H4 CH4

CH2O

CH2CHO
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18) (2.25)

(n-haptane) n-haptane

2.26

 

C19H36O2+O2 = C11H22O2 + C5H10O2 + C3H4                                 (2.25) 

C11H22O2+O2 = C7H16 + C4H6O2                          

C5H10O2 C4H6O2
19)

2.26

309 1472 32 89

2.27

MO  

 

 

2.27  

 

c)  

BDF
20) (2.26)~(2.28)  

Q� = ∑ ∑ y�y�Q����                                                          (2.26) 

Q�� = �Q��Q���


��                                                            (2.27) 

Q� = �∑ y�Q�


��

� �
�
                                                       (2.28) 

Qm Qij Qii, Qjj

1

10

100

1000

10000

100000

1000000

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
1E0

1E1

1E2

1E3

1E4

1E5

1E6

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

P0= 1 MPa Φ=1.0

Ig
ni

tio
n 

D
el

ay
s 

   
μs MO100 Full (147species)

MO100 Reduction (103species with diesel surrogate)

1000/T
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yi, yj  

 

d)  

Soot  

 

2.16 Soot 21) 

 

 

0 2.16 Soot
21) Polyene PAH Soot 2.28

Frenklach HACA(Hydrogen Abstraction C2H2 Addition) 22)

(A2R5) A2R5

A2R5 ” Soot

A2R5 C4H2

C(s) C(s)

Soot OH H2O NO2 O2

LLNL MIT Massachusetts 

Institute of Technology  

 

No. Process Chemical reactions
1. Precursor radical formation Detailed chemistry up to A2R5
2. Acetylene formation Detailed chemistry
3. Precursor radical oxidation Detailed chemistry
4. Acetylene oxidation Detailed chemistry

3. Graphitization
A2R5→C(s)+H2
C4H2→C(s)+H2

6. Soot particle oxidation

C(s)+O2→O+CO
C(s)+H2O→CO+H2
C(s)+OH→CO+H
C(s)+OH+OH→CO2+H2
C(s)+OH+O→CO2+H
C(s)+NO2→CO+NO
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2.28 HACA Soot 22) 

 

NOx  

Zel’dovich 23) 15 NOx 2.17

 

 

2.17 NOx 23) 

 

+C2H2
+C2H2

+C2H2

+C2H2

+C2H2

-H2

-H2

-H

+H

-H

+H

(A2R5)

Phenyl Naphthyl

Acenaphthylene

+

Mechanism Chemical reactions

Extended Zeldovich

N+NO=N2+O
N+O2=NO+O
N+OH=NO+H
N+CO2=NO+CO

N2O formation and destruction

N2O+O=N2+O2
N2O+M=N2+O+M
N2O+H=N2+OH
N2O+OH=N2+HO2
N2O+NO=N2+NO2

NO to NO2
(low Ef – i.e. at low temperatures)

NO+HO2=NO2+OH (Main NO to NO2 branch)
NO+O+M=NO2+M
NO2+O=NO+O2
NO2+H=NO+OH
NO2+N=NO+NO

N2O to NO N2O+O=NO+NO
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2.3.2 3  

Los Alamos CFD KIVA-3V rel.224)

2.18  

25)

KIVA operator-splitting procedure

PaSR(Partially Stirred Reactor) 26)

3

 

 

2.18 KIVA-3V rel.2 24) 

 
*SIMPLE: Semi-Implicit Method for Pressure-Linked Equations 

**PDC: Partially Donor Cell 

 

a)  

3 CFD

 

2 KIVA-3V

Euler (DDM: 

Phase Solved equations Specific features

Phase A
Droplet collision and oscillation / breakup terms
Mass and energy source terms due to chemistry and spray effects

Lagrangian

Implicit

Phase B

Acoustic mode terms (pressure gradient in the momentum equation
and velocity dilatation terms in mass and energy equations)
Spray momentum source terms
Terms due to diffusion of mass momentum, and energy

Coupled
Implicit
SIMPLE*
PDC**

Phase C Convective transport Eulerian
Subcycled
explicitly
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Discrete Droplet Model)27) Lagrange

 

 

 
2.29 KH-RT  

 

2.29

Reitz 28) KH-RT(Kelvin-Helmholtz

Rayleigh-Taylor) Kelvin-Helmholtz

Rayleigh-Taylor

Rayleigh-Taylor

2

 

‘breakup’

parcel
droplet rp0

parent

child

new parent
	


 	p p c

b

dr r r
dt t ��

�
 ��
��

0 KH

c RT

B
r

2

�

�
� � ��
 �
�
���

1 p0

KH KH
b

RT

3.726B r

t
C

� �
� �

KH KH

RT RT

,
,

�KH�0 KH2B

�RT

�RT

bL
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29) (2.29) Levich 30)

 




 �



l

b b 0
g

L C d                         (2.29) 

d0 ρl ρg Cb

 

Niklas31) O’Rourke

KIVA-3V 2

 

 

b)  

 

 

2.30 Soot 32) 

 

0 NOx
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Soot Soot

Soot Soot
32)  

Soot

33)  

2.30 Soot 21)

Soot

Soot

 

Soot (2.30)

32)  

� �
 

 
 




�  � �!
�"� 
 "� " �# $� �! � �% &

csoot soot
soot tot soot

tot

u D
t

                   (2.30) 

soot Soot tot
c
soot Soot u

 

 

Soot (2.31) (2.32) 33)  

' (
2

( )
� � � � �
 � � � �NC SG O OH NO

d C s

dt
                       (2.31) 

, ,
 �n NC n CGn
df dfdf

dt dt dt
                              (2.32) 

� nf NC SG

O2 OH NO Soot  

Soot

(A2R5)
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(2.33) Soot (2.34)

(2.35) 32)  

2 25 12 ( ) 4A R C s H� �                                (2.33) 

' (2 5NC NCk A R� 
                                (2.34) 

� �31 0 10 5000NCk . exp RT
 � 	                               (2.35) 

(2.36)

(Cmin) 100 33) NA  

,

min

12�
n NC A
NC

df N

dt C
                               (2.36) 

 

2.19  

 

 

Soot

Soot 2.19 Soot

SG1 SG4 Frenklach
34)35) Soot

(2.37)

(2.38)   

1, 1, 2, 1, 3 4 0� � � � � �	 � 	 	 	 
SG f SG b SG f SG b SG SG                      (2.37) 

' ( ' (
' ( ' ( ' ( ' (

1, 2,*

1, 2 2, 2 3 4 2 2

H OH
H H O H C H

) )
�



� � �

SG f SG f
Soot Soot

SG b SG b SG SG

k k

k k k k
     (2.38) 

No. Reactions

� �bk AT exp E RT
 	

A
(cm mol-1 s-1 / cm atm-1 s-1)

b E
(cal / mol)

Soot SootC H C * H� * � 2

Soot SootC H OH C * H� * � 2

Soot SootC * H C H� +

Soot SootC * C H C H H�� + �2 2 2

Soot SootC H O C H CO	� + �2 2 2

Soot SootC H OH C H CO H	� + � �1

Soot SootC H NO C H N	� + �2 22

SG1

SG2

SG3

SG4

SO1
SO2
SO3

4.20E+13 13000

1.00E+10 0.734 1430

2.00E+13

8.00E+06 0.78 3800

Nagle Strickland-Constable Model

, 
OH .0 30 (K.G. Neoh et al.)

� �NO . exp T, 
 	1 82 30000 (P. Roth et al.)

No. Reactions

� �bk AT exp E RT
 	

A
(cm mol-1 s-1 / cm atm-1 s-1)

b E
(cal / mol)

Soot SootC H C * H� * � 2

Soot SootC H OH C * H� * � 2

Soot SootC * H C H� +

Soot SootC * C H C H H�� + �2 2 2

Soot SootC H O C H CO	� + �2 2 2

Soot SootC H OH C H CO H	� + � �1

Soot SootC H NO C H N	� + �2 22

SG1

SG2

SG3

SG4

SO1
SO2
SO3

4.20E+13 13000

1.00E+10 0.734 1430

2.00E+13

8.00E+06 0.78 3800

Nagle Strickland-Constable Model

, 
OH .0 30 (K.G. Neoh et al.)

� �NO . exp T, 
 	1 82 30000 (P. Roth et al.)
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EGR xsoot 2.32 1017sites/cm2 EGR 9.048

1017sites/cm2 kSG1,f SG1 kSG1,b SG1

kSG2,f SG2 kSG2,b SG2 kSG3 SG3

kSG4 SG4 )Soot  

(2.39)

(2.40) 34)35)  

� -

 � .

� /

i

2 2

soot
SG s C H soot n

A

χ
ω k P α A f

N
                             (2.39) 

Asoot Soot PC2H2   

� -
 �� .
� /

1 8168α tanh( - 4.57 ) 1
2 T

                               (2.40) 

Soot O2 OH NO 3 Soot

 

O2 Soot Nagle Strickland-Constable 36)
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EGR (No.1~No.5) NOx

NOx 3)  
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3.4 THC CO THC CO
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3.12 160Nm 1250~3500rpm  

 

3.13 3.16 3.17

3.13

Soot Soot

MO40 D100

MO40

Soot  

D100 MO40

0

50

100

150

200

0

3

6

9

12

-40 -20 0 20 40 60

0

50

100

150

200

0

3

6

9

12

-40 -20 0 20 40 60

0

50

100

150

200

0

3

6

9

12

-40 -20 0 20 40 60

0

50

100

150

200

0

3

6

9

12

-40 -20 0 20 40 60

0

50

100

150

200

0

3

6

9

12

-40 -20 0 20 40 60

0

50

100

150

200

0

3

6

9

12

-40 -20 0 20 40 60 -40 -20 0 20 40 60
Crank angle deg.ATDC

12

9

6

3

0-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

M
Pa

Crank angle deg.ATDC

200

R
.H

.R
. 

J/
de

g.150

0

100

50

1250 rpm 1500 rpm 

-40 -20 0 20 40 60
Crank angle deg.ATDC

12

9

6

3

0-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

M
Pa

Crank angle deg.ATDC

200

R
.H

.R
. 

J/
de

g.150

0

100

50

2000 rpm 2500 rpm 

-40 -20 0 20 40 60
Crank angle deg.ATDC

12

9

6

3

0-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

M
Pa

Crank angle deg.ATDC

200

R
.H

.R
. 

J/
de

g.150

0

100

50

3000 rpm 3500 rpm 

160Nm



 
 

3  

 72

 

3.13 Soot  

 

 

3.14 NOx  

 

3.14 NOx

NOx MO40

NOx NOx

MO Cooled EGR

NOx Soot

NOx
4)  

50
60
70
80
90

100
110
120
130
140
150
160

12501500175020002250250027503000325035001.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

50
60
70
80
90

100
110
120
130
140
150
160

12501500175020002250250027503000325035001.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

0.2

0.3

0.4

Soot 
g/kWh

0.1

0

0.2

0.3

0.4

Soot 
g/kWh

0.1

0

D100 MO40

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500 1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

6.0

9.0

12.0

NOx
g/kWh

3.0

0

6.0

9.0

12.0

NOx
g/kWh

3.0

0

D100 MO40



 
 

3  

 73

 

3.14 CO  

 

 

3.15 THC  

 

3.14 3.15 CO THC

MO40

MO40

MO40  

3.17 BSEC

MO40 3500rpm

50Nm

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500 1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

10

15

20

CO 
g/kWh

5

0

10

15

20

CO 
g/kWh

5

0

D100 MO40

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500 1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

1.0

1.5

2.0

THC 
g/kWh

0.5

0

1.0

1.5

2.0

THC 
g/kWh

0.5

0

D100 MO40



 
 

3  

 74

MO40 Soot NOx

 

 

 

3.17  

 

BDF 30

NEDC US06

3.18 NEDC

3.19 US06

7  

 

 
3.18  NEDC  

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500

50
60
70
80
90

100
110
120
130
140
150
160

1250150017502000225025002750300032503500 1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

1.25 1.5 2.0 2.5
50

70

90

120

160

Engine speed  103rpm
3.0 3.5

To
rq

ue
  N

m

13.5

15.5

17.5

BSEC 
g/kWh

11.5

9.5

13.5

15.5

17.5

BSEC 
g/kWh

11.5

9.5

D100 MO40

0

0.2

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6
0

0.4

0.6

0.8

1.2

C
ha

ng
e 

ra
te

Soot
g/kWh

NOx
g/kWh

CO
g/kWh

BSFC
g/kWh

THC
g/kWh

BSEC
MJ/kWh

D
10

0

0.08 2.41 3.38 0.54 266 11.5

1.90

11.4

M
O

40

280

0.2

1.0

0.05

2.92
0.41



 
 

3  

 75

 
3.19  US06  

 

c)  

NOx Soot

 

 

3.1.2  

Soot

NOx

BDF

2 2.10

1500rpm 72Nm 25%

73MPa 160MPa

D100 J40  

 

0

0.2

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6
0

0.4

0.6

0.8

1.2

C
ha

ng
e 

ra
te

Soot
g/kWh

NOx
g/kWh

CO
g/kWh

BSFC
g/kWh

THC
g/kWh

BSEC
MJ/kWh

D
10

0
0.04 7.41 0.82 0.21 238 10.3

7.00
10.3

M
O

40

254

0.2

1.0

0.03
0.72

0.16



 
 

3  

 76

 

3.20  

 

3.20(a)

3.20(b)

Soot

 NOx ( 3.20(c))

Soot NOx

J40

D100

0

0.5

1

1.5

2

1 2 3 4 5 6

0

30

60

90

-10 0 10 20

0

50

100

150

200

0

2

4

6

8

-40 -20 0 20 40 60 -10 0 2010
0

60

908

6

4

2

0
-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

 M
Pa

Crank angle  deg.ATDC

100

R
.H

.R
.  

J/
de

g.

0

50

150

200

Crank angle  deg.ATDC

R
.H

.R
.  

J/
de

g.

30

Inj. Current 

J40_Inj.P_160MPa D100_Inj.P_160MPa D100_base

D100
J40_Inj.P_160
D100_Inj.P_160

0

0.5

1.0

1.5

2.0

C
ha

ng
e 

ra
te

Soot
g/kWh

NOx
g/kWh

THC
g/kWh

BSFC
g/kWh

CO
g/kWh

BSEC
MJ/kWh

D
10

0_
ba

se

J4
0_

In
j.P

_1
60

0.27

0.015

1.23
1.42

0.29

0.46

1.73

3.21

268 274 11.5
11.2

0.010

2.12

0.35

2.61

11.4

D
10

0_
In

j.P
_1

60

262

(a) (b)

(c)



 
 

3  

 77

NOx

 

 

3.1.3 EGR  

Cooled EGR NOx

PM

JME  

 

a) EGR J40  

1500rpm 72Nm 25% 36% EGR

EGR (42%) EGR (2%)

 

3.21(a) EGR

EGR J40

D100

3.21(b)

J40

3.21(c) J40 EGR

D100 Soot NOx THC

  

 



 
 

3  

 78

 

3.21 EGR  

 

b) EGR MO40  

EGR EGR

ECU

2000rpm 100Nm

2 2.9 D100 MO40

EGR 0 30  

3.22 EGR

 

 

0

0.5

1

1.5

2

1 2 3 4 5 6

0

20

40

60

80

-10 0 10 20-10 0 2010
0

40

60

80

Crank angle  deg.ATDC

R
.H

.R
.  

