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RIRIGERIO) BF3X
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. RIGODTEK

BoaFRiE A=B4+C
—9SFRE A+B=C+D
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M : Third Body(Z ={%)
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RIRIGOR R EXN

o E-E,
Je K(E)g(E)dE [ p"(E.)E.
K = k(E)="
|, 9(E)dE hp(E)
k(E):microcanonical rate constant c
g(E):distribution function (E) A K(E)

p(E):Density of states of reactants \
p"(E,):Density of states
of the activated complex g(E)

At thermal equilibrium:
Energy Transfer Rates >> k(E) => Boltzmann distribution

0(E) = p(E)exp(-E/KT) k=" -2

=>EEBR =B REERICIIEEER

exp(—E, /KT)




g(E)hiBoltzmann R H TGl \EZX1F ?

- Master equation analysis

WD M TRE 9L - R(E', E)g (E.OIE-K(E)G(E.
at steady state R(E”E): T L ¥ —BBEE
K, 0(E) =[M][ [R(E,E"g(E") - R(E', E)g(E)dE—k(E)g (E)
EETIE

R(E’,E)<<k(E) | g(E)

=>Boltzmann% i [Z/R57ELY

=>REDET \

B FEABIR

REE)<=MIZ Lk W B35
=> B=zhR




V / Hartree

il 1 : REEIERG (CH3NC < CH3CN)
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g/ kJ-mol



Energy (kcal mol)
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Energy (kcal/mole)

-10

-20

-30 |

-40

-50

-60

CoHs+0s @)

i3 C:Hs10:

CoHy+ HO,

C,H40 + O

CH,CHO + OH

108 I
— 1500 K
PR
107 //
e
108 pd 1000 K
- P _
10° & s P 850 K
™ E // - s ——
w 10° /s =
3 E /// -
103 S Az 700 K
o e ——
102 e
z -~
s 600 K
10 ,__...--'— ____
/—"
i -
1
0 1 100 10000 1000000 1E8
P/ Torr

C,H,0,=HO,+C,H, 0 = o 5L,

A1 C,H,0,=C,H,+0,

B Lo =56

D itk 1 & 5

J.A.Miller and S.J.Klippenstein, Int.J.Chem.Kinet., 33, 654 (2001)
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14 C:Ho102

| butyl + O2 *m
37 2
_ CoHa + k _OH
) \/\ *h3d 20 NS (o)
CH, + 02 *h3c /15 +*CH200H 17
reactants *h4h 9
*h4t -10
*h4r -26 H
*hd HC_ _OH
—48 ©
Z \ .
(=) e
-80 A
E H4
~ )
; CH,
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z
m f _OH
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-140
-146 ~F HO
+ H2CO (_CH,
g +OH § O, + H2CO
o} i
+ O *hatd |
*h3td 227 —— -226 :
-240 :
254 244
| 260 o
N N +OH 286
oH 302 OH HO H4T |
CBS-QB3 E(0K) H3T  +HzCO _~_°

A. Miyoshi, Int. J. Chem. Kinet. 42 273 (2010).
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KROIBARRNRERIGRIN

Initiation

H,+0,=HO,+H

Chain reactions H+0,=0H+0

O+H,=OH+H
OH+H,=H,0+H

Recombinaiton H+H+M=H,+M

HO, reactions

0+0+M=0,+M
H+OH+M=H,0+M
O+H,+M=HO,+M
OH+OH+M=H,0,+M
HO,+HO,=H,0,+0,
H+HO,=OH+OH, H,+0,
O0+HO,=0H+0,
OH+HO,=H,0+0,
H+H,0,=H,+HO,,0H+H,0
O+H,0,=0H+HO,

10 000

Pressure / torr

-
o
o
o

100

10

Slow

Second limit g

reaction

|
400

| X
450 A 500
Temperature / °C

550




BERROETORE

M.P.Burke, M.Chaos, F.L.Dryer, and Y.Ju, AIAA 2009-990
M.P.Burke, F, L.Dryer, and Y.Ju, AIAA 2010-776
M.P.Burke, M.Chaos, F.L.Dryer, and Y.Ju, Combust. Flame, 157 (2010) 618-631

