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Name

C Consistency %
G Specific Heat at Constant Pressure J/(mol K)
C, Specific Heat at Constant Volume J/(mol K)
D Molecular Weight g/mol
F Flow Volume I/s
L Low Calorific Value Jimol J/kg
m Mass kg/cycle
n Number of Moles mol
Ne Engine Speed rpm
P Pressure Pa
0 Calory J
dQ/dt Rate of Heat Release JIs
dQ/deo Rate of Heat Release J/deg
q Calory per Mole J/mol
r Length of Crank Arm
R Gas Constant Jimol K
t Time S
T Temperature K
U Internal Energy J
u Internal Energy per Mole Jimol
14 Volume 3
w Work J
w Work per Mole Jimol
X Mole Fraction mol/mol
£ Compression Ratio
n Efficiency
o Crank Angle deg
K Ratio of Specific Heat
P Density kg/m®
¢ Equivalence Ratio




Name

c Per Cycle
¢ Combustion
¢ Crank
CH, Methane
Cco Carbon Monoxide
d Displacement
DME Dimethyl Ether
ex Exhaust
exp Experiment
f fresh
Suel Fuel
H2 Hydrogen
HTR High Temperature Reaction
HTR start High Temperature Reaction Start
HTR end High Temperature Reaction End
i Number
i Indicated Mean
ideal Ideal
in Intake
in Input
LTR Low Temperature Reaction
LTR start Low Temperature Reaction Start
LTR end Low Temperature Reaction End
max Maximum
n-C4HI10 Normal Butane
r Residual
r Connecting Rod
0 Start of Compression
CA450 50% 50% Heat Release




NOx CO HC 33% [1112]
45% [1112]
NOx

NOx
HCCI Homogeneous Charge

Compression Ignition

NOx

HC CO



45%
IMEP  0.6MPa [3][4]
EGR



p—— Intake
Fuel

<

Airte,

Throttle

Premixture
Intake Throttle

NOx
1-1

Compression

Catalyst

~

i

Catalyst

Adiabatic
Compression

Expansion

Spark
Ignition

Catalyst

Spark Ignition
Flame Propagation

Exhaust m—

Exhaust
G

Catalyst

Three Way Catalyst

Air

|

Air Only

Low Compression Combustion
Ratio
1-1
e ntake Compression Expansion Exhaust me—

|

Adiabatic
Compression

High Compression
Ratio

Fuel Injection
Diffuse Combustion

Exhaust
G

[

High NOx, PM
Emissions

1-2



ool Compression Expansion Exhaust me—
Exhaust
Air @
Premixture Adiabatic Auto Ignition High HC, CO
Throttle Less Compression Bulk Combustion Emissions
High Compression Low Combustion Low PM, NOx
Ratio Temperature Emissions
1-3
1-1
NOx CO THC NOx PM
PM
NOx PM




[5] 2

ATAC Active
Thermo-Atmosphere Combustion 2
Noguchi [6] 2
T-S Toyota-Soken Combustion
Najt [7] 4 4
1000K
1000K
2
Thring [8] 4
2 4
2 Ishibashi  [9]
1/3
4 Ryan [10]
4 Takeda [11]
Takeda NOx HC CO
4 Mase
[12] EGR

NOx



NOx

HC CO

[13] n»-Butane DME

[14] EGR
HC
Jun  [15]

1500K
HC CO



Burcat[16]
0
10atm 1200-1900K

Pfahl  [17]
n-Decane DME
840-1300K  1.0MPa
a-Methylnaphthalene
1000K
NTC
NTC
[18]
Minetti  [19]
700-900 0.9-1.1MPa  n-Butane

EGR

Methane Ethane Propane n-Butane Pentane

Methane Ethane

a-Methylnaphthalene

960K
n-Decane, DME 800K

negative temperature coeffcient

70%n-Decane  30%a-Methylnaphthalene
800K 1000K

20ms
NTC



[20] Cetane

Heptamethylnonane

0.05mm

[34] [36]
[43] [47]

[49] Livengood-Wu

30MPa
100MPa
2
[33]
0 [371 [40]
Livengood-Wu [48]
[50]

[51]

[21]



SHELL [34] MIT [35] SHUREIBER

Westbrook  [52]

18  1000K

[541[55]

Low Temperature Oxidation Reaction (<850K)
850K
RH+0, - R +HO,

R +0, = RO,
1st O, addition
@
02
RO, - ROOH
ROOH
ROOH -~ OH +CARBONYL+R’
ROOH+0O, -~ OOROOH
2nd O, addition

5
OOROOH - RCHO+R'O+0OH +OH
2 OH

[36]

Warnatz

[53]

1-1

1-2

1-6

O, addition



Intermediate-Temperature Oxidation Reaction (1200K-850K)

850K 1200K
H,0,
RH+HO, = R
H,O0,+M - 20H

High Temperature Oxidation Reaction (>1200K)

1200K

R - R + R”

n-Butane[22]

[58]

H,0, OH
OH
+H,0; 1-7
1-8
1

1-9

Methane [24] 53

141 470 n-Heptane[56] 544

SHELL [34] 7

Methanol Methane

OH C;, CH G

10

[57]

325
2446



[59] 2 ATAC

2 ATAC
OH
C, CH
[60] 4
[61] DME 4 LIF
HCHO HCHO
DME 30%
HCHO DME 1
Collin  [62] 4 n-Heptane  iso-Octane
PLIF HCHO OH
HCHO OH
. EGR
EGR
1
[63] DME HCCI
HCCI
HCCI
EGR EGR
4
HCCI EGR
Douglas [64] 4
EGR
[65]

11



EGR

event and lift system Valve timing control system

[68]

[69]

Amano [51] CFD

12

(66][67]

Variable valve

Sl



Konno [70] [71] Muto [72] Methane

DME
[71] Methane
DME IMEP  0.46MPa
[73] DME DME
Methanol Methanol
IMEP0.9MPa DME  Methanol
[74] Methanol
Methanol
[75] DME DME
DME
DME DME
40%
Shibata  [76]
[771 [82]

13



n-Heptane

Lovell[83]

1-4
100 iso-Octane
RON
120 C
cc CC
c
eee ede cgee
: i cccce
100 | ' i ?C
_—Cum? 1} '
CCeQCeccecee | 1
Gi #000CC i
a0 |- cpece :
H K
! ¥
H ¥
L] H c.
' cgqccc
n
&0 |- A cccoe E
Ly 1
8l i i
5! :
=y 3
ol C
40 - L} CCCCCo
EH
H i
(& T
ceceeee
20 +
c i
i CCCCeee
i
o CCCCCCe
20 F . , . CCCGELCe
0 2 4 (5] 8
1-4 [83]

14

e

0



Methane

DME

[84] DME

1-5

Methane
DME

1.3.6.

Methane

n-Butane

DME Di Methyl Ether

1sec

n-Butane

15



1|;|’E

1G1-§ n-CaH10
£ ]
a 10°4 C3Hg SH.
(=] 3
=] 7
DME
107
10;'*-|-'-r"'|"*|"-|'--|-r':-1-
500 600 700 800 800 1000 1100 1200 1300
T/K
1-5 DME 1 / [84]
[75]
Methane

16



NOx

NOx
HC CO

EGR

DME 0

Methane Methane DME n-Butane
Methane

17



1-6

18



91

d9d

AA

%09

d3aii

0o
HO
20%H
OHOH

1L

anv

y

Y

19



4

n-Butane

DME

Methane

Methane
Methane

20

Methane

DME n-Butane

DME

DME



50% 50%

50%

5

5 4 Methane

DME  »n-Butane 2
IMEP 50%
45%
IMEPO0.6MPa

6

6

21
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DME
2-1

2-1

1 degree

TGL‘C

23

4
16.1

DME &129

Ne=800rpm

1500mm
64

64

80mm 125mm
THC CO CO,



Air

Process 4-stroke
Piston type Flat type
Displacement 1132 cc
Bore 112 mm
Stroke 115 mm
Length of conrod 205 mm
Crank radius 57.5 mm
Intake valve open TDC
Intake valve close ABDC 47°
Exhaust valve open BBDC 47°
Exhaust valve close TDC
Engine speed Ne 800 rpm
Compression ratio ¢ 12.9

DME

Mass Flow
Controller 1

Control
Unit

Fuel Inject HoI§|

Laminar Flow
Meter

I

24

THC

- Analyzer
Sampling

Co, CO,

Analyzer

Exhaust



Methane DME Methane  n-Butane

2-2
£&=21.6
Ne=960rpm
1595mm  1500mm
Methane DME n-Butane
2-3
$18 1 2 ¢3 29 1
2
2-2
Process 4-stroke
Piston type Flat type
Displacement 1132 cc
Bore 112 mm
Stroke 115 mm
Length of conrod 205 mm
Crank radius 57.5 mm
Intake valve open TDC
Intake valve close ABDC 47°
Exhaust valve open BBDC 47°
Exhaust valve close TDC
Engine speed Ne 960 rpm
Compression ratio ¢ 21.6