J/
de

g.

20

0

50

100

150

200

0

2

4

6

8

-40 -20 0 20 40 60

8

6

4

2

0
-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

 M
Pa

Crank angle  deg.ATDC

100

R
.H

.R
.  

J/
de

g.
0

50

150

200
Inj. Current 

J40_EGR rate_42 D100_EGR rate_42 D100_base

D100_base
J40
D100

0

0.5

1.0

1.5

2.0

C
ha

ng
e 

ra
te

Soot
g/kWh

NOx
g/kWh

THC
g/kWh

BSFC
g/kWh

CO
g/kWh

BSEC
MJ/kWh

D
10

0_
ba

se

J4
0_

42

0.27

0.017

1.23

8.56

0.29

0.19

1.73

0.66

268 288 11.5
12.4

0.008

8.57

0.26

0.71

11.9
D

10
0_

42

289

J40_EGR rate_5 D100_EGR rate_5

J4
0_

5
D

10
0_

5

0.30

0.35
283

12.9

0.22

0.31

0.26

4.67

300
11.7

0.83 10.3

(a) (b)

(c)



 
 

3  

 79

 
3.22 EGR  

 

3.23 EGR Soot NOx

Soot EGR MO40

EGR

EGR MO40 NOx EGR

NOx D100 NOx

Cooled EGR

NOx 5)   

0

25

50

75

100

0

2

4

6

8

-40 -20 0 20 40 60

0

25

50

75

100

0

2

4

6

8

-40 -20 0 20 40 60

0

25

50

75

100

0

2

4

6

8

-40 -20 0 20 40 60

0

25

50

75

100

0

2

4

6

8

-40 -20 0 20 40 60

0

25

50

75

100

0

2

4

6

8

-40 -20 0 20 40 60

0

25

50

75

100

0

2

4

6

8

-40 -20 0 20 40 60 -40 -20 0 20 40 60
Crank angle deg.ATDC

8

6

4

2

0-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

M
Pa

Crank angle deg.ATDC

100

R
.H

.R
. 

J/
de

g.75

0

50

25

EGR 0% EGR 10% 

-40 -20 0 20 40 60
Crank angle deg.ATDC

8

6

4

2

0-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

M
Pa

Crank angle deg.ATDC

100

R
.H

.R
. 

J/
de

g.75

0

50

25

EGR 17% EGR 20% 

-40 -20 0 20 40 60
Crank angle deg.ATDC

8

6

4

2

0-40 -20 0 20 40 60

In
-c

yl
in

de
r p

re
ss

ur
e 

M
Pa

Crank angle deg.ATDC

100

R
.H

.R
. 

J/
de

g.75

0

50

25

EGR 25% EGR 30% 

2000rpm, 100Nm D100 MO40



 
 

3  

 80
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b) SOF  
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a) PCCI PN  
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3.3.2  
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4.2 3  
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2

(2.26)~(2.28)  

 

a)  

Fedors 4) (4.4) (4.5)  

T = T ;0.584 0.96∑(∆2) − (∑(∆2))�D
E


                        (4.4) 

PF = (0.113 + 0.003nI − ∑(∆J))E�                                            (4.5) 

nA
4) Tc=764 K

Pc=1.28E6 Pa  

 

Enthalpy n-dodecane (C12H26)
Latent heat of vaporization n-hexadecane (C16H34)

Vapor pressure JIS#2
Liquid viscosity n-hexadecane
Surface tension n-hexadecane

Thermal conductivity JIS#2
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b)  

Gamez-Thodos 5) (4.6)  

lnPKJL = β O 

2RS

− 1U + γ[TL: − 1]                                               (4.6) 

(4.7)  

γ = ah + bβ                                                               (4.7) 

a, b, , m h (4.8)~ (4.12)  

a =

E
 2WR�

2WR
X E


                                                                 (4.8) 

b =

E
 2WR

S�

2WR
X E


                                                                (4.9) 

β = −4.267 − ��
.:\
^�.6_`ce.e-f/^�.6

+ -.f
�g
_`c��:�.//

^4�
+ ∆∗                                (4.10) 

m = 0.78425exp(0.089315h) − f.0�
:
_`c(e.:/f�g^)

                                   (4.11) 

h = TkL
oq(Jr)


.e
-�0�


E2WR
                                                        (4.12) 

Tr=T/Tc, Tbr=Tb/Tc (Tb ) 

Lydersen 6) (4.13)  

PsJL = expO187.49 − 19153
T� − 22.989lnT + 7.2769E(−6)T�U                   (4.13) 

4.10  

 

 
4.10  

 

 

200 400 600 800

15

12

9

6

3

105

Temperature K

0
200 400 600 800

Va
po

r P
re

ss
ur

e 
 

Pa

D100 MO40 MO100



 
 

4  

 117 

c)  

(4.14) 5) Lydersen 6)

(4.15)  

∆HK = RTF[7.08(1 − TL)e.-0/ + 10.95ω(1 − TL)e./0g]                             (4.14) 

∆Hs = 1.22E8(1 − TL)(e.-\0)                                                 (4.15) 

4.11  

 

 
4.11  

 

 

4.12  

 

d)  

(4.16) 5) Lydersen 6) (4.17)

 

ln q{
|{}

= A + �
2
                                                             (4.16) 

n� = exp;−9.059 + 2116.7
T� − 0.5587lnTD                                    (4.17) 
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4.12  

 

e)  

(4.18) 4) Lydersen 6) (4.19)

 

σ = �[P]|{W�
/
	 
E2R

E2WR



/q

                                                     (4.18) 

σ = 0.058(1 − TL)(
.�/f)                                                    (4.19) 

4.13  

 

 

4.13  

 

f)  

(4.20) 5) Lydersen 6) (4.21)

 

λ� =
I(
E2R)�.4�

2R
� 7�

                                                  (4.20) 

λ� = 0.14 − 1.33E(−4)T                           (4.21) 

4.14  

 

g)  

4.1 NASA (4.2)

4.2  
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4.14  

 

 

4.15 KH-RT 7) 

 

4.2.2  

2 KH-RT

4.15  

 

a) Kelvin-Helmholtz 8) 

Reitz ( rp) ( )

(Kelvin-Helmholtz wave) KH KH (4.22)
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W

/(m
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For each parcel,

Position of the parcel is beyond the breakup length?

	 
 	 




4
t l g

RT

g ( )
K

3
2

� 
 2
RT

RT

2 B
K

Is �RT

	 
 	 

� 



 � 
4

3 / 2
t l g

RT
l g

[ g ( )]2
3 3
�


�b RT
RT

Ct

Is the time since the last breakup greater than    ?b RTt

�

 RT

c RTr ,
2

	

 	p p c

bRT

dr r r
dt t

Number of child droplets reset to conserve mass.
Reset time since last breakup to zero.

Skip KH breakup calculation.

Time since last breakup to zero.

Increment time since last breakup

Continue with KH calculation.

reset time since last breakup to zero.
If breakup occurs in the KH model,

No

Yes

Yes

No

Yes RT breakup occurs

smaller than the parent droplet’s diameter? No
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� �� �
� �

� �
� 


�

� 4
� 


� � 


g

g

0.7
p

KH 0.61.67
e

1.5
e l

KH 30.6
l p

9.02r 1 0.45 Z 1 0.4T

1 0.865W

0.34 0.38W
(1 Z)(1 1.4T ) r

                   (4.22) 

ρl σl Weg

Ohnesorge Z Taylor T (4.23)  


 
l

g

l

e
e

e

W
Z , T Z W

R
                         (4.23) 

Wel Weg Rel (4.24)

 



 


 
 


4 4 5l g l

22
g rel pl rel p l rel p

e e e
l l l

v rv r v r
W , W , R               (4.24) 

vrel μl ( ) ( νl=μl/ρl)  

KH ”Blob”

Kelvin-Helmholtz wave ”Blob”

KH ( rp) (4.25) rcKH

 


 �cKH 0 KHr B                            (4.25) 

( )

rp (4.26)  

	

 	p p cKH

bKH

dr r r
dt t

                           (4.26) 

bKHt (4.27)  



� �

1 p
bKH

KH KH

3.726B r
t                           (4.27) 

B0 B1
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b) Rayleigh-Taylor 8) 

(μl=0.0)

Rayleigh-Taylor wave RT KRT Bellman Pennington

(4.28)  

�  	 
 	 
% &� 


 � 
4

	 
 	




4

3 / 2
t l g

RT
l g

t l g
RT

g ( )2
3 3

g ( )
K

3

                       (4.28) 

g a j

tg (4.29) a (4.30)

 


 � � ��tg g j a j                            (4.29) 




 
 
 �

2
g

d l d D f

Udv Um a V C A
dt 2 U

                    (4.30) 


 	U( u v) (4.31)

 

2

 
 2

3
2

d f
4 rV , A r

3
                         (4.31) 

Cd(=Cd,sphere) Stokes

(4.32)  

� �
 � 6� �
� �


 3

2
3D d d

d

D d

24 1C 1 Re Re 1000
Re 6

C 0.424 Re 1000

                  (4.32) 

TAB

y(=y0p(n)) (4.33)

 

� �
 �D D,sphereC C 1 2.632 y                        (4.33) 

a (4.34)

(4.35)  
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 � �




2
gD f

l d

Udv C A Ua
dt V 2 U

                     (4.34) 




 � � �





g
D

l

U3a U C
8 r

                        (4.35) 

(4.28) 1.774 10-2 N/m

RT KRT (4.36)  

� 
 � 	2 34
RT RT RT5 10 K 24.6K                        (4.36) 

(μl 0.0) 7.46 10-4 sN/m2

Rayleigh-Taylor wave RT KRT

Bellman Pennington (4.37)  

	 	

	 � � � �
� � 


� � � �

3 24
RT RT RT

RT RT23 2 3
RT RT

3.6 10 K 17.74K 0.72 4 K 0
(7.46 10 ) K 5.37 10

               (4.37) 

gt=500m/s2 (4.36) (4.37)

WRT-KRT Ricart [8]

BDF BDF

 

Rayleigh-Taylor wave 2 B2/KRT

Rayleigh-Taylor wave

(4.38) tbRT

tbRT (4.39)

rp KH (4.40)

 

�

�bRT

RT

Ct  (4.38) 

C 0.1 5.33   

� 2

 
RT 2

cRT
RT

Br
2 K

                             (4.39) 
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B2=0.13   

	

 	p p cRT

bRT

dr r r
dt t

                             (4.40) 

 

 

c)  

12kg/m3 900K

900 K

 

 

4.3 KH-RT  

 

 

4.16 4.17 4.3

73MPa 120MPa 160MPa 4.18

3 MO40 D100

50% D100 50%

MO100

 

 

Fuel D100 MO100
B0 KH break up coefficient for droplet radius 0.61 0.61
B1 KH break up coefficient for timing (before
wall impingement) 60 50

B1 KH break up coefficient for timing (after
wall impingement) 1.73 1.73

B2 RT break up coefficient for droplet radius 0.13 0.13
Cτ RT break up coefficient for timing 0.1 0.1
Cb (distant) break up coefficient for length (Lb) 2.0 3.0
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4.16  

 

 

4.17  

 

 
4.18  

 

4.2.3 3  

 

a)  

KIVA-3V 4.4

1500rpm 72Nm 4.19

f 0.133 mm x 6 holes
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6 1 60

4.5

154

157  

 

4.4 KIVA-3V  

Combustion model PaSR model 9) 

Chemical reaction mechanism 
Diesel oil surrogate model10) / FAME 

surrogate model 11) 

Turbulence model RNG k-ε1) 

Spray breakup model KH-RT hybrid model8) 

Soot formation model Phenomenological soot model12) 

NOx formation model Extended Zeldovich mechanism13) 

 

4.5  

Intake air components (Experimental) 

O2    vol. % 3.20 

CO2   vol.% 16.56 

Intake air components (Calculated) 

N2    mole rate 4.525 

O2    mole rate 1.000 

CO2   mole rate 1.655 

H2O   mole rate 1.655 
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4.19 60  

 

b)  

4.20 Soot
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4.20 Soot  
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4.21  

 

d)  Soot  

Soot PN

MO 4.22

MO PN]
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14) MO
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4.22  

 

2
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2 2
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SG s C H soot n
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χ
ω k P α A f

N
                             (2.39) 

Asoot Soot PC2H2   

� -
 �� .
� /

1 8168α tanh( - 4.57 ) 1
2 T

                               (2.40) 
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4.23 Soot Soot  

 

2 Soot
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(2.33) Soot
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' (2 5NC NCk A R� 
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� �31 0 10 5000NCk . exp RT
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(2.36)
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4.24 Soot A2R5  
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4.26 Soot  

Soot O2 OH  
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4.27  
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4.32 C2H2  
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4.34 OH  
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4.36 O2  
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1000K
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NOx  
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MO D100 Soot

MO40 Soot 2

NOx D100 Soot NOx

MO Soot

Soot  

BDF

BDF 900 K

 

3 BDF
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MO MO
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MO

d100
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Soot A2R5 C2H2

Soot

 

BDF Soot

NOx  

 

5.2  

 

5.2.1  

BDF

EGR

BDF

BDF

JIS#2

 

BDF

BDF BDF1)

BDF
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900 K

BDF

(LIF )
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3 BDF

Soot Soot

KIVA-3V

2

BDF

KIVA-4

 

 

5.2.2 BDF  

BDF

JST JICA

2009 ~2014

BDF

BDF

 

BDF

 

 

5.3  

 

5.3.1  

3)
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Soot

CO, THC NOx

EHN

5.1

2)  

 

 
5.1 EHN 3) 

 

EHN NOx

Soot

BDF

5.2 5.4 45

CN45 EHN 50 CN50+EHN

CN45 BDF (MO) 40%

50 CN50+MO JIS#2 7
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5.3  

 

5.3 MO EHN

5.4 MO NOx JIS#2

Soot

MO BSFC

BSEC JIS#2  

BDF

BDF 40%

BDF
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5.4  
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A 

 

A.1  

  

 ECDY PTW - DAD 

  

 700 - 8000 rpm 

 100L / min 

 0.047 MPa 

 32  

 