0258 22 £95 1 (1) = (pD)o

I 0
@ ~ p"exp (—~E,/RTf)
0.16
Ha/Oz/He, @=0.85
0.14 { T; ~1600K __,#-" = - ~ .
— L]
f:'m 0.12 W —.‘—-\F‘.
= E
o . —_ el
o 0.10 i _
g . - ﬁ\
E 0.08 ) 2. I
—
=
S 0.06 - 4 ~ -
3 i/ |
=] - - Present exggnments "‘*-...___
0 . o Tseet al. (2000) — e —
@ 0044 §F == -K_unn«:w((EDUB
= Li et al. (2007)
Saxena & Williams (2006)
ooz "™ === Sun et al. (2007)
O'Connaire et al. E}E:]d}
Danis et al. (2005
0.00 — -GRI-FIECH 'D{.1 ) . .

0 5 10 15 20 25 30
Pressure (atm)

Fig. 4. Mass buming rate measurements from the present study and from Ref. [10]
for various pressures for Ha/Oz/He flames of equivalence ratio 0.85 and flame
temperature of ~1600K. Lines show predictions from the different models
considered in this study [12,17-21,24].

. {sa In(f° }}
f* ~ p"* exp(—Eq/2RTy) aln(p) J 4,

1.20
Ha/OofAr, p=2.5 e
Ti ~1600K i
- 1.00
‘w
o
S 080
o
]
S 060- -
o
c
E
Z 0.40- )
o - <= =FPresent experiments — —
wn Li et al. (2007)
= O'Connaire et al. (2004)
= 0.20 1 —Saxena & Williams (2008)
Davis et al. (2005)
= = =Konnov(2008)
—-=-=3un et al. {(2007)
0.00 |_ —GRIHI.-'IECH 3.[:{1999} | |
0 5 10 15 20 25 30

Pressure (atm)

Fig. 5. Mass burning rate measurements for various pressures for Hz/Oo/Ar flames
of equivalence ratio 2.5 and flame temperature of ~ 1600 K Lines show predictions
from the different models considered in this study [12,17-21,24].



Revision of Rate Constants: an example
H+HO2=H2+02, OH+OH, H20+0O

Extended 2" explosion Limit
(2) H+O2=HOH+O
(15)H+O2+M=HO2+M

(5) H+HO2=H2+0O2

(6) H+HO2=OH+OH

ki+ks 2k,
2k5 le[M]
1nn-:""l""l""l""'l LA | L | IIII__I._:

@ won Blbe and Lowis [£3]
v Eggerton ard Warren [44]
& Hueiple and Lowis [45]

& Baldwin ct al, [15]
o Baulch et al. [45]
& this work

termperaturs [K]

Muller et al. (1999)

H,0 + 0 ('D)
9.4(-254)

H, + 0, ('A)

91 4(-106.6)

HO + OH
-177.0(-162.5)

Hy+ 0, 0%, )

-229.01(-230.17

H.0+0(P)

-242.2(-223.5)

R2-TS
79.6 (29.9)
R3-TS e,
TT6(61.4) .
RI-TS
6.2(-45)

-135.0 -

= .

oot g7y
(-164.3)

H,0.0(PA)

-246.6(-221.4)

HOOH*
-353.6(-357.3)

Mousavipur et al.(2007)

H+HOO

L i .-. I:I'_{'
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Revision of Rate Constants

H+HO2=H2+02, OH+OH, H20+0O

H+HO2=H20+0

10
: 10"
F.f_'\ 1012
T W
-
.—
o
i E 1011
b Lo
] g
] = 10"
10°
H+HO2=H2+02 .
10 6
T T T T T T T T T T T T
1 H+HO2=0H+OH _
L Black(solid): Baulch1992
E Black(broken): Baulch2005
4 Blue : Muller1999
) Green :Mousavipour2007
| "a OpenCircle:Keyser1986
| 7 "s, ClosedCircle:Sridharan1982
- e ClosdeSqare:Boldwin1979
e J e OpenSquare:Boldwin(revised)
- =
o
-]
£ 10"+
~ N
. E ]
o i
S—
Cx ]
13
10 L) L) l L) L) L) l

