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Fig. 1-1 Global technology penetrations in LDV stock by scenario, 2010-2050 1-1  

Gasoline ICE Diesel ICE CNG/LPG Hybrids
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Fig. 1-3 Changes in emissions regulations around the world 
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Fig. 1-2 Global technology penetrations in HDV stock by scenario, 2010-2050 1-1  

Gasoline ICE Diesel ICE CNG/LPG Hybrids

Plug-in / CAT-ERS electric Battery electric Fuel cell

Year

2010 2020 2030 2040 2050
0

250

200

150

100

50

M
ill

io
n
 v

e
h
ic

le
s

2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

B2DS HDVs 2DS HDVs RTS HDVs



   

3 

 

RDE Real Driving Emissions

1-3 RDE PEMS Portable Emissions 

Measurement System PM

PM PN PM/PN

1-4 NOx

PM  

1-4 φ-T

NOx Nitrogen Oxide

PM Particulate Matter 1-5

NOx Soot PM

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-4 Equivalence ratio – Temperature map 
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Fig. 2-1 Effect of gas concentration on spray pattern 2-4  
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Fig. 2-2 Effect of L/D ratio on spray pattern 2-4  
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Fig. 2-3 Temperature distributing of jet flame 2-12  
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2.1.3. CO2
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Fig. 2-4 Change in spray pattern with volume fraction of CO2
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Fig. 2-5 Distribution of mean droplet diameter 2-15  
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Fig. 2-6 Temporal change in spray and flame shape under each mole fraction of CO2
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Fig. 2-7 Combustion characteristics and exhaust emissions 2-16  
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Fig. 2-8 Fuel component and each boiling point 

 

 

Fig. 2-9 Ignition delay of single component fuel and mixed fuel with Rapid Compression and Expansion 
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Table 3-1 Fugacity, volume and solution parameter of fuel and each gas 
 

Fugacity 

f2  [MPa] 

Volume 

V2 [cm3] 

Solution parameter 

δ [(J/cm3)0.5] 

n-C13H28 - - 7.8 

N2 23.08 32.4 2.58 

O2 27.7 33 4 

CO2 5.18 55 6 
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Fig. 3-1 Solubility line of each gas for n-C13H28 using Regular Solution Theory 
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Fig. 3-2 Solubility line of each gas for n-C13H28 using Regular Solution Theory 
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Fig. 3-3 Solubility line of each gas for n-C13H28 using VMGSim 
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Fig. 3-4 Saturated vapor pressure curve of pure substance 
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Fig. 3-5 Pressure-Temperature diagram of mixed fuel 
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Fig. 3-6 Two phase region for two components solution 
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Fig. 3-7 Illustration on phase change following an injection 
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3.3.  
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Fig. 3-8 Concept of EGR gas dissolved fuel injection system 
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3.3.2. CO2 EGR  
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3.3.1. 3-12
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Fig. 3-9 EGR ratio for various molar fraction of CO2 
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Table 3-2 Calculation condition 

 

Displacement V [cm3] 638

Excess air ratio λ [ - ] 2.5

Air density ρair [kg/m3] 1.186

Stoichiometric air 14.96(A/F)st [ - ]

0.95ηc [ - ]Charging efficiency

At Pair=0.1013 MPa, Tair=298 K
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Fig. 3-10 Pressure-Volume diagram of Sabathe cycle 
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Fig. 3-11 Relationship between specific heat ratio and theoretical thermal efficiency 
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Fig. 3-12 Pressure-Volume diagram of normal condition, external EGR and CO2 gas dissolved fuel 
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Fig. 3-13 Specific heat ratio at each crank angle 
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4.1.  

4.1.1.  
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Fig. 4-1 CO2 gas dissolved fuel system 



   

42

 

4.1.2.  
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4.1.3.  
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Fig. 4-2 CO2 gas dissolved fuel injection system 
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4.2.  
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Fig. 4-3 CO2 gas dissolved fuel injection system for actual engine 
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Fig. 4-4 Measuring method of gas solubility 
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Fig. 4-5 Solubility line of CO2 gas for n-C13H28 
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4-1 CO2
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3.1.2 VMGSim

Pd=0.0 MPa CO2

dn 0.20 mm ln/dn=4.0 4
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NDIR 4-7 NDIR

Pd=0.0 MPa

XCO2=0.007 mol/mol CO2

Pd=0.1 MPa

Pd=1.0 MPa

NDIR

CO2

Table 4-1 Experimental condition for measuring gas solubility 

 