A.2  

  

  

 FP-2140H 

 0.3 - 120 L / h 

  

 0.2 % 

 0.01 mL 

 980 kPa 

 0 – 65  
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A.3  

  

  

 FM-1500 

 0 – 10 s 

 0.2 % 

 0 – 100  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

A 

 150 

A. 4  

  

 P7D 

 ( ) 

 -1 70 kgf/cm2 

 

 

 

 

 

 

 

 

 

 

 

(1)  0   70 mmAq   (12) 0 5000 mmAq 

(2)  0  100       (13) 0  500 mmHg 

(3)  0  150       (14) 0  760  

(4)  0  200       (15) 0 1000  

(5)  0  350       (16) 0   2 kgf/cm2 

(6)  0  500       (17) 0 3.5  

(7)  0  700       (18) 0  7  

(8)  0 1000       (19) 0 10  

(9)  0 1500       (20) 0 15  

(10) 0  2000       (21) 0 20  

(11) 0  3500       (22) 0 35  

 2  

( + ) 1 %FS BSL 

 0.05 %FS/  

 -26 74  

 -40 120  

 (1) 2000 Hz 

 20 MV/V/FS  

 17 – 4PH  

 65 mm3 

 5 mm3/FS 

 70 mmAq 0.2 %FS/g  

 450 g 
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A.5  

 

A.6  

 

A.7  

 

 

 

 

  

 DPR-7 

  –   0.5 %  

 DC 1 kHz  5 % 

 2.5  

 0.2 %  

 0 10 VFS/FS  100  

  

 LFE-150B 

 0 –150 L / sec 

 225 L / sec 

 ( ) 0.65 kPa 

 ( )  1 kPa 

  

 MEXA-1500DEGR 

 570 (W) 710 (D) 1980 (H) mm 

  200 kg 

 AC 100  10%  50/60 Hz  0.5 Hz 

  5~35  80%  



 
 

A 

 152 

A.8  

 
A.9  

 

A.10  

 
A.11  

 

 CO/CO2 THC/NOx O2 

 AIA-240 FCA-246 IMA-24X 

 NDIR FID CLD  

 2 2 4 2 

 0 – 1 / 16 

vol. % 

0 – 8 / 16 

vol. % 

 0 – 50000 ppm 

0 – 5000 ppm 

0 – 10 / 25 

vol. % 

 1%  

  

 1 P/R 360 720 3600 P/R 

 0 15000 r/min 

 0 120  

  

 CP-5900 

  500 m/s2  250 m/s2 

  

 CP-6000A 

  –   0.5 %  

  300 Hz 

 0 – 40  

 KISTLER 

 6535Q306 

 250 bar 
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A.12  

 
A.13  

 
A.14 LabVIEW 

 
A.15  

 
A.16  

 KISTLER 

 6055Csp120 

 0 – 250 bar 

 300 bar 

 -20 pC/bar  

 130 kPa 

 -20 – 350  

 KISTLER 

 5011 

 0 – 300 kHz 

 0 – 50  

 National Instruments 

 Lab VIEW8.0 

  

 CHINO 

  

 T K  

 T 300 K 650  

  

  

 GC61 

 -0.1 – 0.5 MPa 
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A.17  

 

 

 

 

A.1  

 CHINO 

 LT230 

  

 -199.9 – 400   

 0.25% 

 0.5 sec 

 -10 – 50  
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A.2  

 

Intake manifold runner control 
(IMRC) position sensor

Intake shutter valve (ISV)

Warm up catalytic converter

Diesel particulate 
filter (DPF)

Exhaust gas temperature 
(EGT) sensor

Diesel particulate filter (DPF) 
differential pressure sensor

Turbocharger boost 
control solenoid valve

Vacuum pump

 

A.3  
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Fuel heater

Fuel injector

Fuel rail pressure (FRP) sensor

Fuel temperature sensor
Crankshaft position 
(CKP) sensor

Camshaft position 
(CMP) sensor

Output shaft 
(countershaft) speed 
Sensor

Fuel pump

Fuel filter water 
level switch

 

A.4  

 

Glow relay control

Mass air flow (MAF) sensor / 
Intake air temperature (IAT) 
sensor 1

Manifold absolute pressure 
(MAP) sensor / Intake air 
temperature (IAT) sensor 2

Engine coolant temperature 
(ECT) sensors 1

Engine oil level sensor

 

A.5  
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B 
 

B.1  

a)  

 

 � � � � � � � �tPtPtPtP GGGZ ���
�
�

�
�
�����

�
�

�
�
�


�
7

�
21

2                         (B.1) 

  PG:   

  Pz:  

   :  

   :  

 

(B.2) (B.3) (B.4)  

 
2

0

1 7

�
�

	

                                                (B.2) 

 

fl

Va

l

�



1

1

0

0�
                                          (B.3) 

 �
�
�

�
�
�
�

�
		
 2

111
2
1

PM
7                                     (B.4) 

  0:  

  a0:   

  V/fl:  

  Mp:  
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b)  

 
Tw  

Psw = 
� � � �

322.133

lnexp
9

0

2
�
�
�

�
�
�
�

�
��� �




	

i

i
wiw TFTB

[mmHg] (B.5) 

B = 12.150799 F5 = 1.1460454E 8 

F0 = 8499.22  F6 = +2.1701289E 11 

F1 = 7423.1865   F7 = 3.610258E 15 

F2 = +96.1635147  F8 = +3.8504519E 18 

F3 = +2.4917646E 2 F9 = 1.4317E 21 

F4 = 1.3160119E 5 

 

Pa Td Pw  

Pw = Psw  
� �

755
5.0 awd PTT �	 [mmHg]                        (B.6) 

Pa Pw CavH2O

 

CavH2O = 100�
a

w

P

P
 [%]                            (B.7) 

 

c) Ti [N m]  

Ti = 
2�
��

4
1000sVIMEP  (B.8) 

IMEP : [kPa] 

Vs : [m3] 
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d) Li [kW]  

Li = 
100060

2
�

��� 2ei NT  (B.9) 

Ne : [rpm] 

 

e) ISFC : [g/kWh] 

ISFC = 
i

f

L

m�3600
 (B.10) 

mf : [g/sec]  

 

f) Qin : [kW] 

Qin = 
1000

fu mH �
 (B.11) 

Hu  : 43092.0 [kJ/kg] 

 

g)
e8  : [ ]  

e8   = 100�
in

i

Q

L  (B.12) 

 

h) gairth : [g/sec] 

gairth  =  
_ _ 1 0 0

2 6 0
s eV N density wet air� � �

�
 (B.13) 

density_wet_air : [kg/m3] 

density_wet_air = � � � �15.273

100
15.273

100
325.101

760

2

0 ��

�
�

��

�	�

temp
M

R

ps
hum

tempRa

ps
humpress

OH

 (B.14) 

Ra : 0.28704    [kJ/kgK] 

R0 : 8.3143 [kJ/kmolK] 

MH2O : 18.016 [kg/kmol] 
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i) nairth : [g/(sec cyl)] 

nairth  =
/
.
-

�
�
�

��
�

�
��
�

�
�

���
22

2

2
____

_
_

__ hc

O

M

dhMF

M

dcMF

numcyl

dfc

aoMF

M
(B.15) 

MF_c_d : 0.8610 

    MF_h_d : 0.1380 

    MF_o2_a: 0.2314 

    Mc  : 31.999 [kg/kmol] 

    Mo2  : 12.011 [kg/kmol] 

    Mh2   : 2.016 [kg/kmol] 

 

j) gair : [g/sec] ,  gair_st : [mg/st] 

gair = pdeltaincc __3399.2 ��  (B.16) 

in_delta_p : [mmAq] 

gair_st =
numcylNe

gair

_
2100060

�
���

 (B.17) 

 

k) λ 

λ  =
nairthx

gair

�� )1(
 (B.18) 

x :  

x =   

M

M

hum
ps

press hum
ps

H O

air

2

100

760
101325

100

� �

� 	 �.
                        (B.19)                  

Mair : 28.97 [kg/kmol] 

 

l)
me8 : [%] 

me8 = 100�
gairth

gair
 (B.20) 
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m) V(n) 

V(n)  

9  = sin-1

�
�
�
�

�

�

�
�
�
�

�

�

�

:

1
2
S

,
(B.21) 

�  = (n D_deg  BTDC_deg)
180
2                                (B.22)

L(n) = � � � �
2

22
2

2
1

2
1

2
�
�
�

�
�
� ��			�		�

�
�

�
�
� � ,:9�9�,: sin

S
cos

SS [m] (B.23) 

V(n) = � � �
�
�

�
�
�

	
�

14
2

e

S
nLB

2 [m3] 0  n  datanum 1      (B.24) 

 

 

 

 

 

 

 

 

 

B.1  

BTDC_deg : [deg.] 

D_deg : [deg.] 

B : [m] 

Δγ : (Deltar)  [m] 

S : (Stroke)  [m] 

l : (Conrod)  [m] 

L :   [m] 

datanum : [m] 
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n) dQ/dθ (RHRi) : [J/deg.] 

dQ/dθ  

dQ = dQn + dQw                                                              (B.25) 

dQn : n-1, n  

dQw : n-1, n  

dQn, dQw  

dQn(n) = � �)n(dV)n(P)n()n(dP)n(V
)n(

����
	

;
; 1

1 [J/deg.]        (B.26) 

Κ(n) : n  

V(n) : n   [m3] 

dP(n) : n  [Pa/deg.] 

P(n) : n   [Pa] 

dV(n) : n  [m3/deg.] 

dQw = � � � �� wlwlwislwig
e

T)n(T)n(SdQdQ
N

.
		���

��
1

36006
186054 [J/deg.] 

+ � � � �whwhwishwig T)n(TSdQdQ 		��� 1  

+ � � � ��wpwpwispwig T)n(TSdQdQ 		��� 1                (B.27) 

 

o) Q(θ) 

Q(θ)  

 :  

Q(n) = Q(n-1) [J] 0  n  Cs tar t                      (B.28) 

 :  

Q(n) 0  :  

Q(n) = Q(n-1) + dQ(n) D_deg [J] 0  n  Cend        (B.29) 

Q(n) 0  : 

Q ( n )  =  Q ( n - 1 ) [ J ]                           ( B . 3 0 ) 

 :  

Q(n) = Q(Cend) [J] n  Cend                              (B.31) 

D_deg : [deg.] 
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Cstart :  

Cend :  

 

A dQ dQ MAX 3

0

0% B

dQ 3 0

100%  

 

 

 

 

 

 

 

 

B.2  

 

p) X(θ) 

X(θ)  

X(θ) = 100�
maxQ

)n(Q [%] 0  n  datanum (B.32) 

Q : [J] 

Qmax : [J] 

datanum :  

 

B.2  

( )

41 
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a)  

1)  

 

                                     (B.33) 

  (kPa) 

 (kPa) 

 (kPa) 

 

 

2 0.5( 1 2) ( /755)                  (B.34) 

  (kPa) 

2 2  (kPa) 

       (kPa) 

1  (K) 

2  (K) 

 

 

( ) ( 273.15)  

( ) 6096.9385 ( ) 1 21.2409642 

   2.711193 10 2 ( ) 

   1.673952 10 5 ( )2 

 2.433502 ( )                         (B.35) 

103                                 (B.36) 

  (K) 

  (kPa) 

 

 

622 /                                   (B.37) 

  (g/kg) 
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  (kPa) 

  (kPa) 

 

2)  

(1)

0.96 1.06

 

 

1.5

298
a

T0.7

Ps

99
�
�
�

�
�
�
�

�
�
�
�

�
�
�

�
F

                            (B.38) 

 

b)  

 

1)  

 

 

��
�

�
��
�

�
�

��
�/

    (B.39) 

       (kg/s) 

                   (kg/kg) 

          14.61 

�                

            
�
��

�  

2 2  (%) 
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2)  

(a)  

(b)

 

  

�
�
�
�
�

�

�

�
�
�
�

�

�

����

���
-   (B.40) 

 (kg/h) 

  (kg /h) 

(g/ ) 2.2.1(1)  

 

  

���
�

�
��
�

�
���

-          (B.41) 

��
�  

2 2   (%) 

 

(b)  

� ���       (B.42) 

  (kg/s) 

  (g/test) 

0.000966               (g/kg) 

  (ppm) 

               (Hz) 
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(c)  

� ���     (B.43) 

  (g/test) 

0.000480                (g/kg) 

  (ppmC) 

 

(d)  

� ����  (B.44) 

  (g/test) 

0.001587    (g/kg) 

  (ppm) 

 

 

� � � �--- ���
  (B.45) 

           (K) 

2.2.1(1)  

 

(e) 2  

� ���     (B.46) 

2  2  (g/test) 

0.001518        2           (g/kg) 

2  2  (ppm) 

 

CO

(g/kWh)  
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C 

 
k=AT**n exp(-E/RT) 

Reactions considered A n E UNIT 

1 C19H36O2 + O2   = C11H22O2 + C5H10O2 + C3H4 G 5.00E+11 0 30000 CGS 

2 C11H22O2     = MP2D + C7H16   G 5.00E+11 -0.6 30000 CGS 

3 C14H28 + O2   = C7H8 + C7H16 + H2O G 1.00E+13 0 30000 CGS 

4 C14H28 + H2O   = C7H16 + O2   G 1.00E+13 0 30000 CGS 

5 C7H16 + O2   = HCO + H2O   G 5.00E+11 0 27500 CGS 

6 C7H14O2H + O2   = C7H14O4H     C 4.60E+11 0 0 CGS 

7 C7H14O4H     = C7KET21 + OH   C 2.97E+13 0 26700 CGS 

8 C7KET21     = C5H11CO + CH2O + OH C 1.50E+16 0 44200 CGS 

9 C7H16 + C7H7   = C7H15-1 + C7H8   C 5.00E+12 0 0 CGS 

10 C7H16 + C7H7   = C7H15-2 + C7H8   C 5.00E+12 0 0 CGS 

11 C7H16 + C6H5   = A1 + C7H15-1   C 1.00E+12 0 0 CGS 

12 C7H16 + C6H5   = A1 + C7H15-2   C 5.00E+11 0 0 CGS 

13 C7H16 + O2   = C7H15-1 + HO2   C 1.50E+13 0 48810 CGS 

14 C7H16 + O2   = C7H15-2 + HO2   C 3.00E+14 0 47380 CGS 

15 C7H16 + H   = C7H15-1 + H2   C 5.60E+07 2 7667 CGS 

16 C7H16 + H   = C7H15-2 + H2   C 4.38E+07 2 4750 CGS 

17 C7H16 + OH   = C7H15-1 + H2O   C 8.61E+09 1.1 1815 CGS 

18 C7H16 + OH   = C7H15-2 + H2O   C 6.80E+09 1.3 690.5 CGS 

19 C7H16 + HO2   = C7H15-1 + H2O2   C 8.00E+12 0 19300 CGS 

20 C7H16 + HO2   = C7H15-2 + H2O2   C 1.00E+13 0 16950 CGS 

21 C7H16     = C4H9 + C3H7   C 3.40E+16 0 80710 CGS 

22 C7H16     = C5H11 + C2H5   C 3.40E+16 0 80710 CGS 

23 C7H15-1 + O2   = C7H15O2     C 2.00E+12 0 0 CGS 
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24 C7H15-2 + O2   = C7H15O2     C 2.50E+12 0 0 CGS 