1000/T

2 3
1000/T




Ignition delay / ps

Validation: Shock Tube Ignition delay

2

10" 2
E 10 5
P=33 atm 1 P=4 atm
lao=1.0 ] circles and solid lines: H2/02/Ar=5.9/2.9/91.2 (N
lopen circle :0.5% H2 1 squres and broken lines: H2/02/Ar=3.5/3.5/97
, | closed circle :2% H2 ]
—~ 104
o
g
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L
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o 10
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*
B 5 _
10 _E%'-'
@M uT112
° Konnov
LLNL
10" . I IIIIF:rincletonlll 10° : — ‘
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9 1.0 1.1
1000/T 1ooorT
10’
Catherina et al 2000% Circles:Slack (1977} ]
3 - 1 Ehaskarn ans Gupta
10°d H20H0/Ar=RA/AE6 ; | p=2 atm ] a5 o
P=4 atm 109 Hziair, =1 : 23:29%-22.59:14_79152.32
-
_- 2
! ES
7 B .
5 > 10
- (=] 3
2
10" S 104 s
T ] Z
L= R=J
4046/ 10'+
101 LN i B A i B A B B B A A B e m T 10' T T T T T T T T T T T T T T T T uI?S 0‘39 ll;lS nlgu 0;15 1.00
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 0.85 0.90 0.95 1.00 1.05 ) . 1'()['0 T ) ) )
1000/T 1000/T (1000/K)
Princeton J.Li, Z.Zhao, A.Kazakov, F.L. Dryer,

Int.J.Chem.Kinet., 36 (2004) 566-575

LLNL :M.O’Conaire, H.J.Curran, J.M.Simmie, W.J.Pitz, .K.Westbrook,
Int. J. Chem. Kinet., 36 (2004) 603-622

Brussel : A.A.Konnov, Combust. Flame, 152 (2008) 507-528
UT—JAXA ver1.12a .......still in progress



Su (cm/s)

Validation: Flame Speed
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Missing Reactions?

Production of electronically excited species:

No model includes O+OH+M=HO,+M.

(Burke et al. 2010)

HO,

I.D-'H}

1o-11L

K(T} [cmF molecule / 5]

10-13L

10712}

10-14
1

F jatmj

Germann and Miller (1997)

Yih)

H+HO,= O('D) +H,0

-150.76
J HED‘I'OPD':' //-7_ HDD + H
-150.80 4 o i
\\ [
4 III II
II| I )
150.84 - Vo
\ |
B EDHlir[-:l HEDD-III
—_— - |
-150.88 - ™ |
|'I
\
-150.92 | \o
o
HOOH
—7T1 1 - 11 -1 11 1T 171

-5 -4 -3 -2 -1 0 1 2 3 4 k
Reaction Coordinate (A)

O('D)+M=0(P)+M
M=Ar,He,H, :slow (spin forbidden)
M=0,,H,0,N,: fast
O('D)+H,=OH+H
O('D)+H,0=0H+OH

H+HO2+-M=H202+M ?



Concluding Remarks

No model can predict high pressure mass burning rate
at fuel rich conditions.
Differences in each model prediction are considerably large.
More precise values of rate constants for following reactions
are required for the better understandings of high pressure
H, combustion:
H+OH+M=H,0+M
H+HO,=H,+0,, H+HO,=OH+OH, H+HO,=H,0+0
OH+HO,=H,0+0,

There is a possibility that some important reactions are not
included in the Kinetic model.
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RON

120

100

80

60

40

20

-20

EHEORFIREES KNS

c C cc
~cce ccc CCCC
; ,CCCCC
8 : CC
ccce— -G~ -CCCC. :
ccce gCC ¢ Compression
CC&C\}: C: burned gas V¥ episton
H C spark E: V¥ eexpansion of burned gas
i cccccce flame
f" c propagation Auto-ignition before the arrival of
iy f flame front(Knocking)
écc&c ; -
: : Octane Number: Indicator for antiknock property
Branching ] el
: &cceccee | T PRF (Primary Reference Fuel)
27 iso-octane (100)
L : c r e.d. PRF80 )
... CCCCCCCE ' hepntane:iso-octane=20:80
CH, addition c-c-c-C-C
cC C J
Length ccceccg
2 4 6 8

Number of Carbon atom
(Lovell et al. 1948)

