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Pinj
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Case2 PCCI / LTC
70 1.14 10.5 56.7

-21.0 70 

Case2’ PCCI with high Pinj -26.0 100 

Case1 Conventional base 70 1.71 16.4 36.4 -7.5 
70 
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Case3 ITIC-PCI 40 1.41 12.7 54.3 -13.5 70 
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Emissions /  Fuel eco.Control parameters 

Status

New concept
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Combustion case

Common operating conditions

T a r g e t

BMEP: Brake mean effective pressure 
In-T: Intake temperature 

In-O2: Intake oxygen concentration 
Boost: Intake pressure 

: Air excess ratio 
EGR: Exhaust gas recirculation ratio 

SOI: Start of injection timing 
ATDC: After TDC crank angle 

Pinj: Injection pressure 
CR: Compression ratio 
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dP/dθ max :  Maximum cylinder pressure rise rate 
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Displacement (ml) 1998
Cylinder number 4

Bore x Stroke (mm) 86 x 86
Compression ratio 15.3
Vehicle weight rank 1470kgITW

Transmission 6 speed manual
While drive sysytem FF

After treatment system DOC + DPF
EGR system HP/LP EGR

Supercharger system VGT IHI RHF3V
Common rail DENSO G3S

φ 0.096 - 8x2h Group hole nozzle
Fuel cetane number 50

Fuel injection system
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JC08Combine.
1470kgITW, 6MT
with LP/HP-EGR
GHN, CR15.3

Conventional
combustion

with
ITIC-PCI

0

0.02
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0.1
N
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x 

 [g
/k

m
]

Conventional
combustion

with
ITIC-PCI

10

12

14

16

18

20

FE
  [

km
/L

]

P-NLT
regulation

Fundamendtal resaech Vehicle sysytem resarch SKYACTIV-D
mass production engine

Displacement (ml) 1998 2188
Cylinder number 4 4

Bore x Stroke (mm) 86 x 86 86 x 94.2
Compression ratio 16.7,  15.3 15.3 14.0

In:  6 BTDC / 30 ABDC In:  9 BTDC / 36 ABDC
Ex:  41 BBDC / 8 ATDC Ex:  40 BBDC / 8 ATDC

Supercharger system Variable Geometry
IHI RHF4V

2 stgaged Fixed Geometry
Honeywell GT17/GT12

Fuel injection system DENSO G3 Sorenoide
φ 0.135 × 6holes

DENSO G3 Sorenoide
φ 0.096 x 2 x 8 holes
(Groupe hole nozzle)

DENSO G3 Piezo
φ 0.133 × 10holes

EGR system
High-Pressure EGR

Cooler (external coolant)
+ Cooler bypass

High pressur (Cooler-less) /
Low pressur (Cooler)

combinetion EGR

High-Pressure EGR
Cooler + Cooler bypass

Valve timing  open / close (deg.)
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OxidationOOxidatioO
Ideal

NOx
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Early
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1
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Clean emissions

NOxO
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Excess air

Premixing

1
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Important 
functions

Control 
methods

Spray 
dispersion

Multiple 
injection
by piezo
injector

Model based 
ignition delay 

prediction
on ECU

Ignition
control

Heat 
release
rate

High thermal efficiency

Crank angleTDC

Injection Short premixed period 

ignition 
at  TDC

Cooled
Heavy
EGR

Compression
Ratio 14.0

Low 
Temperature    

Pressure 

Intake O2
fraction

2stage 
T/C

Intake O2
amount

Robust
performance

HC CO oxidation
/ Wall interference 

reduction 
/ Low noise

Combustion type
Conventional

diffusive 
combustion

ITIC-PCI
Single

injection

ITIC-PCI 
Triple 

injections

Intake O2 [vol. %] 16.3 13.8

Air excess ratio [-] 1.9 1.5

Intake gas pressure [kPa abs] 109 105

Intake gas temperature  [ ] 70

Injection pressure  [MPa] 70

Engine speed  [rpm] 1500

BMEP [kPa] 300



 

- 62 - 
 

 
 

 

 
 
 

 
 
 

Crank Angle [deg.ATDC]
-20 -10 0 10 20

Crank Angle [deg.ATDC]

0

20

40

60

Crank Angle [deg.ATDC]

H
ea

t r
el

ea
se

 ra
te

[J
/d

eg
.]