25 C7H15O2     = C7H14O2H     C 5.00E+12 0 20380 CGS 

26 C7H14O2H + O2   = C7H14O4H     D 2.00E+11 0 0 CGS 

27 C7H14O4H     = C7KET21 + OH   D 1.00E+11 0 23850 CGS 

28 C7KET21     = C5H11CO + CH2O + OH D 1.50E+16 0 42400 CGS 

29 C5H11CHO + O2   = C5H11CO + HO2   C 2.00E+13 0.5 42200 CGS 

30 C5H11CHO + OH   = C5H11CO + H2O   C 1.00E+13 0 0 CGS 

31 C5H11CHO + H   = C5H11CO + H2   C 4.00E+13 0 4200 CGS 

32 C5H11CHO + O   = C5H11CO + OH   C 5.00E+12 0 1790 CGS 

33 C5H11CHO + HO2   = C5H11CO + H2O2   C 2.80E+12 0 13600 CGS 

34 C5H11CHO + CH3   = C5H11CO + CH4   C 1.70E+12 0 8440 CGS 

35 C5H11CO     = C5H11 + CO   C 1.00E+11 0 9600 CGS 

36 C5H11     = C2H5 + C3H6   C 3.20E+13 0 28300 CGS 

37 C7H15-1     = C2H4 + C5H11   C 2.50E+13 0 28810 CGS 

38 C7H15-2     = CH3 + C6H12   C 3.00E+13 0 29800 CGS 

39 C6H12     = C3H7 + C3H5   C 1.00E+16 0 68000 CGS 

40 C6H12     = C3H6 + C3H6   C 1.00E+16 0 68000 CGS 

41 C6H12 + OH   = C5H11 + CH2O   C 1.00E+11 0 -4000 CGS 

42 C6H12 + O   = C5H11 + HCO   C 1.00E+11 0 -1050 CGS 

43 C7H15-2     = C4H9 + C3H6   C 1.50E+13 0 28600 CGS 

44 C7H15-1     = C7H15-2     C 2.00E+11 0 18050 CGS 

45 C4H9     = C3H6 + CH3   C 7.36E+17 -1.4 30230 CGS 

46 C4H9     = C2H5 + C2H4   C 2.50E+13 0 28810 CGS 

47 C3H7     = C2H4 + CH3   C 9.60E+13 0 30950 CGS 

48 C3H7     = C3H6 + H   C 1.25E+14 0 36900 CGS 

49 C3H7 + CH3   = C2H5 + C2H5   C 1.90E+13 -0.3 0 CGS 

50 C3H7 + O2   = C3H6 + HO2   C 1.00E+12 0 4980 CGS 

51 C3H7 + H   = CH3 + C2H5   C 4.06E+06 2.19 890 CGS 

52 C3H6     = C2H3 + CH3   C 6.25E+15 0 85500 CGS 
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53 C3H6 + H   = C3H5 + H2   C 5.00E+12 0 1500 CGS 

54 C3H6 + CH3   = C3H5 + CH4   C 9.00E+12 0 8480 CGS 

55 C3H6 + O2   = C3H5 + HO2   C 4.00E+12 0 39900 CGS 

56 C3H5 + HO2   = C2H3 + CH2O + OH C 1.00E+12 0 0 CGS 

57 C3H5 + H   = C3H4 + H2   C 1.00E+13 0 0 CGS 

58 C3H5 + O2   = CH3 + CH2O + CO C 4.00E+12 0 0 CGS 

69 C3H4 + OH   = C2H3 + CH2O   C 1.00E+12 0 0 CGS 

60 C3H4 + OH   = C2H4 + HCO   C 1.00E+12 0 0 CGS 

61 C3H4 + O2   = C3H3 + HO2   C 4.00E+13 0 39160 CGS 

62 CH3O + CO   = CH3 + CO2   C 1.57E+14 0 11800 CGS 

63 CH3O + H   = CH2O + H2   C 2.00E+13 0 0 CGS 

64 CH3O + H   = CH3 + OH   C 1.00E+14 0 0 CGS 

65 CH3O + OH   = CH2O + H2O   C 5.00E+12 0 0 CGS 

66 CH3O + O   = CH2O + OH   C 1.00E+13 0 0 CGS 

67 CH3O + O2   = CH2O + HO2   C 4.28E-13 7.6 -3530 CGS 

68 CH3O     = CH2O + H   C 3.00E+12 0 27420 CGS 

69 C3H3 + C3H3   = A1     C 2.00E+12 0 0 CGS 

70 C4H5 + C2H3   = A1 + H2   C 1.84E+13 0 7070 CGS 

71 C7H8 + H   = A1 + CH3   C 1.20E+12 0 5148 CGS 

72 C7H8 + C6H5   = C7H7 + A1   C 2.10E+12 0 4400 CGS 

73 C6H5CHO + H   = A1 + HCO   C 1.20E+13 0 5148 CGS 

74 C6H5CHO + C6H5   = C6H5CO + A1   C 7.01E+11 0 4400 CGS 

75 C6H5CO + HO2   = C6H5 + CO2 + OH C 2.00E+13 0 0 CGS 

76 C6H5CO + O2   = C6H5O + CO2   C 3.00E+11 0 2870 CGS 

77 A1 + O2   = C6H5 + HO2   C 6.30E+13 0 60000 CGS 

78 A1 + OH   = C6H5 + H2O   C 1.60E+08 1.42 1450 CGS 

79 C6H5 + CH2O   = A1 + HCO   C 1.75E+10 0 0 CGS 

80 A1 + O   = C6H5 + OH   C 2.00E+13 0 14704 CGS 

81 C6H5 + H   = A1     C 2.20E+14 0 0 CGS 
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82 CO + OH   = CO2 + H   C 3.51E+07 1.3 70 CGS 

83 CO + O2   = CO2 + O   C 4.60E+13 0 41000 CGS 

84 CO + HO2   = CO2 + OH   C 1.50E+14 0 23650 CGS 

85 CO + O + M = CO2 + M   C 6.17E+14 0 3000 CGS 

86 H2 + O2   = OH + OH   C 1.70E+13 0 47780 CGS 

87 H2 + OH   = H2O + H   C 1.17E+09 1.3 3626 CGS 

88 O + OH   = O2 + H   C 2.04E+14 -0.4 0 CGS 

89 O + H2   = OH + H   C 5.06E+04 2.7 6290 CGS 

90 O + OH + M = HO2 + M   C 1.00E+16 0 0 CGS 

91 H + O2 + M = HO2 + M   C 3.61E+17 -0.7 0 CGS 

92 OH + HO2   = H2O + O2   C 7.50E+12 0 0 CGS 

93 H + HO2   = OH + OH   C 1.70E+14 0 874 CGS 

94 O + HO2   = O2 + OH   C 1.40E+13 0 1073 CGS 

95 OH + OH   = O + H2O   C 6.00E+08 1.3 0 CGS 

96 H + H + M = H2 + M   M 1.00E+18 -1 0 CGS 

  H2/0.0/ H2O /0.0/ CO2/0.0/ 

97 H + H + H2 = H2 + H2   C 9.20E+16 -0.6 0 CGS 

98 H + H + H2O = H2 + H2O   C 6.00E+19 -1.3 0 CGS 

99 H + H + CO2 = H2 + CO2   C 5.49E+20 -2 0 CGS 

100 H + OH + M = H2O + M   C 1.60E+22 -2 0 CGS 

101 H + O + M = OH + M   C 6.20E+16 -0.6 0 CGS 

102 O + O + M = O2 + M   C 1.89E+13 0 -1788 CGS 

103 H + HO2   = H2 + O2   C 1.25E+13 0 0 CGS 

104 HO2 + HO2   = H2O2 + O2   C 2.02E+12 0 0 CGS 

105 H2O2 + M   = OH + OH + M C 4.30E+16 0 45500 CGS 

106 H2O2 + H   = HO2 + H2   C 1.60E+12 0 3800 CGS 

107 H2O2 + OH   = H2O + HO2   C 1.00E+13 0 1800 CGS 

108 H2O2 + H   = H2O + OH   C 1.00E+13 0 3590 CGS 

109 H2O2 + O   = H2O + O2   C 8.40E+11 0 4260 CGS 
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110 H2O2 + O   = OH + HO2   C 2.00E+13 0 5900 CGS 

111 H2 + HO2   = H2O + OH   C 6.50E+11 0 18800 CGS 

112 CH2O + O2   = HCO + HO2   C 1.00E+14 0 39000 CGS 

113 CH2O + HO2   = HCO + H2O2   C 3.00E+12 0 8000 CGS 

114 CH2O + CH3   = HCO + CH4   C 5.54E+03 2.81 5860 CGS 

115 CH2O + M   = HCO + H + M C 3.30E+16 0 81000 CGS 

116 HCO + HCO   = CH2O + CO   C 3.01E+13 0 0 CGS 

117 HCO + HCO   = CO + CO + H2 C 3.01E+13 0 0 CGS 

118 HCO + OH   = H2O + CO   C 3.00E+13 0 0 CGS 

119 HCO + H   = H2 + CO   C 1.19E+13 0.3 0 CGS 

120 HCO + O   = OH + CO   C 3.00E+13 0 0 CGS 

121 HCO + O   = H + CO2   C 3.00E+13 0 0 CGS 

122 HCO + O2   = HO2 + CO   C 3.30E+13 -0.4 0 CGS 

123 HCO + M   = H + CO + M C 1.87E+17 -1 17000 CGS 

124 HCO + HO2   = CO2 + OH + H C 3.00E+13 0 0 CGS 

125 CH4 + O2   = CH3 + HO2   C 7.90E+13 0 56000 CGS 

126 CH4 + H   = CH3 + H2   C 6.60E+08 1.6 10840 CGS 

127 CH4 + OH   = CH3 + H2O   C 1.60E+06 2.1 2460 CGS 

128 CH4 + O   = CH3 + OH   C 1.02E+09 1.5 8604 CGS 

129 CH4 + HO2   = CH3 + H2O2   C 1.00E+13 0 18700 CGS 

130 CH4 + CH2   = CH3 + CH3   C 4.00E+12 0 -570 CGS 

131 CH3 + HCO   = CH4 + CO   C 1.20E+14 0 0 CGS 

132 CH3 + HCO   = CH2O + CH2   C 3.00E+13 0 0 CGS 

133 CH3 + H   = CH4     C 1.90E+36 -7 9050 CGS 

134 CH3 + H   = CH2 + H2   C 9.00E+13 0 15100 CGS 

135 CH3 + CH3O   = CH4 + CH2O   C 4.30E+14 0 0 CGS 

136 CH3 + CH3   = C2H6     D 2.12E+16 -1 620 CGS 

137 CH3 + CH3  (+M) = C2H6  (+M)   F 8.77E+16 -1.2 654 CGS 

    LOW  /  1.400E+41   -7.030   2762.00/ 
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     TROE/   .6190  73.20  1180.00  9999.00 / 

     H2/2.0/ H2O/6.0/ CH4/2.0/ CO/1.50/ CO2/2.0/ C2H6/3.0/ 

138 CH3 + CH3   = C2H5 + H   C 4.99E+12 0.1 10600 CGS 

139 CH3 + O   = CH2O + H   C 8.00E+13 0 0 CGS 

140 CH3 + OH   = CH2 + H2O   C 7.50E+06 2 5000 CGS 

141 CH3 + OH   = CH2O + H2   C 4.00E+12 0 0 CGS 

142 CH3 + CH2   = C2H4 + H   C 3.00E+13 0 -570 CGS 

143 CH3 + HO2   = CH3O + OH   C 5.00E+13 0 0 CGS 

144 CH3 + O2   = CH3O + O   C 4.67E+13 0 30000 CGS 

145 CH3 + O2   = CH2O + OH   C 2.31E+12 0 20310 CGS 

146 CH3 + C2H4   = CH4 + C2H3   C 6.62E+00 3.7 9482 CGS 

147 CH3 + CH3   = C2H4 + H2   C 1.00E+15 0 31000 CGS 

148 CH2 + OH   = CH2O + H   C 2.50E+13 0 0 CGS 

149 CH2 + O2   = HCO + OH   C 4.30E+10 0 -500 CGS 

150 CH2 + O2   = CO2 + H2   C 6.90E+11 0 500 CGS 

151 CH2 + O2   = CO + H2O   C 2.00E+10 0 -1000 CGS 

152 CH2 + O2   = CH2O + O   C 5.00E+13 0 9000 CGS 

153 CH2 + O2   = CO2 + H + H C 1.60E+12 0 1000 CGS 

154 CH2 + O2   = CO + OH + H C 8.60E+10 0 -500 CGS 

155 CH2 + CH2   = C2H2 + H2   C 1.20E+13 0 800 CGS 

156 CH2 + CH2   = C2H2 + H + H C 1.20E+14 0 800 CGS 

157 CH2 + CO2   = CH2O + CO   C 1.00E+11 0 1000 CGS 

158 C2H4 + H   = C2H3 + H2   C 1.10E+14 0 8500 CGS 

159 C2H4 + O   = CH3 + HCO   C 1.60E+09 1.2 746 CGS 

160 C2H4 + O   = CH2O + CH2   C 3.00E+04 1.88 180 CGS 

161 C2H4 + O   = C2H3 + OH   C 1.51E+07 1.91 3790 CGS 

162 C2H4 + OH   = CH2O + CH3   C 6.00E+13 0 960 CGS 

163 C2H4 + HO2   = C2H3 + H2O2   C 7.10E+11 0 17110 CGS 

164 C2H4 + OH   = C2H3 + H2O   C 6.02E+13 0 5955 CGS 
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165 C2H4 + M   = C2H2 + H2 + M C 1.50E+15 0 55800 CGS 