32008



RLKROIRMRIGIN: SR cEa

= RH .
I=3um Kim 7
* + LOW temperature oxidation
& R O S eignition
f \ = 30} .Knocking 140
G Repaxasvsn R B .
v o v 2 |
CH,O QOOH &
¥ HOOH ¥ 0 " 1’
CHO ® Q(:)%)H Vi vl
1 —Hearelonerae
) H (-) (_)H ;2 o 0'980 -60 -40 20 0 20 40 60 8020
* A Crank angle {ATDC)
CO HOOR C=0+0OH
v OH 4
CO2 OR"C=0+0H

mim > RKFERE > KR
AXHEE: R+0,=RO, [R]=[RO,]
=.a=> RARE

{E:B=>RO,N"EE sE$ 2008

Heat release rate (J/CA)



el E:iRaE? What is the Criteria?

{&n <ARHoE <Sn
R+0,=RO, at EHiBE [R]=[RO,]

AH%0g ¥ Ceiling temp/K
at 0,=0.1 atm
500K 800K  1200K

H[3] 208 16.8 8.6 4.1 1920
CH;|3] - 135 7.4 2.1 - 0.85 930
C,Hg" - 147 7.6 1.9 - 1.30 900
i-C3H," - 155 7.7 1.6 - 1.75 860
t-C4H o - 153 7.1 1.1 -2.3 820
CH,CHCH,™™ - 75 1.6 135 -3.0 550

* LR. Slagle, E. Ratajczak and D. Gutman, J. Phys. Chem., 90 (1986) 402
#*% ] R. Slagle, E. Ratajczak, M.C. Heaven, D. Gutman and A.F. Wagner, J. Am. Chem. Soc..
107 (1985) 1838.



RICKRIEEOERRIGRE —Saik

H20+ H
OH + H;

UH"’U”

OH + OH —
0 + H0 —
Hs0; +M —
(0 + OH —

LN W N N N N "W O .
N W O W S O L W N

N N, WO, A~V O O ™.

H + (O, ~
0 ¢ CHy —»
H+CHy(+M) —
H + CHO —
CHO* M —
CHel+M) —
0 + CH,—

H, + O
H,0 + O
OH + OH
HO, + M
€0, + H
€0 ~ OH
CH,0 +H
CH, (#M)
H, + CO
(0+H+M
CH, +Hi)
CH,+ CO

H+02=OH+OFRHEE
AR D EEFX R L

i

Lamimar Flame Speed, s° (cm/s)

(emis)

Lammnar Flame Spegd, &

Sl

&
y I S ——

Propane
[
1 # FEthane
o Moethane
] s 1.0 i.2 1.4 1.6 1.E

Equivalence Ratio, ¢

IJI . -
o '
]
o » :
LY N '
- n
| - *
iy *
2
*  uHeptane L S
} Hezwam: *
*  nlcnkamc
w-usane
L1
{01 {1 1.0 1.2 1.4 |5 |.5

Equivalence Ratio, g

C.K.Law ‘Combustion Physics’



RH(alkane)

(SRR G W]

decomposition

R(alkyl radical)

WRG
A

Engine ignition:
lower than 800 K
—low temp. mechanism

RO+R O <—RO +HO

%‘
RO, H—RO+0OH

OH : 1gnition promoter

- - / olefintHO,

chain branching QOOH Z» epoxide+OH
QOOH+0,=0,QO0H 10 l carbonyl+olefintOH
0,QO00H =alkoxy radical+20OH 2

0,Q00H

propagation |
QOOH=olefin+tHO, keto-hydroperoxide+OH
QOOH=epoxide+OH l

alkoxy radical+OH

QOOH=carbonyl+olefin+OH

INE 2007
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n-butane o ,0.,
(') o H 0-0O-H
C-C-C-C — C-C-C-C —» — Cc-C C— _ .
0, C-C-C-C \¢’ CCCC o, ©:Q00H

6 EIRIBEZETO,QO0HE A

H H H
si-butane 0 O O 0 "0-0-H
0 0 0 O "
c-c-C — ccc ?ccc—»ccc o ccc—»ccc—»ccc
C C 2 C C 2 Oc OC Oc
0" 6T 0o
H H