Eq
ui

va
le

nc
e 

ra
tio

φ 5

-20 -10 0 10 20-20 -10 0 10 20

1000 1500 2000 2500
Temperature [K]

4
3
2
1
0

1000 1500 2000 2500
Temperature [K]

1000 1500 2000 2500
Temperature [K]

Conventional
diffusive 

combustion
PCI

Single injection
PCI 

Triple injections
15 deg. ATDC

Mixture frequency

Injection

15 deg. ATDC15 deg. ATDC(CFD)

(EXP)

0  0.5 1.5 2.0 2.5 3.01.0

Fr
eq

ue
nc

y
Fr

eq
ue

nc
y

PCI Single injection
PCI Triple injections

15 deg. ATDC

15 deg. ATDC

750 1000 1250 1500 1750 2000 2250 2500 2750

Equivalence ratio φ

Temperature [K]



 

- 63 - 
 

 

 

 
 
 

 

 

PCI Single injection PCI Triple injections

0 deg. ATDC

Equivalence ratio
RichLean

0 deg. ATDC

 

B
SF

C
[g

/k
W

h]
H

C
[g

/k
W

h]

C
O

[g
/k

W
h]

N
O

x
[g

/k
W

h]
N

oi
se

[d
B

]

3

70

260

Conventional
diffusive 

combustion

PCI
Single

injection

PCI 
Triple

injections

Ex
ha

us
t

te
m

p.
[

]

0

1

0

0

1.5

230

240

270

85

Sm
ok

e
[F

SN
]

0

15

BSFC: Brake specific fuel consumption 

 



 

- 64 - 
 

 

 
 

 

 

0.0

0.5
1.0

1.5
N

O
x

[g
/k

W
h]

0.0

1.0

2.0

Sm
ok

e 
[F

SN
]

0
10
20
30
40

C
O

 [g
/k

W
h]

0

2

4

6

H
C

 [g
/k

W
h]

Target

Speed: 1500rpm
BMEP: 300kPa

Conventional PCCI/LTC ITIC-PCI
Original
CR16.7
InT40

ITIC-PCI
SKY-D
CR14

InT70

ITIC-PCI
SKY-D 

EGR Light / Heavy

Triple
injections

Status New concept 

230

250

270

290

B
SF

C
 [g

/k
W

h]

0.3

0.4

0.5

0.6

0.0

1.0

2.0

3.0 (d
P/

d θ
)m

ax

[M
Pa

/d
eg

]

Ig
ni

tio
n 

de
la

y
[m

s]

Target

Conventional PCCI/LTC ITIC-PCI
Original
CR16.7
InT40

ITIC-PCI
SKY-D
CR14

InT70

ITIC-PCI
SKY-D 

EGR Light / Heavy

Status New concept 

Target

Triple
injections

Speed: 1500rpm
BMEP: 300kPa



 

- 65 - 
 

 
 
ITIC-PCI PCI

PCI
PCI

 

(CPS) (1) CPS

(2)

Engine Control Unit ECU
DOE (3) Model Based 

Calibration(MBC) (4)

 
SKYACTIV-D (5)  PCI Noise

4-1 SKYACTIV-D
PCI

PCI
Arrhenius (6)

Livengood-Wu (7) DOE (3)

ECU

 

 
 
SKYACTIV-D (5) 4-1

2

 
 

 
PCI Noise

PCI 4-1
% 3



 

- 66 - 
 

4-2
PCI

4-2

Noise

Noise CFD

Noise HC CO
 

 
 

4-2 3

Noise HC CO
Smoke

 
PCI

  
 

 
PCI

 
 

 
 

 
ECU  

 

 
 
 
 



 

- 67 - 
 

 

(1)
(6-8) (1) (2)

(9)  (1)

 
 

 (1) 
 

(2) 
  

 
[s]    A, B, C, D  

[-]   tinj  
P [Pa]   tign  
T [K]     
 

(1)
P T

T P
4-3 4-3 (1)

(3)  
 

(3) 
  

 
[s]    Qinj1  

Pcyl [Pa]   Qinj2  
Tcyl [K   Qinj3  
[O2cyl]    NE  
Pinj     a i  

 

(Qinj1, Qinj2, Qinj3)
(Pinj) NE [O2cyl]]

Tcyl Pcyl

  
(3) a  i

TDPA CB exp

ign

inj

t

t
dt 11

i
cyl

g
inj

f
inj

e
inj

d
inj

c
cyl

b
cyl NEThQQQPOaP exp3212



 

- 68 - 
 

4-4
DOE (3)

PSO (10) 4-4
88% 1.0deg.CA    

 
 

4-5

  
 

 
ECU

4-6
1500rpm 5 15mm3/ stroke 

4-6

4deg.CA 60
 

4-7 A D

4-6
20 EGR

60
EGR

 
4-6

IMEP

 
 
 
 
 



 

- 69 - 
 

 
ITIC-PCI

 
 