Ambient gas

Ambient temperature

Ambient pressure

Dissolved pressure

Injection pressure

Nozzle hole diameter

Number of holes

Nozzle hole length

Ta [K]

Pa [MPa]

Pd [MPa]

Pinj [MPa]

dn [mm]

ln [mm]

293

60

0.1

0.0, 1.0, 2.0, 3.0, 4.0

0.20

0.80

4

N2

Test fuel n-C13H28

[ - ]
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Fig. 4-7 Solubility line of CO2 gas for n-C13H28 
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Table 4-2 Mole fraction and mass percent concentration of CO2 gas dissolved fuel

 

Pd [MPa]

Calculation result Receiving type NDIR method

0.0

1.0

2.0

3.0

4.0

XCO2 [ - ] MCO2 [wt%] XCO2 [ - ] MCO2 [wt%] XCO2 [ - ] MCO2 [wt%]

0.000

0.154

0.295

0.425

0.547

0.0

4.2

9.1

15.0

22.4

0.000

0.153

0.259

0.375

0.500

0.007

0.110

0.257

0.353

0.482

0.0

4.1

7.7

12.5

19.3

0.2

2.9

7.6

11.5

18.2
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Fig. 4-8 Experimental setup for fuel injection rate 
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4.5.  
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Fig. 4-9 Measurement results of fuel injection rate 

 

 

Fig. 4-10 Fuel density in CO2 gas dissolved fuel 
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Fig. 5-1 Optical setup for nozzle vicinity enlargement shadowgraph photography 
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Cavitar Ltd. CAVILUX Smart λL =640 nm

400 W

Photron SA-Z

100,000 fps 256 pixel×544 pixel 12.7 μm/pixel  

5-2

φ=1.0 mm f =1,200 mm

f =1,200 mm

50,000 fps 384 pixel 888 pixel 77.2 μm/pixel

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-2 Optical setup for entire spray area shadowgraph photography 
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5-1

n- n-C13H28 Pinj 40

60 80 MPa CO2 CO2

Pd Pinj=60 MPa 0.0 1.0 2.0 3.0 4.0 

MPa Pinj=40 80 MPa 0.0 4.0 MPa

Pd=0.0 MPa

17.7 0 deg.CA ATDC

ρa 20.9 kg/m3 Pa 1.85 MPa

Ta 298 K mf 7

IMEPg=0.9 MPa 2.63 mg mf

CO2 n- tinj

Tf 298 K

ln 0.8 mm dn

0.123 mm ln/dn=6.5 DENSO G3P  

 

 

 

 

 

 

 

 

 

 

5.1.2.  

5-3 Ar+

Spectra-Physics Stabilite2017 λ=488 nm

f=-40 mm f=300 mm

Table 5-1 Experimental condition in the non-evaporation field 

 

Ambient gas

Ambient temperature

Ambient density

Ambient pressure

Dissolved pressure

Injection pressure

Nozzle hole diameter

Injection fuel amount

Nozzle hole length

Ta [K]

ρa [kg/m3]

Pa [MPa]

Pd [MPa]

Pinj [MPa]

mf [mg]

ln [mm]

298

0.0, 1.0, 2.0, 3.0, 4.0

1.18, 20.9

0.10, 1.85

40, 60, 80

2.63

0.123

0.80

N2

Test fuel n-C13H28

dn [mm]
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f=1,500 mm

Photron FASTCAM SA1.1
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Fig. 5-3 Optical setup for shadowgraph photography 
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Table 5-2 Experimental condition in the evaporation field 

 

O2 concentration

Ambient temperature

Ambient density

Ambient pressure

Dissolved pressure

Injection pressure

Nozzle hole diameter

Injection fuel amount

Nozzle hole length

Ta [K]

ρa [kg/m3]

Pa [MPa]

Pd [MPa]

Pinj [MPa]

mf [mg]

ln [mm]

787

0.0, 4.0

8.1, 10.6, 13.6

1.90, 2.47, 3.18

35

4.0

0.15

0.90

0.0

Test fuel n-C13H28

dn [mm]

XO2 [mol%]
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5.1.3.  
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5-5  Nd: YAG Spectra 

Physics PRO200 8 ns/pulse λ=532 nm

SK-11 φ=10 
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Fig. 5-4 Schematic diagram of specialized lens system 
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5-1

5-6 8 inch×10 inch

EPSON GT-X970

Rs=6400 dpi 8 bit PC 1 

pixel 3.97 µm 2.7
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1 mm PC 1
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5-2

 