166 C2H4 + M   = C2H3 + H + M D 2.60E+17 0 96570 CGS 

167 C2H4 + H   = C2H5     C 2.60E+43 -9.3 52580 CGS 

168 C2H6 + O2   = C2H5 + HO2   C 1.00E+13 0 48960 CGS 

169 C2H5 + O2   = C2H4 + HO2   C 2.00E+10 0 -2200 CGS 

170 C2H4 + O2   = C2H3 + HO2   C 4.20E+14 0 57590 CGS 

171 C2H4 + C2H4   = C2H5 + C2H3   C 5.00E+14 0 64700 CGS 

172 C2H5 + HO2   = C2H4 + H2O2   C 3.00E+11 0 0 CGS 

173 C2H2 + O2   = HCO + HCO   C 4.00E+12 0 28000 CGS 

174 C2H2 + O   = CH2 + CO   C 1.02E+07 2 1900 CGS 

175 C2H2 + H + M = C2H3 + M   C 5.54E+12 0 2410 CGS 

176 C2H3 + H   = C2H2 + H2   C 4.00E+13 0 0 CGS 

177 C2H3 + O2   = CH2O + HCO   C 4.00E+12 0 -250 CGS 

178 C2H3 + O2   = C2H2 + HO2   C 1.34E+06 1.61 -384 CGS 

179 C2H3 + OH   = C2H2 + H2O   C 5.00E+12 0 0 CGS 

180 C2H3 + CH2   = C2H2 + CH3   C 3.00E+13 0 0 CGS 

181 C2H3 + HCO   = C2H4 + CO   C 6.03E+13 0 0 CGS 

182 C2H3 + C2H3   = C2H2 + C2H4   C 1.45E+13 0 0 CGS 

183 C2H3 + O   = C2H2 + OH   C 1.00E+13 0 0 CGS 

184 C2H2 + CH2   = C3H3 + H   C 1.20E+13 0 6620 CGS 

185 C3H3 + OH   = C3H2 + H2O   C 1.00E+13 0 0 CGS 

186 C3H3 + O   = CH2O + C2H   C 1.00E+13 0 0 CGS 

187 C2H3     = C2H2 + H   C 4.60E+40 -8.8 46200 CGS 

188 C2H2     = C2H + H   C 2.37E+32 -5.3 1E+05 CGS 

189 C2H + O2   = HCO + CO   C 5.00E+13 0 1500 CGS 

190 C2H + H2   = H + C2H2   C 4.90E+05 2.5 560 CGS 

191 C2H2 + O   = C2H + OH   C 4.60E+19 -1.4 28950 CGS 

192 C2H2 + OH   = C2H + H2O   C 3.37E+07 2 14000 CGS 

193 C2H2 + OH   = CH2CO + H   C 2.18E-04 4.5 -1000 CGS 
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194 C2H2 + OH   = CH3 + CO   C 4.83E-04 4 -2000 CGS 

195 C2H2 + C2H   = C4H2 + H   C 9.60E+13 0 0 CGS 

196 C4H + H2   = H + C4H2   C 4.90E+05 2.5 560 CGS 

197 C4H2 + OH   = C4H + H2O   C 3.37E+07 2 14000 CGS 

198 C4H2 + C2H   = C4H + C2H2   C 2.00E+13 0 0 CGS 

199 C4H2 + O   = C3H2 + CO   C 2.70E+13 0 1720 CGS 

200 C3H2 + O   = C2H2 + CO   C 5.80E+13 0 0 CGS 

201 C3H2 + OH   = HCO + C2H2   C 5.80E+13 0 0 CGS 

202 C3H2 + CH2   = C4H3 + H   C 3.00E+13 0 0 CGS 

203 C3H3 + C3H3   = C6H5 + H   C 2.00E+12 0 0 CGS 

204 C3H2 + HCCO   = C4H3 + CO   C 1.00E+13 0 0 CGS 

205 CH2CO + H   = HCCO + H2   C 5.00E+13 0 8000 CGS 

206 CH2CO + H   = CH3 + CO   C 1.13E+13 0 3428 CGS 

207 CH2CO + O   = HCCO + OH   C 1.00E+13 0 8000 CGS 

208 C2H2 + C2H2   = C4H2 + H2   C 1.00E+17 0 81000 CGS 

209 C2H2 + C2H   = C4H3     C 4.50E+37 -7.7 7100 CGS 

210 C2H3 + C2H2   = C4H5     C 8.10E+37 -8.1 13400 CGS 

211 C2H2 + O   = HCCO + H   C 1.02E+07 2 1900 CGS 

212 C4H5 + O2   = C2H4 + CO + HCO C 4.16E+10 0 2500 CGS 

213 C4H3 + M   = C4H2 + H + M C 1.00E+14 0 30000 CGS 

214 C4H3 + H   = C2H2 + C2H2   C 6.30E+25 -3.3 10014 CGS 

215 C4H3 + H   = C4H2 + H2   C 1.50E+13 0 0 CGS 

216 C4H3 + OH   = C4H2 + H2O   C 5.00E+12 0 0 CGS 

217 C2H + OH   = H + HCCO   C 2.00E+13 0 0 CGS 

218 C4H3 + C2H2   = C6H5     C 2.80E+03 2.9 1400 CGS 

219 C6H6 + H   = A1 + H   D 3.70E+20 -2.4 6800 CGS 

220 C4H3 + C2H2   = A1-     C 1.90E+63 -15 30600 CGS 

221 C4H5 + C2H2   = A1 + H   C 1.60E+18 -1.9 7400 CGS 

222 C6H5     = A1-     C 3.50E+46 -10 33600 CGS 



 
 

C 

 
 

176 

223 C6H5 + C2H   = A1C2H     C 2.54E+17 -1.5 
9  

1541.0 
CGS 

224 A1 + H   = A1- + H2   C 2.59E+14 0 16000 CGS 

225 A1 + OH   = A1- + H2O   C 1.06E+08 1.42 1450 CGS 

226 A1- + H   = A1     C 1.00E+14 0 0 CGS 

227 C4H3 + C4H2   = A1C2H-     C 1.90E+63 -15 30600 CGS 

228 A1 + C2H   = A1C2H + H   C 5.00E+13 0 0 CGS 

229 A1- + C2H2   = A1C2H2     C 7.90E+29 -5.2 13700 CGS 

230 A1- + C2H2   = A1C2H + H   C 2.50E+29 -4.4 26400 CGS 

231 A1C2H + H   = A1C2H2     C 1.60E+32 -5.7 11090 CGS 

232 A1C2H + H   = A1C2H- + H2   C 2.50E+14 0 16000 CGS 

233 A1C2H + OH   = A1C2H- + H2O   C 1.60E+08 1.42 1450 CGS 

234 A1C2H- + H + M = A1C2H + M   C 1.00E+14 0 0 CGS 

235 A1- + C2H3   = A1C2H2 + H   C 9.40E+00 4.14 23234 CGS 

236 A1- + C4H2   = A2-1     C 5.10E+48 -11 28000 CGS 

237 A1C2H2 + H   = A1C2H + H2   C 1.50E+13 0 0 CGS 

238 A1C2H2 + OH   = A1C2H + H2O   C 2.50E+12 0 0 CGS 

239 A1C2H- + C2H2   = A2-1     C 5.10E+48 -11 28000 CGS 

240 A1C2H- + C2H2   = A1C2H)2 + H   C 2.10E+10 0.85 13700 CGS 

241 A1C2H)2 + H   = A2-1     C 1.50E+51 -11 25500 CGS 

242 A1C2H + C2H   = A1C2H)2 + H   C 5.00E+13 0 0 CGS 

243 A1C2H2 + C2H2   = A2 + H   C 1.60E+18 -1.9 7400 CGS 

244 A2 + H   = A2-1 + H2   C 2.50E+14 0 16000 CGS 

245 A2 + OH   = A2-1 + H2O   C 1.60E+08 1.42 1450 CGS 

246 A2-1 + O2   = A1C2H + HCO + CO C 2.10E+12 0 7470 CGS 

247 A2-1 + C2H2   = A2R5 + H   C 1.10E+07 1.71 3900 CGS 

248 A2R5 + O   = A2-1 + HCCO   C 2.20E+13 0 4530 CGS 

249 A2R5- + O2   = A2-1 + CO + CO C 2.10E+12 0 7470 CGS 

250 A2R5 + H   = A2R5- + H2   C 2.50E+14 0 16000 CGS 
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251 A2R5 + OH   = A2R5- + H2O   C 1.60E+08 1.42 1450 CGS 

252 A2R5- + H   = A2R5     C 1.00E+14 0 0 CGS 

253 HCCO + O2   = OH + CO + CO C 1.60E+12 0 854 CGS 

254 HCCO + CH2   = C2H3 + CO   C 3.00E+13 0 0 CGS 

255 C2H + C2H   = C4H2     C 1.80E+13 0 0 CGS 

256 C3H4 + O   = HCCO + CH3   C 6.30E+12 0 2010 CGS 

257 HCCO + HCCO   = C2H2 + CO + CO C 1.00E+13 0 0 CGS 

258 CH2O + O   = HCO + OH   C 3.80E+13 0 3540 CGS 

259 CH2O + H   = HCO + H2   C 2.30E+10 1.05 3270 CGS 

260 CH2O + OH   = HCO + H2O   C 1.43E+10 1.2 -447 CGS 

261 C2H5 + O   = CH3HCO + H   C 1.09E+14 0 0 CGS 

262 C2H5 + O   = CH2O + CH3   C 4.24E+13 0 0 CGS 

263 C2H5 + O   = C2H4 + OH   C 3.46E+13 0 0 CGS 

264 CH2CO + O   = HCO + HCO   C 1.05E+13 0 2400 CGS 

265 CH2CO + OH   = HCCO + H2O   C 1.50E+13 0 2000 CGS 

266 CH2CO + OH   = HCO + CH2O   C 2.04E+12 0 0 CGS 

267 CH2CO + OH   = CH3 + CO2   C 3.10E+13 0 0 CGS 

268 CH2CO + M   = CH2 + CO + M C 3.00E+16 0 ##### CGS 

269 C2H3 + O   = CH2CO + H   C 3.00E+13 0 0 CGS 

270 C3H3 + O2   = CH2CO + HCO   C 3.00E+10 0 2878 CGS 

271 C3H4 + O   = CH2CO + CH2   C 2.00E+07 1.8 1000 CGS 

272 C4H3 + O2   = HCCO + CH2CO   C 1.00E+12 0 0 CGS 

273 C6H5 + O2   = CH2CO + CH2CO + C2H C 7.80E+16 -1.8 0 CGS 

274 A1C2H + OH   = A1- + CH2CO   C 2.18E-04 4.5 -1000 CGS 

275 A1C2H)2 + OH   = A1C2H- + CH2CO   C 2.18E-04 4.5 -1000 CGS 

276 A2 + OH   = A1C2H + CH2CO + H C 1.30E+13 0 10600 CGS 

277 A2 + O   = CH2CO + A1C2H   C 2.20E+13 0 4530 CGS 

278 A2R5 + OH   = A2-1 + CH2CO   C 1.30E+13 0 10600 CGS 

279 C4H5 + C3H4   = C7H8 + H   C 2.00E+11 0 3600 CGS 
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280 C7H7 + H   = C7H8     C 1.20E+14 0 0 CGS 

281 C7H8     = C6H5 + CH3   C 1.40E+16 0 99800 CGS 

282 C7H8 + O2   = C7H7 + HO2   C 3.00E+14 0 42400 CGS 

283 C7H8 + OH   = C7H7 + H2O   C 1.78E+13 0 2583 CGS 

284 C7H8 + O   = C7H7 + OH   C 1.00E+08 1.5 8000 CGS 

285 C7H8 + H   = C7H7 + H2   C 1.50E+14 0 8235 CGS 

286 C7H8 + CH3   = C7H7 + CH4   C 3.16E+11 0 9500 CGS 

287 C7H8 + C2H3   = C7H7 + C2H4   C 3.98E+12 0 8000 CGS 

288 C7H7 + O   = C6H5CHO + H   C 5.00E+13 0 0 CGS 

289 C7H7 + O   = C6H5 + CH2O   C 8.00E+13 0 0 CGS 

290 C7H7 + HO2   = C6H5CHO + H + OH C 6.00E+13 0 0 CGS 

291 C7H7 + HO2   = C6H5 + CH2O + OH C 6.00E+12 0 0 CGS 

292 C7H7 + OH   = C7H8O     C 5.00E+13 0 0 CGS 

293 C7H7 + C6H5OH   = C7H8 + C6H5O   C 1.05E+11 0 9500 CGS 

294 C7H8O + OH   = C6H5CHO + H2O + H C 8.43E+12 0 2583 CGS 

295 C7H8O + O2   = C6H5CHO + H + HO2 C 2.00E+14 0 41400 CGS 

296 C7H8O + H   = C6H5CHO + H + H2 C 8.00E+13 0 0 CGS 

297 C7H8O + H   = C7H8 + OH   C 2.21E+13 0 7910 CGS 

298 C7H8O + C7H7   = C6H5CHO + C7H8 + H C 2.11E+11 0 9500 CGS 

299 C6H5CHO + O2   = C6H5CO + HO2   C 1.02E+13 0 38950 CGS 

300 C6H5CHO + OH   = C6H5CO + H2O   C 1.71E+09 1.18 -447 CGS 

301 C6H5CHO + H   = C6H5CO + H2   C 5.00E+13 0 4928 CGS 

302 C6H5CHO + O   = C6H5CO + OH   C 9.04E+12 0 3080 CGS 

303 C6H5CO     = C6H5 + CO   C 3.98E+14 0 29400 CGS 

304 C6H5 + CH3   = C7H7 + H   C 5.70E-02 5 15700 CGS 

305 C6H5 + HO2   = C6H5O + OH   C 5.00E+13 0 1000 CGS 

306 C6H5 + O2   = C6H5O + O   C 2.60E+13 0 6120 CGS 

307 C6H5O     = C5H5 + CO   C 2.51E+11 0 43900 CGS 

308 C6H5 + OH   = C6H5O + H   C 5.00E+13 0 0 CGS 
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309 C6H5O + O   = C5H5 + CO2   C 1.00E+13 0 0 CGS 