(1) ITIC-PCI

 
 
(2) Tcyl Pcyl

Arrhenius

Livengood-Wu ITIC-PCI
 

 
(3) 

ECU PCI
  

 
 

 
(1) Hasegawa, M., et al. : Study on Ignition Timing Control for Diesel Engines Using In-Cylinder 

Pressure Sensor, SAE paper, No. 2006-01-0180 
(2)  : , Vol.38, 

No.6, p.65-70 (2007) 
(3) Guerrier, M., et al.: The Development of Model Based Methodologies for Gasoline IC Engine 

Calibration, SAE paper, No2004-01-1466 
(4)  : 

No.24 p.165-168 (2006) 
(5) T. Sakono, E. Nakai, M. Kataoka, H. Takamatsu and Y. Terazawa: MAZDA SKYACTIV-D 2.2L 

Diesel Engine, 20th Aachen Colloquium Automobile and Engine Technology, p.943-965, (2011 
(6) Wolfer, H.H., Ignition lag in diesel engines, VDI-Forschungsh,  p.9-392 (1938) 
(7)    : 

No41-345  p.1559-1568, (1975) 
(8)   : 

B No.65-631 p340-346 (1999) 
(9) Livengood, J.C., and Wu, P.C.: Correlation of Autoignition Phenomena in Internal Combustion Engines 

and Rapid Compression Machines, 5th International Symposium on Combustion, p.347-356, (1955) 
(10) Kennedy. J., et al. : Particle Swarm Optimization, The1995 IEEE International Conference on 

Neural Network, vol. ,  p.1942-1948, (1995)  



 

- 70 - 
 

 

 

 
 
 

 

 

 
 
 
 

OxidationOOxidatioO
Ideal

NOx

SootCO/HC

25001000
Temperature [K]

Eq
ui

va
le

nc
e 

ra
tio

φ

20001500

1

0

2

3

4

Id l

Late
stage

Early
stage

1
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Clean emissions

NOxO
Tmax

Excess air

Premixing

1
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Important 
functions

Control 
methods

Spray 
dispersion

Multiple 
injection
by piezo
injector

Model based 
ignition delay 

prediction
on ECU

Ignition
control

Heat 
release
rate

High thermal efficiency

Crank angleTDC

Injection Short premixed period 

ignition 
at  TDC

Cooled
Heavy
EGR

Compression
Ratio 14.0

Low 
Temperature    

Pressure 

Intake O2
fraction

2stage 
T/C

Intake O2
amount

Robust
performance

HC CO oxidation
/ Wall interference 

reduction 
/ Low noise

Displacement     (cm3) 2188
Bore X Stroke     (mm) Φ86 94.2
Compression Ratio 14.0

Fuel Injection System Common Rail System
Denso G3 Piezo

200
10hole  1112cc/min.

Mini-Sac

Serial Sequential 2Stage
Fixed Geometry

Honeywell  GT17/GT12
Turbocharger System

Max. Injection Pressure (MPa)

Nozzle

High Pressure Route
Hot and CooledEGR System
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Combustion type
Conventional

diffusive 
combustion

PCI
Single

injection

PCI 
Triple 

injections

Intake O2 [vol. %] 16.3 13.8

Air excess ratio [-] 1.9 1.5

Intake gas pressure [kPa abs] 109 105

Intake gas temperature  [ ] 70

Injection pressure  [MPa] 70

Engine speed  [rpm] 1500

BMEP [kPa] 300
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in-cylinder O2
concentration:

O2cyl

ignition
delay:

equivalence 
ratio of 

mixture: φ

temperature:
T

pressure:
P

mixture 
formation

evaporative
latent heat

in-cylinder gas 
temperature:

Tcyl

in-cylinder 
pressure: Pcyl

total in-cylinder gas

intake air

transport delay

O2 concentration in exhaust gas

intake manifold gas pressure

intake manifold gas temperature

cylinder wall  temperature

effective compression ratio

ratio of specific heat

injection quantity: Qinj1,Qinj2,Qinj3

in-cylinder gas motion engine
speed: NE

injection quantity: Qinj1,Qinj2,Qinj3

injection pressure: Pinj

0%

20%

40%

60%
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Fr
eq
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y

Prediction error of
ignition timing [deg.CA]

88%

Data Measurement 
Based on DOE 

Engine 
Operating 
Condition

engine speed  NE rpm 900-2200

fuel 
injection 
quantity

Qinj1 mm3/stroke 3-10
Qinj2 mm3/stroke 3-10
Qinj3 mm3/stroke 1-5

Boundary
Condition

intake manifold 
pressure kPa_abs 95-130

intake manifold
temperature 50-90

in-cylinder O2
concentration vol.% 12.5-16.0

coolant temperature 50-90

PSO 

Prediction error of ignition 
delay period [deg. CA]