25

2-2



Mass Flow

Controller —l
DME p :
Control
n-Butane Unit
Mass Flow AnTaTier
Clontrolller Sampling{ Y
Methane Control =t €0, €O,
Unit 1595 Analyzer
Fuel Inject Hole1,2)
. . Exhaust
Laminar Flow -
e =

2-2
n-Butane
Methane  pug
@ ﬂ Large Scale Small Scale
Mixing Mixin
C I/ 11 I/ ] g
I_lg o g<l
o
. N 0s=3
Air > < = i 033 d@
_ m D2s 2 1500mm
Mixture [I>_—_=_ Upstream From
| Intake Valve
Fuel Injector
Orificel Orifice2
$18 x 1 Hole ¢3 x 29 Hole
2-3

26



ﬂ_du dw

dt dt dt
q 1mol
u 1mol
w 1mol
du dw
du=c,-dT
dw=P-dv
¢y [J/mol-K]
T [Pa]
P [K]
v [m*/mol]
P . ﬂ +v- d_P = . d—T
dt dt dt
R=c,—c,
2-2 2-3 2-4 2-5
dq __x av 1
dt (-1 dt (x-1)
C
K=—"1

[J/mol]
[J/mol]

[J/mol]

27

2-2
2-3

2-4

2-5

2-6

2-7



K
t 6
2-6
Zz=ﬁ") 32*(,(1_1)”‘% 28
b
Sl
2-4 1J/deg
Orrr starT 4)/deg
Grrr EnD 4)/deg Ot sTarT
1J/deg Ourr END Ocrr starr Ourr sTart
Tr1r starT
THrr starr Prrr starr
Prrr strr

28



T

®© Methane/DME/Air
@ & 10 T,,=30048K
0= gt P, =0.1MPa
oo 6k $cns =0.1, ¢y =0.26
T o Ne =960rpm
£ = . =21.6
= 8 4 Purr starr Experiment
58 2k
E g 0 LTR START 1 1
1600 o
4 (U l—
] 0%
11200 g 5
T ] ©
HTR START- 800 E E
L ] >a
o> TLTR_START 1 ? e
m " " " " 1 1 1 " " 1 n 400 E G.J
o 250 —
<
T 200F
(0%
8 150 F HLTR_STAQT 0LTR_END 0HTR_START 0HTR_END
0
©
2 100
[
x 43/deg
= S0f threshold
9]
I o0
S 1J/deg l//
@ 50 threshold . 1
g T-40 -30 20 -10 TDC
Crank Angle 8deg
2-4
ABDCA47<
T T, my m, s
Cpr 2-9
m T +m -T
TO — S/ r_f f r r 2_9
MypCp gt Cp
To [K]
T [K]
T, (K]
my [kl
, [ka]
s [J/(kg-K)]
Cpr [V/(kg-K)]

29



2-9 T, T,

Ty [K]
Tex [K]

2-12

2-13

P, (91'—1 ) Ve (‘91'—1 ) ) n(ei
V. [m’]
n [mol]

n = >doldeo
‘ Oin
T
dQ/ido 1deg
Oin [J]

T ((9[): b, (91‘)' V. (ei)‘ ”(91‘—1)) T, (91‘71)

[J/deg]

30

2-10
2-11

2-12

2-13

2-14

2-14



2-5

CmHn + (M+n/4) O, = n/2 H,0 + mCO,
overall reaction
elementary reaction
n-Butane [22]
n-Butane N, O, Ar

B E

31



OCoOoO~NOOUITRWN -

Reactions

cH+02=0+O0H
O0+H2=H+OH

: OH+H2=H+H20

: 20H =0+ H20
C2H+M=H2+M
"H+OH+M=H20+M
" H+ 02+ H2=HO2 + H2
: H+ HO2 =20H
H+HO2=H2 + 02
:O+HO2=0H+02

© OH + HO2 = 02 + H20
:OH+CO=H+CO2
H+ CH4 =H2 + CH3

: O+CH4=0H+CH3

: OH + CH4 = H20 + CH3
: 0+CH3=H+CH20

: H+ CH20 = H2 + CHO
: 0+ CH20 =0H + CHO
: OH + CH20 = H20 + CHO

: 2C2H5 = N-C4H10

© H+ N-C4H10 = H2 + N-C4H9

© H+ N-C4H10 = H2 + S-C4H9

: O + N-C4H10 = OH + N-C4H9

: O + N-C4H10 = OH + S-C4H9

: OH + N-C4H10 = H20 + N-C4H9
© OH + N-C4H10 = H20 + S-C4H9
: N-C4H9 = C2H4 + C2H5

: S-C4H9 = CH3 + C3H6

: H202 + M =20H + M

: HO2 + CH3 = OH + CH30

: CH3 + N-C4H10 = CH4 + N-C4H9
: CH3 + N-C4H10 = CH4 + S-C4H9
: 02 + N-C4H9 = HO2 + #1-C4H8
: 02 + S-C4H9 = HO2 + #1-C4H8
: 02 + S-C4H9 = HO2 + #2-C4H8
120+ M=02+M
"H+O+M=0H+M

© H+ H202 = H2 + HO2

© H+H202 = OH + H20

: 0 +H202 = OH + HO2

: OH + H202 = H20 + HO2

" H+H2+CO=H2+CHO
:0+2C0O=CO+CO2

: HO2 + CO =0H + CO2
:02+CO=0+CO02

ki = AT exp(-E/RT)  k i

T

E
2-5 n-Butane

32

A
191E+14
5.08E+04
2.16E+08
1.23E+04
6.40E+17
7.50E+21
2.00E+18
150E+14
2.50E+13
2.00E+13
2.00E+13
4.40E+06
2.20E+04
1.20E+07
1.60E+06
7.00E+13
2.50E+13
3.50E+13
3.00E+13

1.00E+13
1.30E+14
2.00E+14
3.00E+13
5.20E+13
4.13E+07
7.22E+07
3.70E+13
2.30E+14
1.10E+17
5.00E+13
1.29E+12
7.94E+11
1.12E+10
1.12E+10
1.12E+10
1.00E+17
1.00E+16
1.70E+12
1.00E+13
2.80E+13
7.00E+12
6.90E+14
5.30E+13
1.50E+14
2.50E+12

[22]

p
0
2.67
151
2.62
-1
-2
-0.8
0

[oNoNoNoNe)

Y
o~
~ w

[l NeolololoNoNoloNoNo)

0
0
0
0
0
0
0
0

E
6.88E+01
2.63E+01
1.44E+01

-7.86

0

0

0

42

2.9

0

0

-3.1
3.66E+01
3.19E+01
1.03E+01
0
1.67E+01
147E+01
5

0
4.03E+01
3.49E+01
2.40E+01
1.86E+01

3.15
-1.03
1.20E+02
1.37E+02
1.90E+02

0
4.85E+01
3.97E+01

-6.3
-6.3
-6.3

0

0
1.57E+01
1.50E+01
2.68E+01

6

7

-1.90E+01

9.87E+01
2.00E+02



SHELL

[34] MIT [35] SHUREIBER [36]
SHELL
Initiation RH+0, - 2R 2-15
Propagation cycle R - R +P+heat 2-16
Propagation formingB R - R +B 2-17
Propagation formingB R +Q - R +B 2-18
Liner termination R - inert Product 2-19
Propagation formingQ R - R +Q 2-20
Quadratic termination R + R - inert Product 2-21
Degenerate branching B - 2R 2-22
RH R Q B
RO,H H;0, P CO CO, HO
SHELL 2-15 1 1
2 R
R
2-16
P 2-17 2-18 2-20
2-22 B 2
SHELL

2-19 2-21

33



34



2-3

2-3

0 X

00

35




Amano [51] CFD

27

2-6 CFD

36

1
2-7
1
Amano



30

From CFD Calculation
® Data Used (27 cells)

o 25
>
)
& 20
c
)
o ]
o 15 °
£
5 10 | °
o
>
5 4
0 - 00000000 f” ‘ ‘ ‘ 40
800 820 840 860 880 900 920 940
Temperature K
2-6 CFD
27 [51]
16 :
Calculation
14 - (Homogeneous)

Pressure MPa
= [
o N

(e0]

Calculation
(Non Homogeneous)

-20 -10 TDC 10 20 30 40
Crank Angle deg

27
[51]

37



CHEMKIN 11[85] CHEMKIN

CHEMKIN 1980 Sandia National Laboratory
1990 CHEKIN 11
1996 CHEMKIN 111
CHEMKIN 11
CHEMKIN I CHEMKIN FORTRAN
Interpreter (code)

Gas-Phase Subroutine Library (code)

Thermodynamic Database (file)

Linking File (file)

2-8 CHEMKIN CHEMKIN

Interpreter
Thermodynamic Database
Linking File Gas-Phase Subroutine Library Linking
File
Application Code Application Code
CHEMKIN SENKIN[86]
SENKIN

38



Gas-Phase Thermodynamic

Reactions Database
(chem.inp) (therm.dat)
Chemkin
N ————
Interpreter

Chemkin
link file

Printed
output file

(chem.bin)

(chem.out)

'

Gas-Phase
Subroutine
Library

|

Application Code

2-8 CHEMKIN [85]

39



K

Xk

CHEMKIN
i
K K
Yvize & Yt (=L 1)
k=1 k=1
i g: [mol/m?]