 

 

 

Fig. 5-5 Schematic diagram of transmitted light photography 

Large size

black-white film

Specialized lens system

Constant volume vessel

Speckle reduction device

Nd: YAG laser

(λ=532 nm, FWHM=8 ns)



   

 

57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3

4 ADG : Average Density Gradient

D 5-1  

4A
D

p
=

 

5-1

 

A L/L0 S2 4π

5-2  

2 /

4O

L S A

L p
=

 

5-2

 

S L L0
5-3 L/L0

5.0 µm

 

Fig. 5-6 Flow chart of image processing 
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Fig. 5-7 Correlation between depth of field and particle diameter 
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5-3 n- 35 
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5.2.  

5-8 θc θ

0.123 mm 6.2 mm

=50dn 24.6 mm =200dn
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Fig. 5-8 Definition of spray characteristics (spray cone angle, spray angle) 

θc

50dn 6.2 mm

200dn 24.6 mm

θ

dn=0.123 mm

Table 5-3 Experimental condition of super high spatial resolution photography 

 

Ambient gas

Ambient temperature

Ambient density

Ambient pressure

Dissolved pressure

Injection pressure

Nozzle hole diameter

Injection fuel amount

Nozzle hole length

Ta [K]

ρa [kg/m3]

Pa [MPa]

Pd [MPa]

Pinj [MPa]

mf [mg]

ln [mm]

298

0.0, 1.0, 2.0, 3.0, 4.0

1.18

0.1

35

4.0

0.15

0.90

N2

Test fuel n-C13H28

dn [mm]
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Fig. 5-9 Shadowgraph images at atmospheric pressure 
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Fig. 5-10 Spray cone angle at atmospheric pressure 

 

 

Fig. 5-11 Spray angle at atmospheric pressure 
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Fig. 5-12 Spray cone angle for various injection pressure at atmospheric pressure 

Ta=298 K, ρa=1.18 kg/m3, Pa=0.10 MPa, t/tinj=0.5, n=5
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Fig. 5-13 Shadowgraph images at pressurized pressure 
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Fig. 5-14 Spray width per axial distance from nozzle tip 
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Fig. 5-15 Spray cone angle at pressurized pressure 
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Fig. 5-17 Spray cone angle and spray angle for various injection pressure at pressurized pressure 

Ta=298 K, ρa=20.9 kg/m3, Pa=1.85 MPa, t/tinj=0.5, n=5

S
p

ra
y
 a

n
g

le
 θ

[d
e

g
.]

25

20

10

5
0.0

15

1.0 2.0 3.0 4.0

Dissolved pressure Pd [MPa]

S
p

ra
y
 c

o
n

e
 a

n
g

le
 θ

c
[d

e
g

.]

Pinj=40 MPa

Pinj=60 MPa

Pinj=80 MPa

25

20

10

5
0.0

15

1.0 2.0 3.0 4.0

Dissolved pressure Pd [MPa]

 

Fig. 5-16 Spray angle at pressurized pressure 
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Fig. 5-18 Spray tip penetration for various injection pressure at pressurized pressure 

Ta=298 K, ρa=20.9 kg/m3, Pa=1.85 MPa, t/tinj=0.5, n=5

S
p

ra
y
 t
ip

 p
e

n
e

tr
a

ti
o
n

  
[m

m
]

Pinj=40 MPa

Pinj=60 MPa

Pinj=80 MPa

45

40

30
0.0

35

1.0 2.0 3.0 4.0

Dissolved pressure Pd [MPa]



   

 

68 
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Fig. 5-19 Spray volume for various injection pressure at pressurized pressure 
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Fig. 5-20 Experimental setup of constant volume combustion vessel 
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Fig. 5-21 Temporal change in spray tip penetration of vapor phase and liquid phase 
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Fig. 5-22 Temporal change in spray tip penetration of vapor phase and liquid phase 
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5.4.  

5-24 Pd=0.0 MPa
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Fig. 5-23 Aspect ratio of vapor phase of spray for various dissolved pressures 
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Fig. 5-24 Spatial distribution of droplets diameter 
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Fig. 6-1 Experimental setup of constant volume combustion vessel 
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6.1.2.  