Engine 
operating 

parameters 
(NE, Qinj, Pinj)

Measurement 
by sensors
(NE, Qinj,Pinj)

In-cylinder 
condition 
prediction 

model
(Pcyl, Tcyl, O2cyl)

Ignition 
delay 

prediction 
model

Reflection
model

tentative injection timing
(Qinj, Pinj )

Ignition 
timing

Injection
timing

Injection timing 
(loop calculation)

Target ignition timing
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Egg CFD
 

CFD 5-30 Egg
tASOI 0.5ms

tASOI 1ms
tASOI 2ms

tASOI=2ms
3-31 Egg

2.5ms
17%  

Egg
5-32 LAS: Laser 

Absorption Scattering (9) LAS
Dimethylnaphtalene LAS

Appendix 5-33 Egg
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Displacement 499.6cc x 4
Valve No. / cylinder Int. 2, Ext. 2

Bore x Stroke Φ 86mm x 86mm
Compression ratio 18.3
Intake swirl ratio 2.8

Super charge system Variable geometry turbo
Fuel injection system Common rail

Nozzle type Φ 0.15mm x 6

Engine speed [rpm] 2000
Fuel quantity [mm3/st] 25.5

Rail pressure [MPa] 80
Injection timing [deg] ATDC2
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Fuel nozzle
single hole

Cylinder 
head

2D piston
cavity

Base cavity
l nFuel

Enhanced vertical vortex 
cavity (Egg shape)

Fuel JIS #2 Diesel fuel

Nozzle diameter φ 0.112 mm

Injection pressure 100 MPa

Injection quantity 5 mm3

Ambient gas N2

Ambient pressure 1.5 MPa

Ambient temperature 300 K
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Fuel Dimethylnaphtalene

Nozzle diameter 0.116 mm

Injection pressure 140 MPa

Injection quantity 5 mg

Ambient gas CO2

Ambient pressure 4 MPa

Ambient
temperature 830 K
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Fuel JIS #2 Diesel fuel

Nozzle diameter φ 0.112 mm

Injection pressure 100 MPa

Injection quantity 5 mm3

Ambient gas O2:21% - N2:79%
O2:16% - N2:84%

Ambient pressure 4.6 MPa

Ambient temperature 900 K
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Engine type Single cylinder
Bore Stroke φ 85 mm 90 mm

Compression ratio 14.0
Swirl ratio 2.0

Nozzle type φ 0.119 mm 10 holes

Super charge system
External derived super 
charge equipment with 

intake temperature control

Engine speed  & 
BMEP (Assuming
4 cylinders engine)

2000rpm - 1200 kPa
1500rpm - 900kPa
2500rpm - 1500kPa

EGR ratio Swing (0~41 )

Injection pattern Pilot & Main 
(Interval 9deg CA const.)

MFB50% 7.5 deg. ATDC
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LAS: Laser Absorption Scattering (3,4) 
LAS 6-2 LAS A

T Nd: YAG 266nm
A 532nm T A

A

T A T

Lambert-Beer
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A 4
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6-1 Ta = 300, 530, 

760K Pa a  
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S* = S/S+;  t* = (t/t+)0.5        (3) 
 

pf: pa: f: a: uo: do:  

S: t:  S : : : S*: : t*:  

 

S* t* 6-14 Qf = 2.97 0.89 0.27mg
Ta = 300 530 760K t ASOI = 0.05, 0.1, 0.3, 0.5, 1.0, 2.0ms
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Wakuri, Y. , et al., Studies on The Penetration of Fuel Spray of Diesel Engine, Trans. JSME,  
Series II, Vol. 25, No.156, (1959), p.820-826.
Gao, J. et al., Characteristics of Evaporating Diesel Spray: A Comparison of Laser   
Measurements and Empirical/Theoretical Predictions, SAE Paper, (2009), No. 2009-01-0854.

Dimensional analysis of quasi-steady momentum theory

S*=S/S+ t* = (t/t+)0.5

Ambient gas Pa a

θ

Nozzle d0
u0Fuel

Pf

S: Spray penetrationt: time

S*: Non dimensional spray penetration
t* : Non dimensional time
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Displacement[cc] 2184
Compression ratio 14.0
Cylinder number 4

Fuel injection system
Common rail with rail pressure keep system
during idling stop

Injector Piezo type
Crank angle sensor Reverse rotation detectable type

(Glow plug off) (Gl l ff)
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