310 C6H5OH + H   = C6H5O + H2   C 1.15E+14 0 12400 CGS 

311 C6H5OH + O   = C6H5O + OH   C 2.81E+13 0 7352 CGS 

312 C6H5OH + HO2   = C6H5O + H2O2   C 3.00E+13 0 15000 CGS 

313 C6H5OH + C2H3   = C2H4 + C6H5O   C 6.00E+12 0 0 CGS 

314 C6H5OH + OH   = H2O + C6H5O   C 1.39E+08 1.43 -962 CGS 

315 C3H7 + HO2   = CH3CHO + CH3 + OH C 2.41E+13 0 0 CGS 

316 C3H7 + O   = CH3CHO + CH3   C 4.82E+13 0 0 CGS 

317 C2H4 + HO2   = CH3CHO + OH   C 6.03E+09 0 7949 CGS 

318 C2H5 + O   = CH3CHO + H   C 6.62E+13 0 0 CGS 

319 C2H3 + OH   = CH3CHO     C 3.01E+13 0 0 CGS 

320 CH3CHO     = CH3 + HCO   C 7.00E+15 0 81674 CGS 

321 CH3CHO + O2   = HO2 + CH3 + CO C 3.01E+13 0 39150 CGS 

322 C2H3 + O2   = CH2CHO + O   C 3.50E+14 -0.6 5260 CGS 

323 C2H4 + O   = CH2CHO + H   C 1.21E+06 2.08 0 CGS 

324 O + CH2CHO   = H + CH2 + CO2 C 1.50E+13 0 0 CGS 

325 O2 + CH2CHO   = OH + CO + CH2O C 2.00E+13 0 4200 CGS 

326 O2 + CH2CHO   = OH + HCO + HCO C 2.35E+10 0 0 CGS 

327 H + CH2CHO   = CH3 + HCO   C 2.20E+13 0 0 CGS 

328 H + CH2CHO   = CH2CO + H2   C 1.10E+13 0 0 CGS 

329 OH + CH2CHO   = H2O + CH2CO   C 1.20E+13 0 0 CGS 

330 N + NO   = N2 + O   C 3.50E+14 0 330 CGS 

331 N + O2   = NO + O   C 9.00E+09 1 6500 CGS 

332 N + OH   = NO + H   C 7.33E+13 0 1120 CGS 

333 N + CO2   = NO + CO   C 1.90E+11 0 3400 CGS 

334 N2O + O   = N2 + O2   C 1.40E+12 0 10810 CGS 

335 N2O + O   = NO + NO   C 2.90E+13 0 23150 CGS 

336 N2O + H   = N2 + OH   C 4.40E+14 0 18880 CGS 

337 N2O + OH   = N2 + HO2   C 2.00E+12 0 21060 CGS 
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338 N2O + NO   = N2 + NO2   C 2.75E+14 0 50000 CGS 

339 NO2 + N   = NO + NO   C 1.00E+12 0 0 CGS 

340 NO + HO2   = NO2 + OH   C 2.11E+12 0 -480 CGS 

341 NO + O + M = NO2 + M   C 1.06E+20 -1.4 0 CGS 

342 NO2 + O   = NO + O2   C 3.90E+12 0 -240 CGS 

343 NO2 + H   = NO + OH   C 1.32E+14 0 360 CGS 

344 N2O + M   = N2 + O + M C 1.30E+11 0 59620 CGS 

C6H4O2 + O = 2CO + C2H2 + CH2CO C 3.00E+13 0 5000 CGS 

MP3J + C7H15-1 = C11H22O2 C 8.00E+12 0 0 CGS 

MP3J + C7H15-2 C11H22O2 C 1.00E+13 0 0 

MB2J H C5H10O2 C 1.00E+14 0 0 

MB3J H C5H10O2 C 1.00E+14 0 0 

C5H10O2 O2 HO2 C 2.00E+13 0 51050 

C5H10O2 OH H2O C 4.68E+07 1.61 -35 

C5H10O2 C2H5 C2H6 C 5.00E+11 0 10400 

C5H10O2 C2H3 C2H4 C 4.00E+11 0 16800 

ME2J C2H5 C5H10O2 C 8.00E+12 0 0 

C5H10O2 O2 HO2 C 4.00E+13 0 41300 

C5H10O2 CH3 CH4 C 2.01E+11 0 7900 

C5H10O2 H H2 C 6.52E+14 0 7300 

C5H10O2 HO2 H2O2 C 4.32E+12 0 14400 

C5H10O2 O OH C 2.20E+13 0 3280 

C5H10O2 OH H2O C 1.15E+11 0.5 63 

C5H10O2 C2H3 C2H4 C 4.00E+11 0 14300 

C5H10O2 C2H5 C2H6 C 2.00E+11 0 7900 

C5H10O2 MB2OO MB2OOH C 2.16E+12 0 14400 

MP2D CH3 MB2J C 1.00E+10 0 7600 

MB2D H MB2J C 1.00E+13 0 2900 

MB2J O2 MB2OO C 1.41E+13 0 0 
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HO2 MB2J OH C 7.00E+12 0 -1000 

MB2OO HO2 MB2OOH C 1.75E+10 0 -3275 

MB2OO MB2OO O2 C 1.40E+16 -1.6 1860 

MB2OO MB2J MB2O C 7.00E+12 0 -1000 

MB2OO CH3 CH3O C 7.00E+12 0 -1000 

MB2OOH MB2O C 6.00E+15 0 42540 

CH3CHO C3H7 C5H10O2 C 1.81E+13 0 0 

MP2D CH3 C2H3CO C 4.52E-01 3.65 7154 

C2H3 CH3OCO MP2D C 1.00E+13 0 0 

MP2D H C2H3CO C 9.40E+04 2.75 6280 

MP2D O CH3OCO C 5.01E+07 1.76 76 

CO CH3O CH3OCO C 1.50E+11 0 3000 

CO2 CH3 CH3OCO C 1.50E+11 0 36730 

C2H4 CH3OCO MP3J C 1.06E+11 0 7350 

C2H3CO C2H3 C 2.04E+14 -0.4 31450 

MP2D H MP3J C 1.00E+13 0 2900 

MB2OO H2O2 MB2OOH C 2.40E+12 0 10000 

MB2OOH HO2 MB2OO C 2.40E+12 0 10000 

CH2CO CH3O ME2J C 5.00E+11 0 -1000 

MP2D O ME2J C 1.58E+07 1.76 -1216 

ME2*O H ME2J*O C 4.00E+13 0 4200 

ME2*O CH3 ME2J*O C 1.70E+12 0 8440 

ME2*O HO2 ME2J*O C 2.80E+12 0 13600 

ME2*O OH ME2J*O C 2.69E+10 0.76 -340 

ME2*O O ME2J*O C 5.00E+12 0 1790 

ME2*O C2H5 MB2O C 1.50E+11 0 11900 

CH3OCO CO ME2J*O C 1.50E+11 0 3000 

C3H6 CH3OCO MB3J C 1.06E+11 0 7350 

MB2D H MB3J C 1.00E+13 0 2900 
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CH3 MP2D3J MB2D C 1.00E+13 0 0 

C2H2 CH3OCO MP2D3J C 1.61E+40 -8.6 20330 

MB2OO MB2OOH4J C 6.00E+10 0 22000 

MB2OOH4J MBCY4O2 C 7.50E+10 0 15250 

MBCY4O2 H MP2D C 4.80E+08 1.5 2785 

MBCY4O2 OH MP2D C 2.40E+06 2 -1192 

MBCY4O2 HO2 MP2D C 4.00E+12 0 14398 

MBCY4O2 H C2H4 C 2.40E+08 1.5 2005 

MBCY4O2 OH C2H4 C 1.20E+06 2 -1192 

MBCY4O2 HO2 C2H4 C 2.00E+12 0 13261 

MB2OOH4J O2 MB2OOH4OO C 4.52E+12 0 0 

CH2CO CH3OCO MP3J2*O C 1.00E+11 0 9200 

MB2D CH3 C5H7O2 C 1.00E+12 0 7300 

MB2D H C5H7O2 C 3.70E+13 0 3900 

C5H7O2 OH MB2D C 7.00E+11 0 29900 

MB2D OH C5H7O2 C 3.00E+13 0 1230 

MB2D HO2 C5H7O2 C 1.50E+11 0 14190 

C5H7O2 C2H3 C 2.50E+12 0 45000 

C2H3CO CH3O MP2D E 3.00E+13 0 0 
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1)  2)       3      4      5) 6)      

The Effects on Diesel Engine Combustion and Emission Characteristics by Using Biodiesel 
 

Xiaodan Cui    Masato Kiyomatsu    Kouhei Touma    Yuki Hisatome    Jin Kusaka    Yasuhiro Daisho 

Engine tests and numerical simulation were conducted to investigate the effect of 40% and 100% 
methyl oleate representing Jatropher-derived biodiesel on diesel combustion and emission 
characteristics over a wide range of DI diesel engine operating conditions. Emissions measurements 
and heat release analysis show that biodiesel can significantly reduce PM without influencing NOx 
emission and brake thermal efficiency under the conditions tested. Detailed analyses were made on 
particle size distribution and chemical components including soluble organic fraction. 

 
Key Words: biodiesel, DI engine, combustion, emission, PM, NOx, SOF, particle size, particle number 
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Fig.1 Engine layout 

Table 1 Engine specifications 
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Fig.2 Load map 

Fig.3 Comparison of           Fig.4 Comparison of  
Combustion characteristics       Soot and NOx emission 
 

Item Specifications

Engine type
Water-cooled, 4-stroke-cycle, 

TI Diesel engine

Valve train DOHC 4 valves

Cylinder L4

Bore x Stroke  mm 85.0 x 97.1

Displacement cc 2204

Compression ratio 16.7

Fuel supply
Common-rail (Max.160 MPa)

Nozzle cone angle  153
φ0.133mm 6 holes

EGR system HP-Hot-EGR / HP-Cooled-EGR

Boost control VNT turbocharger

Swirl control
Continuously variable 
(Swirl ratio: 1.2-4.4)

Max. power  kW/rpm 103/4000

Max. torque Nm/rpm 340/2000
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Fig.5 Comparison of fuel consumption, THC and CO 
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3.2. PM  
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Fig.6 Load map (30 conditions) 
 

Fig.7 Particle number          Fig.8 Particle size 

 
Fig.9 Comparison of particle number and size 
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Fig.10 Effect of EGR rate on Soot and NOx emissions 
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Fig.11 Effect of EGR rate on particle number and size  
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Fig.12 Effect of EGR rate on BSEC, THC and CO 
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Effects of Biodiesel on Diesel Engine Combustion and Emission Characteristics 

- Detailed Combustion and Chemical Kinetic Analyses - 
 

Xiaodan Cui  Teagun Kim  Yousuke Fujii   Jin Kusaka   Yasuhiro Daisho 
 

Engine tests were conducted along with chemical kinetics modeling to investigate the effects of 40% 
Jatropha-derived biodiesel on combustion and emission characteristics over a wide range of engine operating conditions 
in a passenger car diesel engine. Emissions measurements and heat release analyses showed that biodiesel can 

significantly reduce PM (particulate matter) without significantly influencing heat release rates, NOx emission and 
brake thermal efficiency under the conditions in the NEDC. For comparison with experimental results, we utilized a 
zero-dimensional reaction model with detailed chemical kinetics to identify the effects on engine combustion and 

emissions. 
 

KEY WORDS: Heat Engine, Biodiesel, DI Engine, Combustion, Emission, PM, NOx (A1) 
 

FAME BDF

CO2 (1)-(4)  
US EPA BDF

PM NOx

(5)

 
BDF (MO)

BDF

NOx Soot
THC CO

(6)  

BDF (7)

EGR PCCI (Premixed Charged Compression 
Ignition Combustion)(8)

(Chemkin-Pro)
BDF  

 

BDF(JME) BDF
GC/MS 1  

 
Table 1 Constituents of Jatropha-derived biodiesel 

No
Chemical Formula

Ingredients Quantitative
Analysis  %C H O

1 17 34 2 Methyl  Palmitate 15.3

2 19 34 2 Methyl Linoleate 1.5 

3 19 36 2 Methyl Oleate 71.1

4 19 38 2 Methyl Stearate 12.1
 

 
JIS2 (D100)

J40(JME
40% )

2  
 

*2012 10 3 2012 10 3
 

1) 2 3 4 5 (169-8555 
3-4-1) 



 

 

Table 2 Compositions and properties of fuels tested  

Item D100
(JIS2#)

JME
(Jatropha BDF)

J40
(Mass 40% 
blend with 

JIS2#)

Density (15deg.C) g/cm3 0.8318 0.8768 0.8498

Viscosity (30deg.C) 
mm2/s 3.212 5.040 5.040(9)

CHO 
mass % 

C 86.0 76.65 82.26

H 13.7 12.35 13.16

O 0 11.00 4.40

Aromatic vol. % 18.8 0.0 11.0

Lower heating value kJ/kg 42970 39163 41447

Flash point deg.C 73.5 >200 -

Sulfur mass ppm 6 2.5 4.6

Cetane number 58.3 57.2 -  

 
J40 (9)

 
 

Table 3 Engine specifications 

Item Specifications

Engine type
Water-cooled, 4-stroke-cycle, 

TI Diesel engine

Valve train DOHC 4 valves

Cylinder L4

Bore x Stroke  mm 85.0 x 97.1

Displacement cc 2204

Compression ratio 16.7

Fuel supply
Common-rail (Max.160 MPa)

Nozzle cone angle  153
φ0.133mm 6 holes

EGR system HP-Hot-EGR / HP-Cooled-EGR

Boost control VNT turbocharger

Swirl control
Continuously variable 
(Swirl ratio: 1.2-4.4)

Max. power  kW/rpm 103/4000

Max. torque Nm/rpm 340/2000
 

 

Fig.1 Test engine setup 

2.2L 4 VTN
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Table 4 Base operation condition 

Engine speed    rpm 1500

Torque    Nm 72

BMEP    kPa 411

EGR ratio    % 36

Swirl ratio 3.4

Boost press.    kPa 12

Inj.press.    MPa 73

Inj.quantity pilot / main    mg/str. 1.69 / 13.2

Inj. timing  pilot / main    deg.ATDC -11 / -4.0

MFB50    deg.ATDC 10.3  
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Fig.2 Results at base condition 
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Fig.6 PCCI combustion at different injection pressure conditions 
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Fig.7 PCCI combustion emissions at different injection pressure 

conditions 
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Table 5 Polynomial coefficients (NASA)(16) 
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Abstract
As the petroleum depletion, some of this demand will probably 
have to be met by increasing the production of diesel fuels 
from heavy oil or unconventional oil in the near future. Such 
fuels may inevitably have a lower cetane number (CN) with a 
higher concentration of aromatic components. The objective of 
the present research is to identify the effects of a typical 
biodiesel fuel as a CN improver for a light-duty diesel engine 
for passenger cars.

Our previous study indicates that methyl oleate (MO), which is 
an oxygenated fuel representative of major constituents of 
many biodiesel types, can reduce soot and NOx emissions 
simultaneously by optimizing performance under exhaust gas 
recirculation (EGR) when used as a diesel fuel additive. In 
addition, it was found that MO tends to reduce the ignition 
delay.

We employed a 2.2 L passenger car DI diesel engine 
complying with the Euro 4 emissions regulation. Four different 
fuels were compared: JIS#2 diesel fuel, which has a CN of 57 
(D100) for a reference fuel, a very low CN diesel fuel (CN45), a 
blend of CN45 with 40% MO (named CN45+MO), and a blend 
of CN45 with an alternative CN improver, 2-Ehtyl-Hexyl-Nitrate 
(EHN), which has the same CN as D100 (named CN45+EHN). 
���������	��
�����
����������������
��������������	������������
combustion and exhaust emission characteristics.