6-3 Vision 
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Fig. 6-2 Time history of pressure in combustion chamber 
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6.1.3.  
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Fig. 6-3 Optical setup for luminous flame photography 
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Table 6-1 Experimental condition 

 

O2 concentration

Ambient temperature

Ambient pressure

Dissolved pressure

Injection pressure

Injection heat quantity

Nozzle hole diameter

Injection fuel amount

Nozzle hole length

Ta [K]

Pa [MPa]

Pd [MPa]

Pinj [MPa]

Qinj [J/cycle]

mf [mg]

ln [mm]

733

35

3.44

0.0, 2.0, 4.0

342

8.0

0.133

0.86

21.0

Test fuel n-C13H28

dn [mm]

XO2 [mol%]
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6.1.4.  
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6.1.5.  
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Vision Research Phantom V2011M
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Vision Research Phantom V2011C
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Table 6-2 Specifications of Rapid Compression and Expansion Machine 

 

Bore Stroke

Compression ratio

Equivalent crank speed

Intake gas temperature

[ - ]

Ne [rpm]

Ta [K]

16.0

200

353

100 450

Fuel injection system Direct injection
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Fig. 6-4 Optical setup for chemiluminescence and luminous flame photography 
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6.2.  

6-6 Pd

CO2

PM

6-9 CO2 PM  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6-3 Experimental condition 

 

Injection timing

Ambient pressure at injection

Dissolved pressure

Injection pressure

Injection heat quantity

Nozzle hole diameter

Injection fuel amount
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mf [mg]
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Fig. 6-6 Images of luminous flames 
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Fig. 6-7 Images of flame temperature 
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Fig. 6-8 Images of flame temperature 
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Fig. 6-9 Time averaged flame temperature 
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6.3.  

6.3.1.  
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Fig. 6-10 Time averaged cumulative KL factor 
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Fig. 6-11 Rate of heat release and cylinder temperature 

5 100-5
Crank angle [deg.CA ATDC]

-20

0

20

80

100

R
a

te
 o

f 
h
e
a
t 

re
le

a
s
e
 [

J
/d

e
g
.C

A
]

C
yl

in
d
e
r 

te
m

p
e
ra

tu
re

 [
K

]

900

850

800

750

700

60

40

Pd=0.0 MPa Pd=2.0 MPa Pd=4.0 MPa

-20 -15 -10 -5
Crank angle [deg.CA ATDC]

θinj=-5.0 deg.CA ATDC θinj=-20.0 deg.CA ATDC



   

85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CO2

CO2

 

CO2

6-11

6-13

 

Fig. 6-12 Rate of heat release and cylinder temperature 
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Fig. 6-13 Ignition delay 
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Fig. 6-14 Ratio of premixed combustion 
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Fig. 6-16 Images of OH radicals and luminous flames in θinj=-5.0 deg.CA ATDC 

 

 

Fig. 6-17 Images of OH radicals and luminous flames in θinj=-20.0 deg.CA ATDC 
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Fig. 6-18 Aspect ratio of OH radicals and luminous flames 
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Fig. 6-19 Luminous area of OH radicals and luminous flames 
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6.4.  
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Fig. 6-20 Cumulative luminescence intensity of OH radicals and luminous flames 
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Fig. 7-1 Experimental setup of diesel engine 
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TBDD-107 20 kW KISTLER

6125C KISTLER 5011B

50

EDU GRAPHTEC GL7000 GL7-HSV

PC OMRON E6C3-CWZ5GH-3600P/R

0.1 deg.CA/pulse 0.2 deg.CA  

32.4 L  EGR

 

Fig. 7-2 Piston configuration 

 

Table 7-1 Specification of diesel engine 

 

A-A

17.8

0.8

1.36

4

1

A
[mm]

A

Engine type
DI Diesel, single cylinder,

Water cooled, 4 stroke cycle, 2 valves

Bore Stroke 92 96[mm]

Swirl ratio [ - ] 2.13

Displacement [cm3] 638

Compression ratio [ - ] 17.7

Combustion chamber shape Toroidal

Cavity diameter [mm] 50.6



   

96 

 

EGR EGR EGR

EGR 7-1 CO2

CO2, air 4.3. CO2  

2, 2,

2, 2,

100
IN air

EX air

CO CO
EGR ratio

CO CO

-
= ´

-
 

7-1

 

 

7.1.2.  