K K
q, = kf,. H[Xk]FM - krl- H[Xk]Rki
=1 k=1

k(T)= 4, T® exp(~E,/RT)

. I
o= qi(vi,—v,) (K=1..,K)
=1

i

i B i
k ki
R [J/mol-K] Ry
k 1% ,ki i
k [XJ] k
du+Pdv=0
K
u= Zuk Yk
k=1

2-28

K K
du = ZYk -du, +Zuk -dY,
k=1 k=1
du,=c,, -dT

2-271 2-29 2-30

K K
ZYk “Co -dT+Zuk -dY, + Pdv=0
k=1 k=1

K
Cy CV = ZY;{ 'cv,k
k=1

40

[mol/m®]

2-23

2-24

2-25

2-26

2-27

2-28

2-29

2-30

2-31



K
dT dYk+Pdv_

cv._+ uk.— —_0 2'32
dt dt dt
dm _ 0 2-33
dt
My oW, 2-34
dt
dy, .
2k VO Wk 2-35
dt
2-32 235
dr _d Koo
cv-—+P—v+v2uk-a)k-Wk:0 2-36
dt e =
2-36 PV=mRT
[Ukg] P [Pa] V m] v
[kg/kg] Cu k T K] v [m’kg] Wi
k [kg/m®] m kgl k [ka]

41



4
2-4 211 212
2-4 3 4
3 4
Process Only 1 compr_ession & <
expansion
Displacement 1132 cc —
Bore 112 mm +—
Stroke 115 mm +—
Length of conrod 205 mm —
Crank radius 57.5 mm +—
Intake valve close ABDC 47° +—
Engine speed Ne 800 rpm 960 rpm
Compression ratio ¢ 12.5 21.6

42




2-4

ABDC 47°
ABDC 47°
1/2
BBDC 47°
BBDC 47°
p
2-9

43



DME/Air
Gome=0.38
T,=300K
P,=0.1MPa
£=21.6

Ne =960rpm
Calculation

Time after Compression Start t ms

2.5x10'3é N ,/m

2.0x10°}

1.5x10°F P V'
3t S p
1.0x107 ¢ AN /

5.0x10" N e S

0.0x10° E——t-

16; ABDC 47 deg)\ BBDC 47 deg

12} |
d ||

4 \

-200 -100 TDC 1001
Crank Anglé fdeg

=

=

Volume V m3

P=0.1MPa

Pressure P MPa

‘/

2-9

44



45

DME

DME



2.1.1.
DME ¢ Tin
2.26.
DME ¢ T,
DME Curran 78 336 [23]

46



DME

DME
Ne=800rpm &125
7e6r=0% ¢
3-1 ¢=0.2
¢#=0.236
2 #=0.25
¢#=0.25 100%
Ne=800rpm &12.9
¢
3-2 ¢=0.15

a7

T,=300K P~=0.1MPa EGR
1
3
Tcomb
T;,=300K P,=0.1MPa
1
2



3-2

Pressure MPa

DME/Air T,=300K
g=12.5 P,=0.1MPa
Ne=800rpm Calculation

¢:0'4' ncomb=100Wﬂ+\\ :2000
0.315/ 100% < 11600
0.25, 100% N 1200
0.236, 69% ~—~—— ]
0:2,26% ——4 — | 4800
ROy 400

-60 -40 -20 TDC 20 40 60
Crank Angle 6 deg
31
DME/Air T,,=300K
e=12.9 P.,=0.1MPa
S Ne=800rpm Experiment
>° ¢=0.4
[«}] —U.
> 6 035
® 0.3— \
a 4 625 ﬁ
c
% o= AirOnIy/\\§
IS 2000
¢:O'41 ncomb:76%
1600
0.35,
0.3, > 1200
0.25, N w00
0.15, o~ T—
" P\\\ 400
-60 -40 20 40 60

Crank Angle 6 deg

48

Temperature K

In-Cylinder Temperature K



5deg
10deg

10deg

Tmix

EGR

3-1
¢=0.2
0.24 2 0.28
04 2
0.2 04
0.24 04
3-3
1
2
33
0.1 04
0.2 0.4 10deg
3-3

49



DME/Air T,=300K
e=12.5 P,=0.1MPa
Ne=800rpm Calculation
=—— no EGR, T,=300K $=0.2
[ ===e with EGR, T,=T,; I _
i mix T.,,=303K
: A
$=0.24
T.,=306K
Y L
i $=0.28
> . :,:. i T.,,=308K
K] ,"u I\
= 5
0 1000¢ ' ‘ ‘
5 00 T gm0
© 400} Trix=309K
T 200F : ;
T  Of ‘
° -40 -30 -20 -10 TDC 10 20 30 40
&*E Crank Angle 6 deg

3-3

50



34

-40 -30 -20 -10 TDC 10 20

Crank Angle 6 deg

51

30

DME/Air T,,=300K
£=12.9 P,,=0.1MPa
Ne=800rpm Experiment
¢=0.1
¢=0.2
N\
$=0.3
(@]
g | NJ _
— ;
3200:"" I\
3 150¢ [ $=0.4
O 100
T 5o A
8 0: J\j L‘ - —_
T 3 NNt
= .
Q
T
02

40



3-5 THC CO CO;

¢=0.2
¢=0.25 100%
DME THC CO
¢=0.2 THC CO
THC 0 Cco 0
100% ¢=0.25 0 CcO,
¢=0.25
36 THC CO CO,
¢=0.35 80%
0.4
THC ¢=0.15
¢=0.4 Cco ¢=0.25
¢=0.25 4=0.4
CcO, ¢=0.3
THC co
Cco HC

CO

52



DME/AIr T,=300K
e=12.5 P,=0.1MPa
X Ne=800rpm Calculation
>
% 100:
S 80
i 60}
5 40f
é 20
0 .
§ 112000 £
110000 &
18000 S
16000 &
E4000 uEJ
12000
.O \o E
€ 24000¢ & 12=
o r 1 o
& 20000 + 103
[ [ ] c
S 16000} 1 is §
» 12000 /;' //6 >
£ 8000} <7 < 4 E
W 4000¢ o W
Q L ki 1~ O
&) (0L PN P W - 0 )
0 0.1 0.2 0.3 0.4 0.5 0.6
Equivalence Ratio
35 THC CO CO,
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DME/Air T, =300K
£=12.9 P, =0.1MPa

S Ne=800rpm Experiment
§1oo_ -
S gl knocking
o r

s OF

i p—

O knocking

THC Emission

=
N

knocking

ol%

-
o
\Y

Q. [
Q& 20000

—

awm

: \
2000} Pl

'

CO Emission

0 0.1 0.2 0.3 0.4 0.5
Equivalence Ratio

3-6 THC CO CO;
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Ne=800rpm &12.5
7e6r=0% Ty

PT 3-7
90%

Ty=355K 100%

1250K 90%
Ne=800rpm
T;

1400K
&12.9

70% T;,=355K  1500K
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¢=0.2

100%
¢=0.25

80%

P~=0.1MPa EGR

Ty=330K
P;,=0.1MPa
PT 3-8
T;,=335K 1400K



1800

1400

Temperature K

200

DME/Air
€=12.5

$=0.2
P,=0.1MPa

Ne=800rpm Calculation

.ncomb:]'

00%

355K, ZIKOO

T, =400K, 1y, =100%

7

T

330K, 97%

1000

600

325K, 79%
315K, 54%

~300K, 26%

3-7

3 4 5

Pressure MPa

56

T-P




DME/Air $=0.25
€=12.9 P.,=0.1MPa
Ne=800rpm Experiment

1800

-ncomb:80%
T, =355K, Moy =85%

X 1400 -ncomb:70% \/4/
@ _
0 ‘
% 335K, |74% _
o _ —
z
S 1000
5 L
©
=
3 L
_é 600

v

200

0 1 2 3 4
In-Cylinder Pressure MPa

3-8 TP
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3.2.