6RIRTD I FAKRSISHRSEHHEEZL
OHZUANZEZDHSHEWNGEENHS

"HRFD5[ZHEFPT I -CIH(Z R FR)>-C2H2 (Z k) >-CH3 (—#R)
- BREEIEREBEENRLEEDOTVNEAIRILT—DT=H INE 2007



ik{bkRO):

Gas-Phase Homogeneous
Combustion of H, involves

8 species and 20 reactions

R RIS

— Huge Number of Reactions

of n-Heptane (C,H,g) involves

~540 species and ~2450 reactions

of I-Octane (CgH,g) involves

~850 species and ~3600 reactions

species

h h2 o 02 oh h2o n2 co hco co2 ch3 ch4 ho2 h202 ch2o ¢
c2h4 c2h5 ch2 ch c2h c2h2 c2h3 ch3oh ch2oh ch2co heco
pc2hdoh sc2hdoh ch3co ch2cho ch3cho c3h4-a c3h4-p c3hé
ic3h7 c3h8 ic4h7 ic4h8 cah7 c4h8-2 c4h8-1 sc4h9 pcsh9
c4h10 ch3coch3 ch3coch2 c2hScho c2h5co c5h9 c5h
ac5h11 bc5h1l ccshll dc5hll ac5h10 be5h10 ccShl
c5h11-1 c5h11-2 c5h11-3 neoc5h12 neoc5hll c2h5g
ch3o02h c2h502h c2h301-2 ch3co2 c2h401-2 c2h4o2h
ch3co3h c2h3co c2h3cho c3h50 c3h6oohl-2 c3h6ooh
c3h6ooh1-202 c3h6oohl-302 c3h6ooh2-102 nc3h7o ic3h70 n
ic3h702h nc3h702 ic3h702 c3h601-3 icah8o icahB8oh fo02cA
c4h70 c4h8oh-1 c4h8oh-2 02c4h8oh-1 02c4h8oh-2 c4h8oohl
c4h8ooh1-402 c4h8ooh2-102 c4h8ooh2-302 c4h8ooh2-402 t¢
ic4h8ooh-i02 ic4h8ooh-to2 c4hB8oohl-2 c4h8oohl-3 c4h8od
c4h8ooh2-3 c4h8ooh2-4 ic4h8o2h-i ic4h8o2h-t tcah8o2h-i
c4h801-3 c4h801-4 c4h802-3 cc4h8o pcah9o scah9o icah9d
pcah9o2h sc4h9o2h ic4h9o2h tcah9o2h tecah902 icah902 sg
ch3coch202 ch3coch202h ch3coch2o c4hl0o c2h3-ch2o0 ac5h
ccbh1102 de5h1102 ac5hllo2h beShllo2h cc5hllo2h de5hil
beshllo cc5hilo deShilo ac5hi0ooh-a ac5hi10ooh-b ac5hig
besh10ooh-a beShi0ooh-c¢ beShi0ooh-d cc5hi0ooh-a cc5hig
dc5h10o0oh-a de5h10ooh-b de5h10ooh-¢ ac5h100oh-ao2 ac5h
ac5h100o0h-co2 ac5h10ooh-do2 be5h10ooh-ao2 be5h10ooh-cc
cc5h1000h-a02 cc5h1000h-bo2 cc5h100oh-do2 deShi0ooh-ag
dc5h1000h-co2 a-ac5h10o a-bc5h10o0 a-cc5h100 a-dc5h10o
b-dc5h100 c-dc5hi0o c5h1102-1 ¢5h1102-2 ¢5h1102-3 c5hil
c5h1102h-2 c5h1102h-3 c5hllo-1 c5hllo-2 c5hl10-3 c5hid

reactions
ch3+h(+m)=ch4(+m)
ch4+h=ch3+h2
ch4+oh=ch3+h20
ch4+o=ch3+oh
c2h6+ch3=c2h5+ch4
hco+oh=co+h20
co+oh=co2+h
h+o02=0+oh
o+h2=h+oh
o+h20=oh+oh
oh+h2=h+h20
hco+m=h+co+m
h202+oh=h20+ho2
c2h4+o=ch3+hco
c2h4+h(+m)=c2h5(+m)
ch3+oh(+m)=ch3oh(+m)
c2h6+h=c2h5+h2
ch3oh+ho2=ch2oh+h202
c2h5+02=c2h4+ho2
c2h6+oh=c2h5+h20
c2h6+o=c2h5+oh
ch3+ho2=ch3o+oh
co+ho2=co2+oh
ch3+ch3(+m)=c2h6(+m)
h2o+m=h+oh+m
ho2+m=h+02+m
Co2+m=co+o+m
C0+02=c02+0
hco+h=co+h2
hco+o=co+oh