HORIBA MEXA-1700DEGR

NOx THC CO CO2 O2

AVL 415SE Smoke

 

i NOx
7-1 7-2  

CLD Chemical Luminescence Detector CLD NO

NO NOx NO O3

NO NO2 NO2

10% NO2 NO2
*

NO  

*

3 2 2NO O NO O+ ® +
 

7-2
 

*

2 2NO NO hn® +
 

7-3
 

NOx NO NO2 NO2

NOx NO  

 

ii THC 7-1 7-2 7-3  

FID Flame Ionized Detector FID

HC HC

HC  

* *CH O CHO e+ -+ ® +  7-4  

CH* CH O* O



   

97 

 

THC

 

 

iii CO CO2
7-1 7-2  

NDIR Non Dispersive Infrared NDIR

CO 4.7 μm CO2

4.3 μm

I

I0 Lambert-Beer 7-4

 

( ) ( )10

0

log
I

A C L
I

l e l
æ ö

= - = × ×ç ÷
è ø  

7-5

 

A ε C L  

 

iv O2
7-1  

MPD Magnetic Pressure Detection MPD

7-6  

21 2P H Cc= × ×
 

7-6
 

P H χ = C =

 

 

v Smoke 7-2  

Smoke

Smoke



   

98

 

 

 

7.2.  

7.2.1.  

κ 7-7

 

2

1

1 1 ( 1)

dQ dp dV pV d
V p

d d d d

k k
q k q k q k q
= + -

- - -  
7-7  

7-8 7-11 7-2 7-4 7-5 NO

C3H8 7-9 7-8

 

( )2 3 4

piC A B T C T D T e T R= + × + × + × + × ×
 

7-8
 

( )2 3 2

piC A B T C T D T e T R-= + × + × + × + × ×
 

7-9  

( )1 1 2 2 3 3 /p p p p allC m C m C m C m= × + × + × + ) /p all) m) /p alp al) / 7-10

( )8.3143p pC Ck = - 7-11

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7-2 Coefficients of specific heat equation 

Gas Temp. [K] A B C D e 

N2 
1000-5000 2.896 1.516E-03 -5.724E-07 9.981E-11 -6.522E-15 

300-1000 3.675 -1.208E-03 2.324E-06 -6.322E-10 -2.258E-13 

O2 
1000-5000 3.622 7.362E-04 -1.965E-07 3.620E-11 -2.895E-15 

300-1000 3.626 -1.878E-03 7.056E-06 -6.764E-09 2.156E-12 

H2O 
1000-5000 2.717 2.945E-03 -8.022E-07 1.023E-10 -4.847E-15 

300-1000 4.070 -1.108E-03 4.152E-06 -2.964E-09 8.070E-13 

CO 
1000-5000 2.984 1.489E-03 -5.790E-07 1.037E-10 -6.935E-15 

300-1000 3.710 -1.619E-03 3.692E-06 -2.032E-09 2.395E-13 

CO2 
1000-5000 4.461 3.098E-03 -1.239E-06 2.274E-10 -1.553E-14 

300-1000 2.401 8.735E-03 -6.607E-06 2.002E-09 6.327E-16 

NO 298-2000 3.387 6.290E-04 0.000 0.000 1.400E+03 

C3H8 298-1500 1.213 2.879E-02 -8.824E-06 0.000 0.000 
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Fig. 7-3 Definition of combustion characteristics 
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Table 7-3 Experimental condition 

 
 

 
Fig. 7-4 Fuel injection direction in cylinder (Number of holes: nh=4) 

nh [ - ]
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Fig. 7-5 Rate of heat release, cylinder temperature and total heat release 
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7.3.3.  
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Fig. 7-6 Ignition delay and late combustion period 
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Fig. 7-7 Concentrations of Smoke, THC, CO and NOx and normalized emission amount 
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Fig. 7-8 Comparison of heat balance for each systems 
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Fig. 7-10 Concentration of NOx emission and normalized emission amount 
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Table 7-4 Experimental condition 

 

 

 

Fig. 7-11 Pressure-Temperature diagram of CO2 gas dissolved fuel 
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Fig. 7-12 Rate of heat release and cylinder temperature 
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Fig. 7-13 Concentration of Smoke and NOx 
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Table 7-5 Experimental condition 

 
nh [ - ]

Engine speed

Injection pressure

Injection timing

Nozzle hole length

Nozzle hole diameter

Pinj [MPa]
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Fig. 7-14 Fuel injection direction in cylinder (Number of holes: nh=10) 
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Fig. 7-15 Rate of heat release, cylinder temperature and total heat release 
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Fig. 7-16 Ignition delay and late combustion period 
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Fig. 7-17 Concentrations of Smoke, THC, CO and NOx and normalized emission amount 
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Fig. 7-18 Comparison of heat balance for each systems 
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Fig. 8-1 Solubility line of CO2 gas for each fuel 
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Fig. 8-2 IR spectrum of CO2 and n-C13H28 
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