THC
CO CO; 39
3.2.2. 1250K  90% 1400K  100%
1000K 20%
30% THC CO 1250K THC CO
CO, 100%
1400K 0
THC CO CO, 3-10
THC 800K
1200K 0 CcO
1200K 1500K 0
DME
THC CO
1500K CO
HC CO
321
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DME/AIr P,=0.1MPa
e=12.5 Calculation
N Ne=800rpm
>
G 80f
5 eof .
S 4of "
w  20F
> L
-g 0
S 112000
3 110000
18000
. 16000
P s
NS
E 24000 . 6 2
& 20000 ®co e S {5 S
S 16000| A CO2 |2 — 14§
@ 12000} Ly 13 3
E 80004 4 12 E
4000 \ 11
8 -—‘{AAM i s »—e :0 8
2000

0 -
600 800 1000 1200 1400 1600 1800

Maximum Temperature K
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THC CO CO;

THC Emission ppm



DME/Air P. =0.1MPa
€e=12.9 Experiment
N Ne=800rpm
S 100
& .| ouh By B
s 80¢ Fﬂ,.".-
T os0b e
§ A0F—alam,
5 20p 7
g ol
g 112000
© 110000
18000
- 16000
e 14000
= 2000
I P Mo A primran pmn |
E 24000 —6 =
& 20000 | ® co R T I
§ 16000| A C©2 T R ol I -
3 12000} A Y e
£ 8000} ety 2 E
W 4000f L EEE LU b i 1 X
9 ob_stmbetdetds © PeRovilirns nees . i S
600 800 1000 1200 1400 1600 1800 2000

3-10

Maximum In-Cylinder Temperature K
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THC CO CO;

THC Emission ppm



. DME

DME
DME
3.2.1.
ncomb=26%
77mmb=74":%)
Neom=100% 3
3-11 3-12 3-13
=02 311
CHgOCHg CO COZ
DME HCHO
DME 30%
DME HCHO
900K
HCHO H,0,
1
CO CO, HCHO H;
CO
CO
2
3
HCHO H,0,
1600K

HCHO H0,
[61]

0O,

¢=0.24

1200K

¢=0.24

61

¢=0.28

OH

HCHO HO,

3-12

3-13

¢=0.24

1500K

¢=0.2
¢=0.24

¢=0.28

DME

CO

74%

CO



Time after Compression Start ms

o N MO

o 24 25 26 27 28 29 30 31
«— © 600F ]
o2 f :
I » 400¢ |~ _Pressure
© 8 200 ——T B
g0 [ R.H.R ]
e O '
1x10°
S 1x10*F o) ]
E 1x107} : =0
% 1 10»3 i CH30CH3 _—
E X 4 COZ ]
c 1X10 3 1
2 1x10°F H,0, 1
81x10°f  HCH oH :
S _7 -
L 1x107} /\ ]
— 8L I J
o 1x10»9 —
1x107f Temp. ]
Ix10M0 b L
-20 -15 -10 -5 TDC 5 10 15 20
Crank Angle 6 deg
311
Time after Compression Start ms
o 2|4 2|5 2|6 2|7 2|8 2|9 3|0 3|1
= © 6007
SR
T 2 400F P@%
© @ 200k ——T :
gt R.H.R \_
cx O = )
1x10°
5 1x10™F 0, co
E -2 = Ry
£1x10 CH,OCH, =0 1
2 1x10°F €O
< 1x10™F ]
o S5f
£ 1x10° H,0,
@ 1x107F HCHQ
T 15107k / OH
(O] 8 —
o 1x107F
= 1x10° ,4—% Temp.
1100
-20 -15 -10 -5 TDC 5 10 15 20
Crank Angle 6 deg
3-12 1
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Pressure MPa

=
o)
o
o

1600

1400

1200

1000

800

<600

Pressure MPa

DME/Air
&12.5
Ne=800rpm
¢=0.2
T,=300K
P,=0.1MPa
Yecr=0%
Teomp=26%
Calculation

Temperature K

DME/Air
&12.5
Ne=800rpm
¢=0.24
Ty=300K
Py,=0.1MPa
Yeer=0%
ﬂcomb=74%
Calculation

Temperature K




Time after Compression Start ms

o 24 25 26 27 28 29 30 31 ©
‘(_.5, % 600 U SR JN NT TT VT W NN VT ST W WO T WO SO ST WO NN ST W ST N N WY U S W [ U N1 |I|< | I 6 %
q) ~
T ', 400f Pressm 4 %
o9 a — E
08 T Rur 2 g
g2 o = 0 &
1x10° 1800
S 1x10™"F 0, ! 1600
£ 1107 CH,OCH, — SF
21x10°f /| co 11400
c 1X10_ E o 1
21x10°F —41200
g1a0°f HCHO ul — 11000
° 1X1O:; ] / — ~—— ]
g 1x10 . 3 H,O, _ 800
1x10°} _~ ,_/ Temp. ]
1x10™° 600
-20 -15 -10 -5 TpbCc 5 10 15 20
Crank Angle 6 deg
3-13 2
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DME/Air
&12.5
Ne=800rpm
¢=0.28
Ty=300K
P,=0.1MPa
Yeer=0%
ﬂcombleO%
Calculation

Temperature K




3-14 Curran [23]

1 46
HCO + 0, = CO + HO,
co
1 51 H,0, (+M) = OH + OH +(+M) co
OH
2 26 H+0,(+M) = HO, (+M)
HO, 7 CO+OH=CO,+H CO OH

2
CO
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Rate of Heat Release J/ms

DME/Air
£=12.5

Ne=800rpm  ¢=0.28

T,=300K
P,=0.1MPa

Meom,=100%  Calculation
Low Temperature High Temperature 3000
Reaction Regactjon 12000
J 11000
1000 0
800
600
400
200
0
-200F
-400F
-600F
-800 . . .
26 27 28 29 30
Time after Compression Start ms

3-14
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Total R.H.R.

Low Temperature Reaction

46 HCO+0,=CO+HO,

325 CH,OCH,+0,=CH,0CH,0,

32 HCHO+OH=HCO+H,0

312 CH,OCH,+0OH=CH,0CH,+H,0

332 CH,OCH,0OH=0OH+HCHO+HCHO

335 HO,CH,0CHO=0CH,0CHO+OH
—— High Temperature Reaction

46 HCO+0,=CO+HO,

32 HCHO+OH=HCO+H,0

50 HO,+HO,=H,0,+0,

26 H+0,+M=HO,+M

23 CO+HO,=CO,+OH

51 H,O,(+M)=0OH+OH (+M)

26 H+0,+M=HO,+M

7 CO+0OH=CO,+H
49 HO,+OH=H,0+ O,
23 CO+HO,=CO,+0OH




. DME

DME
DME
Ve
Yamasaki  [87]
DME
3-15
90%
1500K
1050J 3.2.1.
04
04 1600K
Yamasaki  [87] n-Butane
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Combustion Reaction Speed
v, J/(deg/q)

DME/Air
T,=300K
P,=0.1MPa
Ne =800rpm foe=0.4
6 | €=125 ME— V-
2.0x10 Calculation :_> | ] 3000
| 4
1.6x10° Tmaxc71500K_ T 12500
I I / :
I ]
1.2x10° : ,r/ / 12000
/' V/ E
8.0x10° /rl : y 11500
| | ]
4.0x10° I I 11000
/—’—) | | L
0.0x10° e L 50
0 500 1000 1500 2000 2500 3000

Inlet Heat Quantity Q,, J
3-15
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Cycle Maximum Temperature T, K



DME

HC CO

1500K
HC CO 0

CO
CcoO
1500K
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4 Methane DME
n-Butane
0 Methane
Methane
Methane DME n-Butane

50% 50%
50%
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SENKIN[86]

Methane/DME  Methane/n-Butane  Methane/ 3
P() ¢rotal
Ty
Methane DME Methane DME

XCH4 XDME
Xeys = Ras ( 41

Neyg Y Npyg
Xpye = —Towe ( 42

Nepa + Moy

Xcy  Methane [mol/mol] Xppz DME [mol/mol] ncyy Methane
[mol] npyez DME [mol]
Methane  n-Butane Methane X Xocamo Xcwu
X 2 Methane nepy  n-Butane A-C4EI0
N
4-1  Methane DME 4-2
Methane n-Butane 4-3  Methane
Ty T
Methane DME Curran [23] 79
336 Methane n-Butane Kojima [22]
141 470 Methane GRI-Mech 3.0 [24]
53 325
Methane
DME n-Butane
NTC 3 Methane
4-3
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GRI-Mech 3.0 [24] Methane
Methane 4-1 4-2 DME
Curran [22] n-Butane Kojima [23]
Methane
DME n-Butane