2.138e+15
1.727e+04
1.930e+05
2.130e+06
5.500e-01
3.020e+13
9.430e+03
1.920e+14
5.080e+04
1.213e+05
2.160e+08
1.860e+17
2.400e+00
1.320e+08
1.081e+12
5.649e+13
5.370e+02
3.980e+13
1.220e+30
5.125e+06
1.130e+14
1.990e+13
1.510e+14
9.214e+16
1.837e+27
6.852e+19
2.328e+19
1.068e-15
7.230e+13
3.020e+13

-0.400
3.000
2.400
2.210
4.000
0.000
2.250
0.000
2.670
2.620
1.510

-1.000
4.040
1.550
0.450
0.100
3.500
0.000

-5.760
2.060
0.000
0.000
0.000

-1.170

-3.000

-1.470

-1.000
7.130
0.000
0.000

ch2o+m=hco+h+m
ch2o+oh=hco+h20
ch2o+h=hco+h2
ch2o+o0=hco+oh
ch3+oh=ch20+h2
ch3+o=ch20+h
ch3+02=ch3o+0
ch2o+ch3=hco+ch4
hco+ch3=ch4+co
ch3o(+m)=ch2o+h(+m)
c2h4+m=c2h2+h2+m
ho2+o=oh+02
hco+ho2=ch20+02
ch3o+02=ch20+ho2
ch3+ho2=ch4+02
hco+o2=co+ho2
ho2+h=oh+oh
ho2+h=h2+02
ho2+oh=h20+02
h202+02=ho2+ho2
oh+oh(+m)=h202(+m)
h202+h=h20+oh
ch4+ho2=ch3+h202
ch2o+ho2=hco+h202
oh+m=o0+h+m
02+m=0+0+m
h2+m=h+h+m
c2h4+m=c2h3+h+m
c2h5+c2h3=c2h4+c2h4
c2h2+h(+m)=c2h3(+m)
c2h4+h=c2h3+h2
c2h4+oh=c2h3+h20
c2h4+o=c2h3+oh
c2h2+m=c2h+h+m
c2h2+02=hco+hco
c2h2+h=c2h+h2
c2h2+oh=c2h+h20
o+c2h2=c2h+oh
c2h2+o=ch2+co
c2h+o02=hco+co
c2h+o=co+ch
ch2+o02=hco+oh
ch2+o=ch+oh
ch2+h=ch+h2
ch2+oh=ch+h2o0
ch+o2=co+oh
ch+o2=hco+o
ch3oh+oh=ch2oh+h20
ch3oh+h=ch3+h20
ch3oh+h=ch2oh+h2
ch3oh+ch3=ch2oh+ch4
ch3oh+o=ch2oh+oh
ch2oh+02=ch20+ho2
ch2oh+m=ch2o+h+m
c2h3+02=c2h2+ho2
h202+0=0h+ho2
c2h2+o=hcco+h
c2h2+oh=ch2co+h
ch2co+h=ch3+co
ch2co+o=hco+hco
ch2co+oh=ch2o+hco
ch2co+m=ch2+co+m
ch2co+o=hcco+oh
ch2co+oh=hcco+h20
ch2co+h=hcco+h2
hcco+oh=hco+hco
hcco+h=ch2+co
hcco+o=hco+co
c2h6+02=c2h5+ho2
c2h6+ho2=c2h5+h202
c2h6+c2h4=c2h5+c2h5
ch3+c2h3=ch4+c2h2
ch3+c2h5=ch4+c2h4
ch3oh+ch20=ch3o+ch3o
ch2o+ch3o=ch3oh+hco
chda+ch3o=ch3+ch3oh