Experiments were performed using seven engine torque and 
�������
�������
��������
������	�������
��������������	�
operating conditions in passenger car diesel engines, focusing 
on the effects of important parameters such as pilot injection, 
injection pressure, EGR ratio and the use of premixed charged 
compression ignition (PCCI).

The engine test results showed that CN45 generated longer 
ignition delays than the other tested fuels under all operating 
conditions and that pilot injection with this fuel was not 
�����������
��������������
����������������������
������
�����
low engine speeds and loads, particularly when using high 
EGR ratios. This increased fuel consumption and unburned 
fuel emissions (CO & THC). It was judged that too much 
amount of MO must be added to improve the deterioration 
brought by CN45. We therefore compared the performance of 
CN45+MO to that of CN45+EHN under low temperature and 
enhanced EGR conditions. CN45+MO produced lower soot 
��������������
����!��������
����������"�����������������
�
�������
��$';<>@���������
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or D100. These effects are due to the enhancement of low 
temperature reactions brought by oxygenated fuels such as 
MO. Moreover, MO can reduce maximum pressure rise rates 
associated with engine noise and vibration observed in case of 
CN45.

In summary, MO is a useful CN improver for light-duty diesel 
engine.

Introduction
Global warming and fossil depletion issues are of increasing 
concern in the transportation sector. To help alleviate these 
��
�	����������	���������
��������}��������������	

����	}
consumption are being introduced in the worldwide market. It is 
predicted that some portion of diesel fuels will be derived from 
ordinary heavy oil or unconventional oil to meet the increased 
diesel fuel demands in many areas in the near future. Such 
fuels generally have lower cetane number (CN) than 
conventional diesel as well as higher contents of aromatic 
components and sulfur [1].

Utilizing FAME as a Cetane Number Improver for a 
Light-duty Diesel Engine
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The use of low CN diesel will increase the ignition delay of 
diesel combustion itself. Therefore, engine emissions will be 
����������	�������������2, 3]. Moreover, the use of low CN 
diesel has adverse effects on pilot injection combustion and 
fuel consumption [4]. It is therefore necessary to treat such 
diesels with additives to increase their CN values. 2-Ehtyl-
Hexyl-Nitrate (EHN) is widely used as a CN improver because 
of its low cost and high effectiveness [5]. Di-tertiary-butyl-
peroxide (DTBP) is also used in some cases because it does 
not contain nitrogen. Both EHN and DTBP form highly reactive 
alkoxy radicals that in turn generate fuel radicals and thereby 
accelerate the ignition process at low temperatures [6,7]. 
Biodiesel fuels (BDFs) also have the potential to serve as CN 
improvers in light-duty diesel engines based on their ability to 
promote low temperature oxidation reactions and reduce the 
ignition delay [8].

BDFs have attracted considerable interest over the last few 
decades as potential substitutes for fossil fuels. In addition to 
being renewable fuels derived from vegetable oils, BDFs have 
the advantage that they can be blended with conventional 
diesel fuel without having to change engine design parameters. 
Furthermore, BDF is useful to reduce CO2 emissions through 
����	�������	�����
�		�����
�����������	����������{�������
���
[9].

The objective of the present study was to viability of FAME as 
a CN improver for a light-duty diesel engine. BDF consists of 
several fatty acid methyl esters (FAMEs) such as methyl 
palmitate (C17H34O2), methyl oleate (C19H36O2), methyl 
linoleate (C19H34O2) and so on. We selected methyl oleate 
(MO) as a test fuel that is representative of the major 
constituents of many BDFs [10,11].

The engine tested in this study was equipped with an ECU, 
allowing modifying not only exhaust gas recirculation (EGR), 
injection pressure control and pilot injection combustion but 
also premixed charged compression ignition (PCCI) 
combustion. The effects of MO on diesel combustion have 
previously been investigated under similar conditions [12, 13, 
14, 15, 16], revealing that optimal engine operating parameters 
with this fuel blend at low engine speeds and loads requires a 
comparatively high EGR ratio, low injection pressure, and pilot 
injection. Under these conditions, soot and NOx emissions are 
both reduced without adverse effects on fuel consumption [8]. 
In the present study, we evaluated MO as a CN improver in a 
blend with a low CN diesel, and compared its performance to 
that of EHN, with the aim of optimizing the engine operating 
��������������
������
����������������������	�����������
��	��
also reducing emissions.

Experimental Setup

Test Engine
The engine used in the present study was a production 
turbocharged 2.2 L DI diesel engine (Honda CRV 2.2L I-CTDI-
N22A2/2008) designed for passenger cars in compliance with 
����<��
�\�������
������	���
�����������������������
���
������
engine are presented in Table 1.

�����������������������������������
�����
�����������
shown in Fig.1. Fuel consumption was measured using an 
��}��������������

�����
������	
�����������;���!��
Exhaust gases were sampled at the engine exhaust outlet 
before the diesel oxidation catalyst (DOC) using a MEXA 
1500DEGR, while an AVL 415SE smoke meter was used to 
�������������	������
"��������������
�������������������
values to soot emissions (g/kWh) by Equation (1). The intake 
gas composition was also measured to calculate the EGR 
ratio.

(1)

where Soot is the result of Soot emission (g/kWh), Sootm is the 
measured data of Soot emission (mg/m3), Qair is the intake air 
quantity (m3/h), and P is the engine output power.

Figure 1. Experimental setup

Table 1. Engine specifications
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Table 2. Composition and properties of fuels

During the tests, all the engine control parameters were 
controlled by ETAS ECU program INCA 5.4, which was directly 
connected to the engine ECU. For all operating conditions, the 
50% mass fraction of burned fuel (MFB50) was kept at the 
same crank angle for the different fuels at same engine speed 
and torque conditions by the injection strategy control for 
comparison. For this control, the piezo-type pressure 
�����������$��^^>;���������!;��<�@�
���������������
�����
glow plug in cylinder No.1, which was used for the combustion 
control, was equipped to measure the in-cylinder pressure.

The swirl ratio was controlled by using a swirl control valve, 
and the optimal swirl ratio was determined for each base 
operating condition using D100. The same swirl ratio, injection 
pressure, fresh air quantity and boost pressure were applied to 
other fuels.

Fuels
The following fuel compositions were used:

D100: a standard ultra low sulfur diesel fuel compliant with the 
JIS#2 regulations (sulfur content < 10 ppm) and high CN.

CN45: a low CN diesel with a CN of 45.

MO100: 100% methyl oleate (C19H36O2). MO is representative 
of major constituents of many BDFs.

CN45+MO: a blend of MO100 and CN45. The addition of MO 
to low CN diesel can potentially reduce CO2 emission and 
improve the fuel's CN.

CN45+EHN: a blend of CN45 and the CN improver EHN 
(0.15% by mass), which has a CN close to that of general 
diesel fuel.

The properties of the tested fuels are listed in Table 2.

Viscosity value marked with * is estimate based on literature 
results [17]. The other values for CN45+MO were calculated 
from the known properties of CN45 and MO as shown in 
Equation (2).

(2)

where Qm is the property of the blend, Qij is the mean property, 
and yi and yj are the volumetric ratios of the pure components.

Figure 2. Operating conditions

Although it is possible that binary interactions between CN45 
and MO could affect the properties of the blend, their impact 
was assumed to be negligible [18].
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Table 3. Engine operating conditions used to evaluate the performance of the different fuels

Experimental Results
In order to determine the effects of the different fuels on 
combustion at a wide range of engine speeds and torques, 
seven steady-state engine operating conditions typically 
encountered in the NEDC and US06 modes were selected for 
experimental evaluation as shown in Table 3 and Figure 2. 
Prior to the engine tests, the calibration test was conducted 
using D100 without any additional change in control on 
injection algorithm in order to obtain baseline ECU controlled 
data (such as injection pressure, fresh air quantity, boost 
pressure, swirl ratio, etc.) in each operating condition. As 
shown in Table 3, the typical NEDC mode conditions for 
intermediate and low loads (experiments No.1 5) involve pilot 
injection, while the typical US06 mode for high load 
(experiments No.6, 7) do not use pilot injection. When other 
fuels were used, the torque and 50% mass fraction burned 
(MFB50) values were maintained to be the same as those in 
the case of D100 by changing injection fuel quantity and 
injection timing, with all of the other ECU outputs being held 
constant.

Testing the Effect of Varying the MO Admixture
Because the general CN improvers such as EHN can enhance 
combustion even in blends where it is a relatively minor 
component (below 1% by mass) [19], and the current 
regulations of many countries stipulate that the BDF content of 
blended diesel fuels should not exceed 5% [20], we performed 
experiments using several blends of MO with CN45 in which 
the MO content ranged from 5% to 40% in order to further 
evaluate the utility of MO as a CN improver. These studies 
were performed under conditions of low load and engine speed 
(1500rpm, 72Nm) or intermediate load and engine speed 
$��������������@���������������
���������������������������
between the combustion processes for CN45 and CN45+MO 
under these conditions. The details of the experimental 
conditions are listed in Table 3 (conditions 2 and 4).

���������
���������	�������
�	����������������������
experiments (as shown in Figure 3) showed that MO can 
enhance combustion at low temperatures even when it 
accounts for only 5% of the fuel by mass. In fact, the degree of 
MO blending had relatively little effect on the results obtained.

Figure 4 clearly shows that the trends in soot and NOx 
experiments were similar for both sets of operating conditions 
examined in these experiments. Soot emissions increased 
when using the 5% MO blend because this fuel favored low 
temperature combustion, reducing the ignition delay and the 
duration available for fuel-air mixing. Both soot and NOx 
emissions declined as the degree of MO blending increased, 
the reasons would be discussed in the section on the engine 
operating conditions experiments.

Figure 3. Effects of varying the degree of MO admixture on the rate of 
heat release
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Figure 4. Effects of varying the degree of MO admixture on emissions 
(Soot & NOx)

Figure 5. Effects of varying the degree of MO admixture on emissions 
(THC & CO)

Figure 6. Effects of varying the degree of MO admixture on fuel 
consumption (BSEC)

Figure 7. Effects of varying the degree of MO admixture on the 
maximum in-cylinder pressure rise rate

The Effects of Combustion under Different 
Engine Operating Conditions
Table 4. Effects of fuels on premixed timing
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Increasing the degree of MO blending reduced unburned fuel 
emissions under both sets of operating conditions, as shown in 
Figure 5. This is because the local equivalence ratio was 
reduced when the oxygen content of the fuel increased. This 
result also demonstrates that MO promotes oxidation reactions 
even when it accounts for only 5% of the fuel by mass. The 
presence of MO increased the BSEC relative to that for CN45 
alone, but it did not increase further as the degree of MO 
blending rose (as shown in Figure 6). Blending MO reduced 
the maximum cylinder pressure rise rate but there were no 
��������������������������
������������������{�}�
���������
blends with respect to this parameter (as shown in Figure 7).
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��
and reduce ignition delay even at a blending rate of only 5%. In 
addition, under high levels of MO blending, MO can not only 
reduce emissions such as Soot, NOx and unburned fuel 
emissions, but also reduce the maximum cylinder pressure rise 
rate. Then the high MO mixing rate can reduce CO2 emission. 
In this study, we chose 40% (by mass) blend of MO with CN45 
for reduce CO, THC, NOx, Soot and CO2 emissions and 
improve fuel’s CN simultaneously.

D100, CN45, CN45+MO (a 40% (by mass) blend of MO100 
with CN45) and CN45+EHN were used in this part. The engine 
operating conditions in this part were seven steady-state 
conditions typically encountered in the NEDC and US06 modes 
as shown in Table 3 and Figure 2.

Figure 8. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under the No.1 (1500rpm, 50Nm) experimental 
condition

Figure 9. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under the No.2 (1500rpm, 72Nm) experimental 
condition

!����������������������������������
�������������������
between the end of injection signal and 5% of MFB. The 
premixed timings for each fuel were shown in Table 4. The 
minus data mean that no premixed timing happened in that 
condition.

Under conditions of low load (load rate lower than 25%) and 
low engine speed (as shown in Figures 8 and 9), the pilot 
combustion did not occur when using CN45, and the premixed 
timing was increased as shown in Table 4. Therefore, 
combustion using CN45 produced lower soot emissions than 
were observed with normal diesel (D100). In addition, the high 
EGR ratio reduced the combustion temperature, so NOx 
emissions were not increased. However, unburned fuel 
������
���$>�����|>@���������������������	��
����������
CN45 because of the low in-cylingder temperature and 
������	���������
�������������
������
������������
���
������������������������"������������������
�������
��
(BSEC) was worse with CN45.

In addition, the maximum cylinder pressure rise rate increased 
when using CN45, leading to elevated levels of engine noise 
and vibration due to the increased premixed combustion. 
Conversely, pilot combustion occurred without issue when 
using either CN45+EHN or CN45+MO, which reduced the 
ignition delay. The combustion processes observed using 
either of the blended fuels were similar to that for D100. 
|

������>�\^`<|�������������

��������
������������	��
due to this fuel's high content of aromatic components. In case 
of CN45, the increased ignition delay was longer than other 
fuels, so the premixed timing of air and fuel was increased. The 
longer ignition delay can increase the mixing timing of fuel and 
air, resulting in lower soot emission. This is the reason for 
lower soot emission level with CN45.
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The CN45+MO blend, which uses MO as a CN improver, 
��
����������������	��	

����

��������
���������������������
because MO is an oxygenated fuel and so can reduce soot 
particle nucleation and surface growth [21]. NOx emission was 
also reduced by using CN45+MO. It has previously been 
reported that oxygenated fuels can cause increases in NOx 
emission because the oxygenated fuel enhanced the Soot 
oxidation reaction which is exothermic reaction that increase 
the combustion temperature [22]. However, it was also argued 
that the use of high EGR ratios with high equivalence ratios 
and low in-cylinder temperatures during MO combustion would 
reduce soot formation and therefor reduce the impact of Soot 
oxidation reactions. This reduced level of soot oxidation would 
in turn reduce the combustion temperature, leading to lower 
NOx emission. The emissions of CO and THC along with the 
BSEC and the maximum in-cylinder pressure rise rate 
observed with D100 were similar to those for CN45+EHN and 
CN45+MO because all three fuels generate similar combustion 
process. These results identify MO as a useful CN improver 
that can reduce emissions simultaneously under low load and 
low engine speed conditions.