Methane DME #»-Butane
-1
1.0x10 ?XDMEZO / //
1.0x10%f 02 s ~
; Jb02 % _
v 1.0x107F 0.4 —
z af 0.6
a E N Xoye=1 (Xepe=0)
_E 1.OX10_5§ /7 DME CH4
E 6 Methane/DME/Air |
= 1.0x107} P,=4.0MPa
7 $=1.0 | |
1.0x10 Calculation
1.0x10° : :

0.4 0.6 0.8 1 1.2 1.4 1.6
Initial Temperature 1000/T, 1000/K

4-1 Methane DME

1.0x10"¢
F Xn-can10~0~
1.0x10°¢ Q.1 /
& : 0.2 \\ / /
i 0.4
> 1 N
o i 0.8
I AN
_5 1.0x10% ~Xi-carto=1 (Xcpa=0)
g Methane/n-Butane/Air
kS 3 P,=1.0MPa 1
; Calculation
e I I P

1.0x10™ b
0.8 0.9 1 1.1 12 13 14 15 16

Initial Temperature 1000/T, 1000/K

4-2 Methane #n-Butane
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Ignition Delay 7s

1.0x10™ g —
1LOX10%f — HE ~
1.0x10° 0.2 .
3 0.4
1.0x10™E 0.6 z
5 0.8
5
1.0x10 = 7 Kpz=1 (Xcha=0)
ol g Methane/Hydrogen/Air H
1.0x1074 — P,=4.0MPa
1.0x10”7 E—— $=10 1
Calculation
10x108b et T
04 05 06 07 08 09 1 11
Initial Temperature 1000/T, 1000/K
4-3  Methane
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2.2.6.

P, 0.1MPa Ty Methane
DME Methane n-Butane 300K Methane
T,=300K
Ty=375K Methane T,=500K
3
2
4-4 Methane dcrs
DME n-Butane $ome  Pucario G2 Peo
Methane  DME Methane  n-Butane
Methane Methane Methane  DME
Curran [23] 79 336 Methane n-Butane
Kojima [22] 141 470 Methane
Methane GRI-Mech 3.0 [24]

53 325
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n-Butane-based Equivalence Ratio @, c4u10

DME-based Equivalence Ratio gy

o}
< Methane/DME/Air
o Methane/n-Butane/Air
IS Methane/Hydrogen/Air
o O Methane/Carbon Monoxide/Air
S 8 o5t P,=0.1MPa
.g S T,=300K, 375K, 500K
g S Ne=960rpm
o S 04F Q, |e=216
O 2 i
S T s, [Calculation
o L Q/)/‘ |
S B 03} @® Calculating Point
ERR:
T
5 5 0.2
a3
Q C
c 2 01Ff
o
o C
° 3
25 O '
T O 0 01 02 03 04 05

Methane-based Equivalence Ratio @-y,

4-4
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. Methane DME
. Methane DME

4-5 0,=1471+2) Ty=300K Py=0.1MPa &216
Ne=960rpm Methane DME
0O, CH,; CH3OCH; HCHO H,0, CO OH
Methane
DME [¢cr=0, $pnr=0.38] [¢cr=0.1, Pppr=0.291]
[#c14=0.25, ¢ppz=0.158] [¢cr14=0.3, Ppp=0.113] 4
Xppr=1 066 030 0.20
DME -15deg -12deg
Methane
[6c12=0.3, dpnz=0.113] -10deg
5deg
3deg Methane
[6c1=0.3, $puz=0.113] 10deg
Methane [¢cra=0, ¢pr=0.38] 600J/deg
40J/deg
DME 2
[6c=0, épme=0.38] [@crs=0.1, @pnr=0.291] [¢cr=0.25,
¢pne=0.158] 3 Methane [#cr=0.3, ¢pn=0.113]
DME HCHO H,0,
DME CH3;OCH; HCHO H,0; Co 1
2 HCHO H,0,
co
Methane Methane  DME
Methane CH,4
[6cr14=0.3, ¢pp=0.113] -10deg TDC
Methane DME
Methane OH H [24]
Methane OH  Methane
DME HCHO OH
1st O, addition 2nd O, addition OH Methane
1 Methane
H,O, 1000K 2 OH
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OH

Methane
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OH
Methane

Methane



Crank Angle 6deg
20 -15 -10 -5 TbC 5 10 15 20

- X 2500
Methane/DME/Air © 2000k
Q;,=1471+2J 5
T,=300K S 1500¢ /J
P,=0.1MPa S 1000f >
=216 Temperature >
o 2 500 2.4x10° B
Ne =960rpm RHRj2.0x10* 5
Calculation 31.6x10* %
j12x10° &
E ©
Pcna=0, Pome=0.38 o J igﬁ?f 14
Xpome=1) < 1000 0.0x10° %
S “gook R.H.R]
Pcra=0.1, Ppye=0.291 ; 600F
(Xpme=0.66) S 400t J
o 200f
——— $14=0.25, §pe=0.158 | £ b/ c
Xowe=0.30 o 02
(Xpme=0.30) 0, Qo =
~ Jo2 © 2
= #c1a=0.3, ¢pe=0.113 T © %
(Xpwe=0.20) 1015 2 E
c ~
S o004 - 0l o
€ 5 0.03 4
L e
o = 0.02f
> o
s E 001 ‘ 5
z 0 —d 0.03 8
— CH,OCH{ [ _
{0022 2
o =
= jo.01 im g
5 SN Q
S 0015 0 g,
S _ HCHO &
o
;g 0.01}
S5
= 2 0.005F 3(__,_
—
0 Y, N 5
5 0 0.005 2
T H20240.004 & 5
jo.003 '+ E
10.002 5 ©
/ ﬁ(/ \ o001 2 E
c
S 005 — o 2
S5 0.04f
I E 0.03}
22002} /j
S E oo} 7
9 0 = 1.0x107 §
.0x10* §
— OH 4 =
} 1.0x10" 8
1 g
- 11.0x10° o
I 7 o
/ O — 11.0x10° =
1 I
1.0x10™°0

-20 -15 -10 -5 TDC 5 10 15 20
Crank Angle @deg

4-5 Methane DME
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. Methane DME

45
4-6
4 4-5 4
Curran Methane  DME
3 750K 950K 1000K 1500K 1500K
3 750K 950K DME DME
312 325 331 332
336 DME
DME OH
Methane Methane
3 Methane 750K 950K
1000K 1500K DME
312 325 331 332 336 DME
HCO HO, 46 2 HO, H,0,
50 H,0; OH 2 51
Methane 3
Methane  OH 1500K
1000K 1500K
1500K OH
Methane CcO
Methane DME 4-5
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Reaction Rate moles/cm3/sec

= fc114=0, Pome=0.38 (Xpye=1)

——— #1401, gye=0.291 (Xpye=0.66)
——— $14=0.25, gyye=0.158 (Xpye=0.30)
——— $14=0.3, gye=0.113 (Xpy=0.20)

Qin=14712)
T,=300K
P,=0.1MPa
£=21.6

Ne =960rpm
Calculation

Methane/DME/Air

0.1

16
3. CH,+OH=CH,+H,0

3. CH,+OH=CH_+H,

1.2F
o8k 0.05
0.4F o
0
04 . . . . . . . 0.05 . . . . . . A
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
5 Temperature TK 25 Temperature T K
4|7 CO¥OH=CO,+H "5} 8. H¥0,=0+OH
3t 15F
2t 1t
1 05F
0 0
1 . . . . . . . 05 . . . . . . .
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
Temperature T K Temperature T K
1'2 10. O+H,0=OH+OH 0'3 26. HO,+M=H+0,+M
08} -05F
-1F
0.4 sk
0 2F
0.4 . . . . . . . 25 . . . . . .
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature T K