c2h3+h=c2h2+h2

3.300e+16
3.430e+09
2.190e+08
4.160e+11
4.000e+12
1.300e+14
4.800e+13
5.540e+03
3.000e+11
1.995e+13
9.330e+16
1.810e+13
1.000e+14
7.600e+10
3.610e+12
9.096e+12
1.690e+14
8.450e+11
1.450e+16
5.942e+17
1.236e+14
3.070e+13
1.120e+13
5.600e+12
3.909e+22
6.473e+20
4.570e+19
6.300e+18
3.000e+12
2.345e+15
1.500e+07
2.020e+13
1.510e+07
1.000e+14
4.000e+12
2.000e+14
6.000e+12
3.200e+15
6.700e+13
1.000e+13
5.000e+13
1.000e+14
1.900e+11
2.700e+11
2.700e+11
1.350e+11
1.000e+13
6.620e+04
6.450e+11
4.000e+13
4.150e+01
3.880e+05
1.000e+14
1.850e+24
1.000e+12
9.550e+06
3.560e+04
3.200e+11
1.100e+13
1.000e+13
2.800e+13
2.000e+16
5.000e+13
7.500e+12
7.500e+13
1.000e+13
1.100e+14
3.400e+13
4.000e+13
1.700e+13
5.000e+11
7.940e+11
7.940e+11
1.533e+12
1.150e+11

=ipset (BK) IR

0.000
0.000
0.650

-0.370

0.000
0.000
-2.000
-1.500
-1.400
0.000
0.000
-0.870
2.000
0.000
1.910
0.000
0.000
0.000
0.000
-0.600
0.000
0.000
0.000
0.000
0.680
0.670
0.670
0.670
0.000
2.530
0.000
0.000
3.170
2.500
0.000
-2.500
0.000
2.000
2.700
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

7170.0

34190.0

3970.0
1391.0



*  KUCRS R

40 atm, ¢ =1

102

KUCRS: :
E:__
Knowledge-basing Utilities i
for Complex Reaction Systems > koctane (exp)
104 74 © n-heptane (exp)

— i-octane
—— n-heptane

— /L_/I”\“_X#ﬁ/f//ﬁ%f,fffﬁfffy—/b 0.|9 1.|0 11;1,0_,-;"2 1.I,3 1,|4

s RIGCEEBERDI=-ODIA4TI) 02 AN EE
- molecule V72X (fBERIE, BMERE, BERE, etc.)
- specAdmin V2R (ILFEEHE - ¥, AT—42X, etc.)
- reaction V75R (RIGEEHRZIE - ERRE, SRiERH, etc.)

— STTRSHh/=B8EX Y/, ITF ? ... NO
c RIGREEH</OEINE 77 LR - 21— HKET - AR
« A—HIZKBF - RIGDELIR - A6V —R | GPLEZfh *new: 2010.02.21
e RIFSNTLBADIE—E]
- RF| ¥ (n-heptane, i-octane) M BE X EDREE
- RON &DHEEEIZ KB AF D R FAIE R D FREE

ZHREERK) RE
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TiEEIORICEIEERIBL T : +or—ren

L¥as—hVIC OB (1R#: PEC) Compatrison of [, between
gasoline and surrogate Fuel
No. Vol% NAME (B. M. Gauthier et al., 2004)
1 1.26E-03 ethane
2 5.07E-03 proyrene 2000 , ,
3 3.16E-02 propane P =55 atm, g=1.0
4 1.07E+00 iso-butane ; . b
5 3.00E-01 iso-buthyrene — * .
6 3.16E-01 1-butene 4 1000} : & -
7 5.52E-03 1,3-butadiene - Z
8  1.92E+00 n-butane = {
9 6.19E-01 t-2-butene = -
10 1.89E-02 2,2-dimethyl propane % »
11 5.08E-01  c-2-butene I
12 1.26E-01 3-methyl-1-butene = -
13 9.57E+00 iso-pentane E »
14 2.61E-03 1,4-pentadiene =
15 3.63E-01 1-pentene % .'.' e Gasoline (RD387)
16 6.96E-01  2-methyl-1-butane —_ o e Surrogate Fuel
17 5.39E+00 n-pentane .
18 1.94E-02 2-methyl-1,3-butadiene 10 e HGICH G HCH =17:63:20
- (?.Qﬂ 095 100 105 110 1.15
" 1 3, .1
425 C,-C,, species, Millions of reactions? T (10 K