Under condition of high load (load rate higher than 50%) and 
low engine speed (as shown in ��������), all of the tested fuels 
yielded similar rates of heat release. This happened because 
the effects of ignition were weak due to the high in-cylinder 
��������������������������������������
�����
������������
difference as shown in Table 4. However, the ignition delay for 
pilot combustion was longer with CN45 than with the other 
tested fuels. In addition, CN45 combustion produced higher 
NOx, CO and THC emissions. However, CN45+EHN and 
CN45+MO generated NOx emission that was very similar to 
those for D100. Moreover, the maximum in-cylinder pressure 
rise rate and BSEC were similar for all of the tested fuels. 
�����		��������
�����
�����������	�����������������
��������
fuels under conditions of high load and low engine speed.

Figure 10. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under No.3 (1500rpm, 160Nm) experimental 
condition

Figure 11. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under the No.4 (2000rpm, 100Nm) experimental 
condition

At intermediate load (load rate is 30%) and intermediate engine 
speed (as shown in Figure 11), the use of CN45 increased the 
ignition delay for both pilot combustion and main combustion. 
In addition, the heat release during pilot combustion with CN45 
was lower than with other fuels, so only a fraction of pilot 
�������
�����	�
����������������

��������
��
�������������	��
reduced (relative to the case for D100) under these conditions, 
but NOx emission was increased. This happened because the 
use of CN45 increased the premixed timing as shown in Table 
4, which in turn increased the combustion temperature and 
hence the increased of NOx emission. Moreover, due to the 
long ignition delay, the combustion was premixed combustion 
although pilot injection was employed. As a result, the 
maximum cylinder pressure rise rate was increased and there 
were high levels of unburned fuel emissions. The use of either 
>�\^`<|��
��>�\^`{������������	������
��������
combustion process, making it very similar to that achieved 
with D100. However, whereas combustion with CN45+EHN 
produced high soot emission, CN45+MO yielded reduced soot 
emission for the same reasons that applied in the low load and 
low engine speed case. The CO and THC emissions generated 
using CN45+EHN and CN45+MO were similar to those for 
D100, as were the BSEC and the maximum in-cylinder 
pressure rise rate. Under these conditions, MO was a more 
useful CN improver than EHN, yielding lower emissions at 
intermediate load and engine speed.

Under condition of low load (load rate is 25%) and high engine 
speed (as shown in ��������), the use of CN45 increased the 
ignition delay for both pilot combustion and main combustion, 
as was observed for the intermediate load and engine speed 
case. However, the low load and high engine speed condition 
produced a greater heat release for the pilot combustion when 
using CN45 because the high engine speed increased the 
in-cylinder temperature and pressure. Consequently, the 
maximum cylinder pressure rise rate observed with CN45 was 
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similar to that for the other fuels. The results achieved with 
CN45+EHN and CN45+MO were similar to those for the low 
load and low engine speed conditions.

Figure 12. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under the No.5 (2500rpm, 90Nm) experimental 
condition

Figure 13. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under the No.6 (2500rpm, 200Nm) experimental 
condition

Figure 14. Rate of heat release, emissions (Soot, NOx, THC and CO), 
fuel consumption (BSEC) and the maximum cylinder pressure rise rate 
results for each fuel under the No.7 (2500rpm, 270Nm) experimental 
condition

At high load (load rate is higher than 50%) and high engine 
speed (as shown in Figures 13 and 14@�����������������
��
combustion was higher with CN45 because of the high 
percentage of aromatic composition. Subsequently, there were 
�
�����������	�����������������
�����������	�������������	
���
and high engine speed conditions, making this case similar to 
that involving high load and low engine speed.

Overall, the results of the 7 point test indicate that there is a 
need to increase the CN of the CN45 diesel in order to achieve 
good performance under low load conditions. Moreover, MO 
was a more useful CN improver than EHN in terms of it can 
improve combustion and reduce emissions simultaneously. 
Under high load conditions, the tested fuels all provided similar 
combustion performance and emissions.

Testing the Effect of Varying the EGR Ratio
External exhaust gas recirculation (EGR) is a well-known 
method for reducing NOx emissions from diesel engines, and 
offers the possibility of decreasing the temperature during 
combustion [23]. However, the use of high EGR ratios has 
been shown to increase soot emission in some cases [16]. As 
demonstrated in the preceding section, high EGR ratios also 
have adverse effects on combustion when using low CN fuel, 
which can be alleviated by using a CN improver additive; MO is 
more useful for this purpose than EHN. To further evaluate the 
usefulness of MO as a CN improver, we performed combustion 
experiments adopting EGR ratios ranging from 2% to 43% in 
order to determine its effects on the combustion process and 
emissions. The detail experimental conditions used are 
presented in Table 5.
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Table 5. EGR ratio operating conditions

In the case of CN45 combustion did not occur when using EGR 
ratios above 40%, and MO did not enhance combustion when 
using a ratio of 43%. This is because the oxygen content was 
so low on high EGR ratio condition [24, 25]. When using low 
EGR ratios (as shown in Figure 15), pilot injection fuel was 
���������������	����������������
��
��������������������
combustion in the same way as for other fuels due to the low 
equivalence ratio under these conditions.

The soot and NOx emissions for each tested fuel are shown in 
Figure 16. The soot emission tendencies for D100 and 
CN45+MO are very similar: in both cases, increases in the 
EGR ratio caused increased soot emissions. However, in the 
case of CN45, when the EGR ratio was increased above 30%, 
soot emissions began to fall because CN45 does not burn 
��������	����������������	���������
������	

���������������
Consequently, premixed combustion occurs with CN45 under 
these conditions, which can reduce soot emissions. There 

�����
���������������������������
������������������	��
����
respect to NOx emissions at any EGR ratio. In general, NOx 
emissions declined as the EGR ratio increased.

Figure 15. Effects of EGR ratio on rate of heat release for each fuel

Figure 16. Effects of EGR ratio on emissions (Soot & NOx) for each 
fuel

The relationship between the EGR ratio and unburned fuel 
emissions is shown in Figure 17. D100 and CN45+MO 
behaved similarly in that unburned fuel emissions rose as the 
EGR ratio increased. The unburned fuel emissions for CN45 
were higher than those for the other fuels at all EGR ratios; this 
trend was especially pronounced at high EGR ratios.

Emissions of unburned fuel and soot increased with the EGR 
����
�����������������������������������������
���
������
���
Therefore, as the EGR ratio increased, the BSEC also 
increased for all fuels. This behavior was observed for all of the 
tested fuels, as shown in Figure 18.

Figure 17. Effects of EGR ratio on emissions (THC & CO) for each fuel

Figure 18. Effects of EGR ratio on fuel consumption (BSEC) for each 
fuel
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The effect of varying the EGR ratio on the maximum cylinder 
pressure rise rate, which was used as a measure of engine 
noise and vibration, is shown in Figure 19. When using CN45, 
high EGR ratios (>30%) increased the maximum cylinder 
pressure rise rate because under such conditions, the pilot 
injection fuel did not burn and so the fuel injected during the 
pilot injection mixed with the main injection fuel and the two 
burned simultaneously. This resulted in rapid combustion, 
���������������������������
���������������
��

Figure 19. Effects of EGR ratio on the maximum cylinder pressure rise 
rate for each fuel

������
�����
���������������������������
�����������	��
����
respect to emissions when using low EGR ratios. However, 
high EGR ratios, which are aimed at low emissions of NOx, 
caused an increase in unburned fuel emissions and the 
maximum cylinder pressure rise rate when burning CN45. 
Under such conditions, the use of MO as a CN improver makes 
it possible to reduce engine noise and vibration while 
maintaining a high EGR ratio and low emissions. However, MO 
stops being useful once the EGR ratio exceeds 40%.

Testing the Effect of Varying the Injection 
Pressure
High pressure injection can enhance the atomization and 
evaporation of the fuel spray and also reduce soot emissions 
[14,15]. We conducted experiments using injection pressures 
ranging from 50 MPa to 160 MPa in order to determine how 
this affects the impact of MO as a CN improver and its ability to 
improve combustion and emissions characteristics. The 
conditions used in these studies are shown in Table 6.

Table 6. Experimental conditions used in the injection pressure 
experiments

The effects of varying the injection pressure on the rate of heat 
release are shown in Figure 20. When using CN45, the ignition 
delay did not vary appreciably with the injection pressure. For 
CN45+MO and D100, increases in the injection pressure led to 
shorter injection durations by promoting increased fuel spray 
atomization and evaporation. This also increased the amount 
of time available for fuel-air mixing [15]. Consequently, high 
injection pressures created premixed-like combustion 
conditions for these fuels. However, the increased spray 
atomization and evaporation at high injection pressures also 
reduced the in-cylinder temperature. Therefore, the pilot 
combustion rate declined when high injection pressures were 
used with D100. In contrast, the pilot combustion rate for 
CN45+MO did not depend strongly on the injection pressure 
because the MO facilitated low temperature combustion [8]. In 
addition, the rate of heat release during the main combustion 
phase was somewhat lower for CN45+MO than for D100.

The effects of varying the injection pressure on soot and NOx 
emissions are shown in Figure 21. For all fuels, soot emissions 
decreased as the injection pressure increased. CN45 and 
CN45+MO yielded lower soot emissions than D100 at all 
injection pressures, but the trend was most pronounced when 
the injection pressure was low. NOx emissions increased with 
the injection pressure when using D100 or CN45 because this 
resulted in almost premixed combustion conditions with high 
combustion temperatures. However, high injection pressures 
reduced NOx emissions when using CN45+MO because pilot 
combustion was more intense under these conditions. 
Consequently, the rate of heat release during the main 
combustion phase was reduced.

Figure 20. Effects of injection pressure on rate of heat release for each 
fuel
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Figure 21. Effects of injection pressure on emissions (Soot & NOx) for 
each fuel

The effect of varying the injection pressure on unburned fuel 
emissions is shown in Figure 22. In all cases, raising the 
injection pressure increased unburned fuel emissions. 
However, while D100 and CN45+MO yielded similar unburned 
fuel emissions, those for CN45 were comparatively high. All of 
the tested fuels generated similar BSEC values at the tested 
injection pressures, as shown in Figure 23.

Figure 22. Effects of injection pressure on emissions (THC & CO) for 
each fuel

Figure 23. Effects of injection pressure on fuel consumption (BSEC) for 
each fuel

As shown in Figure 24, the maximum cylinder pressure rise 
rate increased with the injection pressure for all fuels because 
this reduced the injection timing and therefore increased the 
time available for fuel-air mixing. However, when low injection 
pressures were used, CN45 yielded a higher maximum 
cylinder pressure rise rate than the other tested fuels.

Figure 24. Effects of injection pressure on the maximum cylinder 
pressure rise rate for each fuel

These results demonstrate that MO is capable of reducing 
emissions regardless of the injection pressure, although its 
��������	��������������
�����
�
������������	

��������
��
pressure conditions.

PCCI Combustion Test
Experiments using early injection were conducted to evaluate 
the effects of premixed charge compression ignition (PCCI) 
combustion as a means of reducing soot emissions during 
premixed combustion and NOx emissions at high EGR ratios 
[26]. However, the use of early injection made the ignition 
�������������	���
��
���
	��������������������
�����������
combustion caused increased engine noise and vibration [27]. 
In this study, we used a high injection pressure and swirl ratio 
to enhance the mixing of fuel and air, near the top dead center 
in order to control the ignition timing [28]. The conditions used 
���������������������������������Table 7.

Table 7. PCCI operating conditions

The use of MO advanced the ignition timing slightly but yielded 
results that were otherwise similar to those observed with 
D100, as shown in Figure 25. CN45 and CN45+MO 
����������	��	

������

��������
��������������
�������	����	��
increases in NOx emissions. On the other hand, PCCI 
�
������
����
����������������	���������������������	�
emissions (CO and THC) than conventional combustion with all 
fuels, and especially with CN45. PCCI also increased the 
BSEC and the maximum cylinder pressure rise rate as a result 
of the increased unburned fuel emissions, reducing combustion 
����������
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These results show that while PCCI combustion generates 
higher unburned fuel emissions (CO and THC) than 
�
������
��	��
������
��������������
������������������������
between the tested fuels with respect to their performance in 
this mode.

Figure 25. Effects of PCCI combustion on the rate of heat release, 
emissions, fuel consumption (BSEC) and maximum cylinder pressure 
rise rate for each fuel

Conclusions
This work focused on the potential of biodiesel fuels (BDFs) as 
CN improvers for use in light duty diesel engines. MO was 
selected as an oxygenated fuel that is representative of typical 
BDF components. All experiments were conducted in a diesel 
engine that was designed for use in passenger cars, has a 
displacement of 2.2 L, and complies with the Euro 4 emissions 
regulations. Engine tests were conducted using a low CN 
diesel (CN45), a 40% blend of MO with CN45 (CN45+MO), a 
blend of CN45 with the general CN improver EHN 
(CN45+EHN), and neat JIS#2 diesel (D100). A reaction 
mechanism that explains the ability of MO to facilitate ignition 
was proposed. In addition, results were obtained showing that:

1. MO can enhance combustion and reduce ignition delays 
even when it only accounts for 5% of the fuel (by mass). In 
addition to reducing emissions of soot, NOx, and unburned 
fuel, fuels containing high levels of MO also reduce the 
maximum cylinder pressure rise rate. 

2. It is important to use a CN improver when using low-CN 
diesel under low load conditions. MO is more useful than 
EHN for this purpose, allowing for better combustion and 
lower emissions. However, the tested fuels all offered similar 
performance under high load conditions. 

���������
�����
��������������������������
�����������������	��
with respect to emissions under low EGR ratio conditions. 
However, high EGR ratios tend to yield low emissions of 
NOx and unburned fuel along with high maximum cylinder 
pressure rise rates. These tendencies were worsened 
when using CN45 as the fuel. The addition of MO as a CN 
improver reduced emissions and engine noise/vibration 
under these conditions. However, MO was only useful for 

this purpose as long as the EGR ratio was below 40%. 
4. MO reduced emissions at all tested injection pressures, 

but its effects were especially pronounced when using low 
injection pressures. 

5. All of the fuels offered similar performance during PCCI 
combustion. However, CN45 produced higher unburned fuel 
emissions than the other tested fuels.
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Definitions/Abbreviations
ATDC - after top dead centre

BDF - bio-diesel fuel

BMEP - brake mean effective pressure
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�

BSFC�}����"�������������	��
�������
�

BTDC - before top dead centre

CN - cetane number

CO - carbon monoxide

CO2 - carbon dioxide

DI - direct injection

ECU - engine control unit

EGR - exhaust gas recirculation

EURO4 - European emission standard 2005

FAME - fatty acid methyl esters

JIS#2 - Japanese industrial standards No.2

MFB - mass fraction of burned fuel

MO - methyl oleate

NEDC - new European driving cycle

NO - nitric oxide

NOx - nitrogen oxide

PCCI - premixed charge compression ignition

PM - particulate matter

RHR - rate of heat release

T - temperature

THC - total hydrocarbons
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