Temperature T K

1.6
[ 46. HCO+0,=CO+HO,

0.4

50. H,0,+0,=HO,+HO,

Temperature T K

4-6 Methane/DME

79

Temperature T K

12
0.8
04}
0.4
o 0.8}
04 R R R . . . R 12 R R R R R . .
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
Temperature T K Temperature T K
0.2 0.8
0 51. OH+OH(+M)=H,0,(+M) 04 257. HO,+M=0+0OH+M
-0.2F 0
-0.4F 0.4}
0.6F -0.8f
08 R R R . . . R 1.2 R R R R R . .
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
03 Temperature T K 04 Temperature T K
" [312. CH,OCH,+OH=CH,0CH,+H,0 0'3 | 320. CH;OCH,=CH,0+CH,
0.2F ’
0.2F
0.1 0.1F
0 A 0
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
0.02 Temperature T K o1 Temperature TK
' 0 325. CH,0CH,0,=CH,OCH,+0, 0 68 £331. CH,0CH,0,=CH,OCH,0,H
0.02F 0.06
b 0.04F
-0.04 0.02F
-0.06F 0
0.08 R R R R R R R 0.02 R R R R R R R
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
Temperature T K Temperature T K
0.08 0.06
0.06 | 332 CH;OCH,0,HPOH+CH,0+CH,0 336. OCH,0CHO=CH,0+HCO,
. 0.04F
0.04 0.02
0.02 ’
0 0
0.02 R R R R R R R 0.02 . . . . . L L
600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200



Methane/DME

4-7  Methane/DME Methane
1100K DME
H 1000K
1st O, Addition 2nd O, Addition 2 OH
HCHO 1st O, Addition HCHO
1 OH 1000K HCHO
H,O, OH
H,0, OH OH
Methane
OH Methane
Methane OH
DME OH
Methane
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750K
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. Methane n-Butane
. Methane rn-Butane

4-8 0,=1537+1] Ty=300K Py=0.1MPa &216
Ne=960rpm Methane  n-Butane
O, CH; n-CHyp HCHO H,0, CO OH
Methane
n-Butane [#cr=0, Pr-csr110=0.425]  [pcrs=0.05,
Gr-car1070.378]  [#cr=0.1, @ car11070.33]  [@crs=0.2, @y-car110=0.235]
4 Xypcamo=1 070 050 0.27
n-Butane  4.1. NTC
n-Butane
Methane [#c=0.1, Brcari10=0.33]
10deg [#cr4=0.2, $r.c4r110=0.235]
Methane
Methane/DME
2 Methane
n-Butane n-Butane n-C4H10
HCHO H,0,
n-Butane CoO
Methane  n-Butane
1 n-Butane H,0, 0 Methane
HCHO CO 2
DME n-Butane
OH 1 Methane
1000K OH Methane
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Methane/n-Butane/Air
Q,,=1537£1J

T,=300K

P,=0.1MPa

£=21.6

Ne =960rpm
Calculation

X
[

Temperature

Gcra=0, @1can10=0.425
(Xn-can10=1)

$cra=0.05, @.cap10=0.378

(Xn-car10=0.70)

= 0cra=0.1, #,.cap10=0.33

(Xn-can10=0-50)

(Xh-car11070.27)

$cna=0.2, @.capn0=0.235

R.H.R. dQ/dA J/deg

CH, Mole Fraction
mol/mol

mol/mol

HCHO Mole Fraction

CO Mole Fraction
mol/mol

4-8 Methane n-Butane

Crank Angle #deg

-10 -5 TDC 5 10 15 20
2500
2000 _Temper ature
1500 ’ }
1000 ) )
[o))
500 RHR 1.0x10° S
T 18.0x10° Q
16.0x10° g
14.0x10° T
j2.0x10° o
1000 0.0x10° E
goof R-H-R. J
600 F
400
200F
° 0255
= is
"N 0.2 T g
s =
\ \ J0.15 ‘_53 2
0.04 01 ¢
CH,
0.03f
0.02
0.01 C
\ S
0 CH 0033
n-C4H50 8
L o
o025 £
—_— s =
e~ — {0012 g
\ a 0 I:
0.015
HCHO g
0.01F
0.005F
éﬁ\"‘ N c
0 0.005 -2
"0 j0.004 8 5
jo003 L E
10.002 5 ©
jooo1 2 E
o
0.05 0 ),
T
0.04f CO
0.03}
0.02F
0.01F
0 1.0x10% €
OH N g S
J j 11.0x10° §
3 LC
-/ 110x10° o
| — 1 o
11.0x10° =
1 T
1.0x10™°0
-10 5 TDC 5 10 15 20

83

Crank Angle #deg

mol/mol



. Methane
4-8

Kojima

n-Butane

800K

S-C4Hy0,

1000K  1300K

H,O,

82

OH

CH;0
296
1500K

n-Butane

Methane

48

n-Butane OH H

n-Butane

79 1st O, Addition

140 OH

Methane DME
Methane
CHO

453 Hy0,

HO, 24
OH 2
Methane
Methane
24 HO; CH3
83 CH30 HO,
CO

1 H)O 418

84

146

DME

HO;

12



— 0cna=0, &n.can1070-425 (X, .canio=1)

Methane/n-Butane/Air

Q,,=1537+1J
#cr1a=0.05, @,.c41410=0-378 (X,.cap110=0-70) T,=300K
P,=0.1MPa
——— 0c1a=0.1, &, ca110=0-33 (X, car110=0.50) £221.6
Ne =960rpm
g Pcna=0-2, & car0=0.235 (X, cano=0.27) Calculation
E o 2
s 1. H+0,=0+OH 12. OH+CO=H+CO
2 0.8f 2 16F“ 2
© 0.6 1.2
E o4 08
§ 0.2 0.4
c 0 0
S 02 . . . . . . 04 . . . . . .
S 600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
54 Temperature TK Temperature T K
X 0.16 0.25
0,12 [15- OH+CH,=H,0+CH,€ 0.2 [24. 0,+CHO=HO,+CO
0.0sk 0.15
' 0.1
0.04f 0.05
0 0
-0.04 -0.05
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature TK Temperature T K
0.8 0.05
0,61 25- CHO¥M=H+CO+M 0.04F 79- OH+N-C,H,;=H,0+S-C,H,
0.4 0.03f
’ 0.02F
02 0.01f
0 0
-0.2 -0.01
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature T K Temperature T K
0.1 - 0.25
0.0882 H:0,+M=20H oab 83. HO,+CH,=OH+CH,0
0.15F
0.1F
0.05f
02 0 . T R . .
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature T K Temperature T K
5.0x10™ 3.0x10™
2 O§10,4 F 140. S-C,H,0,=CH,(CHO,H)CH,CH, e VT CH,4(CHO,H)CH,CH,=OH+(-CH,CH,0CH-)CH,
3.0x10"F 2.0x10™
2.0x10"F
1.0x10°F 1.0x10"
0.0x10°
-1.0x10* . v v . v v 0.0x10°
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature T K Temperature T K
0.08 0.2
0.06 296. 0,+CH,0=HO,+CH,0 0.16 F416. H+0,#M=HO,+M
0.0af 0.12
' 0.08
0.02f 0.04
0 0
-0.02 -0.04
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature T K Temperature T K
0.2 0.008
0.16 £418. H+O,+H,0=HO,+H,0 453, 2HO,(+M)DO,+H,0,(+M)
o2k 0.006
0.08f 0.004
o.og- 0.002
-0.04 0
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature T K Temperature T K
0.08 0.25
0,061 460 OH+CH,(+M)3CH,OH(+M) 0.2 E461. CH,O(+M)H+CH,0(+M)
0.04f 015
' 0.1
0.02f 0.05
0 0
-0.02 -0.05
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature T K Temperature T K
4-9 Methane/n-Butane
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Methane/n-Butane
Methane

n-Butane

Addition
HCHO
H.0,

HCHO
H20;
OH
Methane
DME

OH

800K

86

432

1000K

4-10

Kojima

Methane/n-Butane
1100K
[22]
1st O, Addition 2nd O,

1000K

OH

Methane/DME

DME
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. Methane

. Methane
4-11 0,=1188+2] T,=375K Py=0.1MPa
&=21.6 Ne=960rpm Methane

O, CH; H, HCHO H,0, CO OH
Methane
[¢cr=0, ¢12=0.4] [Pcrs=0.1, $,=0.307] [crs=0.2,

$1;=0.214]  [fcrs=0.4, ¢1,=0.029] 4
XH2= Ty=375K Methane
Ty=300K
-8deg Methane
[bcr=0.4, ¢1,=0.029] -1deg
Methane Methane
[#c=0, $2=0.4]  [$cr=0.4, ¢1,=0.029] 1/15
Methane/DME  Methane/n-Butane 10

C HCHO CO
H20; H20;

Methane Methane HCHO H,0,

Methane
H,0, 1000K
Methane

Methane

88



Methane/Hydrogen/Air
Q,,=1188+2J

T,=375K

P,=0.1MPa

£=21.6

Ne =960rpm

Calculation

— ¢crs=0, $,=0.4

(Xp2=1)

—— $c,=0.1, $,,=0.307

(X,,=0.92)

—— $u=0.2, $,,=0.214

(X,1,=0.81)

——— $u=0.4, $,,=0.029

(X,1,=0.22)

4-11 Methane

w . 20 -15 -10 5 TDC 5 10 15 20
< 2500
© 2000
E
@ 1500
()
S 1000 o
Temperature
& 500 2 6.0x10° ©
R.H.R; 5.0X105 g
4.0x10° ©
3.0x10° @
2.0x10° ©
53 1.0x10° g:f.
g 1000 "HR 0.0x10 D:
> 800f S
S 600f
T 400
5l
d O 0.25 &
©: 83
j02 £2
o=
-0.152 g
c o~
S 005 o 0.1 o
§ 5 0.04 4
L £ 0.03}
o=
5 2 002t
% 0.01 jw
5 0 0.15 5
k g3
o1 £
© o5
J0.05 ¢
c SE
2 0005 — o T
8 o HCHO
£ 0.004f
o £ 0.003f
S5 0002
o - 0.00Lf
I 0 g
O 0.005 2
T H20240.004 § 5
j0.003 '+ E
10.002 5 ©
o001 2 E
[
S 005 o &
g5 004} co
u.g 0.03F
235 0.02}
S Eoo1f | J
o
o 0 1.0x10% §
11.0x10* §
1 i
11.0x10°
7 1 °
/ -~ 11.0x10° =
1 T
/ / OH 1.0X10'1OO
20 -15 -10 -5 TDC 5 10 15 20

Crank Angle édeg

89

Crank Angle édeg

mol/mol



. Methane

4-11
GRI-Mech 3.0
2 HO,
98 CH; (0]
10 119 119
H HO,
84
CHs

CH;

H.0,

HO;
CH;0

90

4-12
4-11 4
116 2 OH
Methane
CH; CH,O CH3O
H 57
No.35
HO,
33 38



Reaction Rate moles/cm?/sec

— ¢c1s=0, $,,=0.4 (X;;,=1) Methane/Hydrogen/Air
Q,,=1188+2]
— ¢cna=0.1, ¢,,,=0.307 (X,;,=0.092) T,=375K
P,=0.1MPa
——— ¢c1u=0.2, ¢,,,=0.214 (X,,=0.81) £2216
Ne =960rpm
— ¢cna=0.4, ¢,,,=0.029 (X;,=0.22) Calculation
80 2
6of 3- O+H,=H+OH 1.6 10. O+CH,=H+CH,0
1.2¢
40F
0.8F
20¢ 04f
0 0
-20 L L _0.4 " N
1000 1500 2000 2500 1000 1500 2000 2500
4 Temperature T K 100 Temperature T K
3] 33 HHO+M=HO+M g0k 35. H+O,+H,0=HO,+H,0
of 60}
40F
1 20}
0 0
1 R R 20 R R
1000 1500 2000 2500 1000 1500 2000 2500
Temperature T K Temperature T K
120 0.5
38. H+0,=0+OH o[.57 H+CH,0(+M)=CH,O(+M)
80
-0.5F
40F
_l F
0 1.5}
40 . . 2 . A
1000 1500 2000 2500 1000 1500 2000 2500
Temperature T K Temperature T K
200 2
160F 84. OH+H,=H+H,0 0 85. 20H(+M)=H,0,(+M)
120F 2f
80 at
40F )
0 6
40 R R 8 R R
1000 1500 2000 2500 1000 1500 2000 2500
Temperature T K Temperature T K
8
98. OH+CH,=CH,+H,0 gl 99 OH+CO=H+CO,
4 -
2 .
2 -
0 0
2 s " 2 L L
1000 1500 2000 2500 1000 1500 2000 2500
Temperature T K Temperature T K
5 12
4} 101. OH+CH,0=HCO+H,0 8 116. 2HO,=0,+H,0,
3 F
2 - .
1 -
0
1 R R 4 R R
000 1500 2000 2500 1000 1500 2000 2500
Temperature T K Temperature T K
6 6
4 119. HO,+CH,=OH+CH,0 4 168. HCO+0,=HO,+CO
2r /\ 2F %\
0 0

-2
1000 1500 2000 2500
Temperature T K

4-12 Methane/

91

-2
1000

1500 2000 2500
Temperature T K



Methane/ 4-13  Methane/
1000K 0, H HO,
2 HO, H,0, OH
H 0O, H, OH H H
0, OH
OH Methane
Methane

t
T>1000K e J

“+ﬂ + [3]+0,+M

LOO8
Hydrogen \I:Oz

LOO] +

+ OH +0,H, O +OMHOH + 0O, H, M, O
0{%0 —» 8O- 2 0‘0 2y ©0© —>
[10]es][156] © [15][54]5s] 101||13 [55][167] 168]
Methane FHO, TV
T>1100k (119 [57]
103

.

4-13 Methane/
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43. 44, 45, Methane
4-14 Methane/DME Methane/n-Butane Methane/ Methane/
DME #n-Butane Methane
Methane DME DME Xpwe=0 0.2
DME Methane
Methane 739K
823K 955K 984K
Methane  n-Butane n-Butane X,.ca1o=0 0.46
Xo-cari0=046 1 Xo-car110~0.46 14deg
885K
n-Butane
Methane/DME
Methane Ty=375K
-9deg Methane
X=0.22 -1deg
1060K Methane
Methane
T,=500K 3 Methane
Methane 1180K
20K Xc0=0.08 0.67 1200K
Methane
Sato [90]
Methane DME #r-Butane Methane

93



Methane

Methane/DME/Air
Methane/n-Butane/Air
Methane/Hydrogen/Air

P,=0.1MPa

T,=300K, 375K, 500K
Ne=960rpm

£=21.6

B HTR Q,, constant
® LTR Calculation

Methane/Carbon Monoxide/Air

Mixing Ratio of Methane X, mol/mol
1 09 08 07 06 05 04 03 02 01 O

1300

Me
o 1200

thane/Carbhon Mono ide/%ir,TO:SOOP
— el =

-y

HTR_START
[N
[N
o
o

Reaction Start Temperature

= 1000
& /J . T i bk
5 Methane/DME/Air,
; 900 T,=300K H—— -
= A ethane/n-Butane/Air, T,=300K
800
ey
700
20
!L’“i-—. T 10
— TDC
;ﬁl -10
==
-20

4-14 DME n-Butane

Xome: Xn.camior Xizr Xco Mol/mol

94

-30
0O 01 02 03 04 05 06 0.7 08 09 1
Mixing Ratios of DME, n-Butane, Hydrogen, Carbon Monoxide

Reaction Start Timing

gLTR START ! 0HTR START deg



43.

Ve

4.5.

50%
Methane DME #n-Butane

Yamasaki  [87]

0CA5 0

Rate of Heat Release dQ/d#J/deg

4000
3000/
2000/

1000}

0

50%
Olsson  [88]
4-15
dQ/do 340/d0
50%

50% Ocaso
Methane/DME/Air 0C AS0 =
— | $.,=0.3 2000 —
Pope=0.113 o]

T,=300K

P,=0.1MPa ]
- | £=21.6 1500 o
- Ne =960rpm A 2
Calculation Q
50% N
Q/de 1WOE
s ., -
dQ/de 500 o
\ 4 0 g
5 10 15 20 c

Crank Angle 8deg

4-15 50% Ocaso

95



4-16  Methane/DME Methane/n-Butane Methane/
50% DME n-Butane
Methane 4-5
4-8 4-11 4-16 100%
Methane/DME DME Methane
50%
100%
50% 27deg Methane/n-Butane
50% n-Butane Methane
50%
12deg 19deg Methane/
Methane
50%
3
50% Methane/DME
Methane/DME  Methane/n-Butane 50%
Methane/DME Xpue=02 0.3
Methane/n-Butane X,cam10=0.46 1
Methane/n-Butane
PV
50%
50%
Methane/DME Methane/n-Butane
50%

Methane/n-Butane

96



Combustion Reaction Speed

v. J/(deg/q)

Methane/DME/Air
Methane/n-Butane/Air
Methane/Hydrogen/Air
Q,, constant

T,=300K, 375K
P,=0.1MPa

£=21.6

Ne =960rpm

7,=100%

Calculation

Mixing Ratio of Methane X, mol/mol
1 090807060504030201 0

................ 20
% Methane/n Butane ] 15
Methane/Hydrogen 1(Q.i =1537+1J const)

..=1188+2J const)

§BH

Methal

(Qin=1
2.5)(106:....
2.0x10°|
1.5x10° Methane/Hydrogen
1.0x10°|
5.0x10° EI\/Iethane/DM Methanem-Butane

0.0x10° b
0 010203040506070809 1

Mixing Ratios of DME, n-Butane, Hydrogen
XDMEy Xn—C4H10! tz mol/mol

4-16 Methane/DME Methane/n-Butane Methane/
50%

97

50% Heat Release Timing 6.,., deg



4-16 &216

4-16 50%
Methane/DME Methane/n-Butane
4-17 Methane/DME &18 216 25 28 315
DME 50%
&21.6 4-16 50%
DME Methane
50% 50%
Methane
50%
50% 50%
4-18 Methane/n-Butane &216 25 28 315
n-Butane 50% &18
Methane/n-Butane
Methane/DME 50%

Methane/DME

98



Combustion Reaction Speed

v, J/(deg/g)

Methane/DME/Air
Q,, constant
T,=300K
P,=0.1MPa

Ne =960rpm
7,=100%
Calculation

Mixing Ratio of Methane X.,,, mol/mol

1 09 08 0.7 06 05 04 0.3 0.2 0.1 o20
\ ei31.5 515
£=28 110
\ N e=25 55
\ N =216 °
NN _£=18
—_— :'ig
25X106
2.0x10°F 4 fgé °
6: f\ //é:ﬁl—
1.5x10° \ /(‘;—LC)
E [N £=21.6
6
1.0x10°} /_& -18
5.0x10°f /
00X 100 b )

4-17

0 01 0.2 03 0.

4 05 0.6 0.7 0.8 0.9

Mixing Ratio of DME X,, mol/mol

50%

99

DME

50% Heat Release Timing 6.,-, deg



Combustion Reaction Speed
v, J/(deg/g)

Methane/n-Butane/Air
Q,, constant

T,=300K

P,=0.1MPa

Ne =960rpm

7,=100%

Calculation

Mixing Ratio of Methane X, mol/mol
1 09 08 0.7 06 05 04 03 0.2 0.1 O2

~20
AN 115
. £=21.6 110
\ & =29 o E
\Fh 1TD
=31.5 -5
E=2s 1-10
1-15
of £=31.5
20X10\ 8228
1.5x10° F =~ \_ 8:31 5
[ E= .
1.0x10° \i\
: /A\ T——
i
5.0Xf|.0E J /
0.0x10°%

0O 01 02 03 04 05 06 07 08 09 1
Mixing Ratio of n-Butane X _,.;,, mol/mol

4-18 n-Butane
50%

100

O
50% Heat Release Timing 6,5, deg



4 Methane
n-Butane
0
Methane
Methane
50%
Methane/DME Methane
DME
OH
Methane
DME H,0, OH

Methane/n-Butane

n-Butane DME
OH HCHO H,0,
Methane
Methane/DME Methane/n-Butane
Methane
Methane/ Methane
Methane/
Methane DME »-Butane
3 Methane

101

DME
Methane
DME #n-Butane
50%
Methane
1100K 1000K
Methane
Methane



50%
3
Methane

Methane/n-Butane 50%
Methane
Methane
3
Methane/DME
50%
Methane/n-Butane
50%

50%

Methane/DME

Methane/D

50%
Methane/DME

102

50%
DME
50%

n-Butane

50%

Methane/

50%

50%

ME  Methane/n-Butane

Methane/n-Butane



Methane
DME  n-Butane 2
IMEP 50%

103



21.2.

T;,=300+8K P;,=0.1MPa Ne
960rpm £ =216 Methane DME by Pome
Methane
n-Butane $cr - Pu-cario
o
5-1 Methane Pcru DME
n-Butane GomE  Dn-catiio

DME-based Equivalence Ratio ¢y

n-Butane-based Equivalence Ratio @, c4u10

Methane/DME/Air
Methane/n-Butane/Air
P.,=0.1MPa

T,,=300K

Ne=960rpm

£=21.6

® Experimental Point | |Experiment

0
0 0.1 0.2 0.3 0.4 0.5
Methane-based Equivalence Ratio ¢qp,

5-1

104



. Methane DME
. Methane DME

T;,=300+8K P;,=0.1MPa Ne=960rpm £=21.6
Methane DME dcrs Douve
5-2 > 10%
® A
1
DME
Methane
DME ¢DME =0.1 Methane ¢CH4
:0.5 ¢mml :0.6
\76‘0 A knocking
0.5 K& Q)/ ® HCCI combustion
C}O ><misfiring
/
\ Methane/DME/Air
P,,=0.1MPa
0.4 %, T,,=300£8K
‘9/@ Ne=960rpm
2 £21.6
Experiment

0.3

o
N

0.1 g{

0
0 0.1 0.2 0.3 0.4 0.5

Methane-based Equivalence Ratio 4.,

5-2 Methane DME

DME-based Equivalence Ratio ¢,

105



. Methane DME

Gcrs=0.4

34%

5-2 Methane DME
Methane DME
a Methane
5-2 DME dpye=0.1 Methane
5-3
DME épae=0.1 Methane ¢cu=0 0.1 025 04
045 05
dcri=0 DME
¢cr~0.25
3
@cns=0.4
Methane
¢c=0.45 05
¢cn~0.4
¢cu=0.45 05
@cns=0.4
¢cr=0.45
5-4 DME dpae=0.1 Methane
A 1, 50% Ocyso IMEPP;
2
50% 4.6.
50% IMEP
Methane
¢cr4=0.355 80% $cr=0.5
IMEP 0.46MPa 50%
Methane ¢cr=0.315

106

IMEP



M aineladwa] seo JapuljAD-u|
o o o

300+8K
0.1MPa
960rpm

Methane/DME/Air
#ome=0.1

=216
Experiment

Tin
I:)in
Ne

0.5

¢CH4

0.5
Pome

o o o o o
o [Ce] N o o
AN i — [ee} < )
T
/Al
/ ] 10
74 WYL B
AN =
“0
] <
\ L 1o
0w < 0O ] ]
oSS N ] ]
o o ] lo
o ] 1
s ] ]
\ |
& &9 S 0

Methane

Crank Angle @deg
107

5-3 DME



Methane/DME/Air
T,,=300+8K
P,,=0.1MPa
Pome=0.1
Ne=960rpm
£=21.6
Experiment
100 =
° ©
c S 80 £
=S E &
w2 60 3
o < T C
.2 40 L2
o .2 e
©) & 20 -é T
0 —
30¢
22 |
8§ 2 g
£ £ 10| {0.3 =
= NS [ 7/ /7 ] &
£ i ] S
é: £ -:I.OE / E0.1 =
o F -20"——*1-.-14/_. 10
0 0.1 0.2 0.3 0.4 0.5
Methane-based Equivalence Ratio @qy,
5-4 DME Methane

50% IMEP
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b DME

5-2 Methane ¢c~0.1 DME
5-5 Methane
deri=0.1 DME dm=0 01 016 02 025
¢prE=0
5-2 donr=0.1
2 3
DME
DME
5-6 Methane ¢cn~0.1 DME
e m 50% Ocisy IMEPP; DME
&ppe=0.22 80%
20% IMEP 0.15MPa
50% DME
IMEP

109
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Methane/DME/Air
T,,=300+8K
P,,=0.1MPa
$cra=0.1
Ne=960rpm
£=21.6
Experiment
100 150
X ]
- ]
o 80 Iz 140
@ 2 60 130
o < ]
£.2 40 ;I—H\._.‘ 120
oL | ]
OE 20 »———110
w m; ]
0 e
30 70.5
o o ]
cg 20 j0.4
g 8 10 9 > 10.3
E %5 bcaso iy i
® o TDC |' 10.2
N -10 ¢ 10.1
o = A& o ]
T} -20 0
0 0.05 0.1 0.15 0.2 0.25 0.3
DME-based Equivalence Ratio @y
5-6 Methane DME

50% IMEP

111

Indicated Thermal
Efficiency 7, %

IMEP P; MPa



. Methane DME
5-2

Methane  DME

5-7 5-2
Methane/DME
DME
Methane
Methane
DME

Reaction Start Temperature

4.6.

Jun

Methane

DME

50%

Methane

[86]

Methane DME

Mixing Ratio of Methane X, mol/mol
1 09 08 07 06 05 04 03 02 01 O

K
=
o
o
(@)

~$cra=0.45
P, =0.16M

T,=380K,

Pa[8

6]

(o]
o
o

R_START

\‘
o
o

TLTR_START ’ THTR START
(0]
o
o

pf |

y2)
PHTRLSTAR

A
PLTR STA

-30
0 01 02 03 04 05 06 07 08 09 1
Mixing Ratio of DME Xp,,e mol/mol

5-7 Methane DME

112

Methane/DME/Air
P,,=0.1MPa

T, =300+8K

Ne=960rpm
£=21.6
1.>50%
Experiment

Reaction Start Timing

6 1r sTART » GHTR START deg




. Methane n-Butane
. Methane rn-Butane

0 01 02 03 04 05
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