B3 - 2008



Ti*/ 1> - 05— i

Real Fuel Component | Surrogate Fuel Component

Iso-paraffins ISO-0ctane

normal paraffins n-heptane, n-hexadecane

cyclo-paraffins methylcyclohexane

single ring aromatics |toluene KUCRS
multi-ring aromatics alpha methylnapthalene

olefic species 1-pentene

ethers ETBE

(|2H3

CH3-CH2-OH + CH2=(E-CH3—> CH3-CH2-0-(|:-CH3
CH3 CH3
ethanol iso-butene ETBE:Ethyl Tert-Butyl Ether

INE-2007



PRF + E1OH+ ETBEORIGHRIBOWEE(])

PRFORIGHE <= KUCRSIZKZBEIER
EtOHD & IHEfE <= Marinovio D#E1E
ETBE <= BEELZRIGICOVWTEFILFHEHEEERICKYEEEHEEM

ETBE + H or OH — ETBER (Alkyl type radicals) + H, or H,O

Abstracting

Calculated E,

rodical Site /keal mol!
ETBE DMP

H| a (primary) 11.7 10.5

b (secondary) 5.4 8.0

¢ (primary) 11.9 10.7

OH | a (primary) 24 20

b (secondary) 0.2 1.7

¢ (primary) 3.2 2.6

(R1)
ETBE
T
CH;-CH-0-C-CH

¢ b ¢y,
d

DMP
CH-

I
CHs'CHE'CH 2'(I:'C HS
¢ b CH,
a

INE 2007



PRF + E1OH + ETBEORIGIRIBOWEE(2)

ETBER +O2 - ETBERO2 (R2)
ETBERO2 — ETBEQOOH (R3)
ETBERO2 — ETBEQ (Alkene type species) + HO2 (R4)
E
407 R+ e e R . fkcalarnﬂl-l
T eaction ETBE | DMP
E 30 - Rb Rb
— R+02 361 | 351
S rmn
% 50 4 i’_S 9 232 | 231
& QOOH 169 | 177
o 10- Sring 384 | 383
5 TS
LLJ _
QOOH 187 | 177
” HO?2 288 | 308
elimT S
ETBERb® K IH(R-4)IZE83 2 PES Q+HOZ | 237| 205

=>{tFFEE625. RILE2254D MR IGET ILEER

INE:2007




ML OERRIGRIBORER

(RSER: MGELTHENELEHNTIND)

Main reaction path below 1000 K and 1 atm

N\ °
+OH, +C.H,0
CH2 CH3 )
o o CH:2
~~0 @
""02
A ¥
CH200
i i
uni uni

;832008

CEHACH2(triplet)+HO2

.. (62.0kcal)

&0

{;/“X\
COHSCH30+0 ¥ CBHACH20+0H

= w0} (39.9cal 715 (5tokea)
TS{4-centered)
= o
o
-
"
. COH5CH2+02
Bf of
—
T
&

20 |- H20(cyclic)+OH

CBH5CH200
{-22.2%cal)
40
CGH5CHO+OH SHHOH)CH20
(-51.3kcal)
-60 ce|-|50+(:|-|20

Murakami,Oguchi,Hashimoto,Nozaka, J.Phys.Chem.(2008)



CFRI ¥ /ICFSRONMESR

1.0

B ETBE
[JEthanol

o
oo
T

o
(=]
T

ARON/vol%
o
o

o
N
T

0.0

R80OTO R100TO R90TO R90T35 R90T70
Base Fuel

BR—ZBRELDORONEENINE (ETBE-TA/—/JL1.0vol% 2 1=1))

A2 AR ESNEIE
JILRILATRY
AIF DR
(ML)

»>I~3/—)L>ETBE
BF 2007

»R90TO>R90T35>R90T70



A2 MOFl <= CCRERONORIE

PRFIZDWTEHEBF NDBRREMELL(CCR)ZETEL . RONECCROIBERR
#KRH5B,

FKHDBREHZDNT, CCREETELRONZ LEEDREBIORTET B,

) _ 1+—C_1[R—I—CGSE—JRE—Sin:H] 120
v, 2 ]
| 100_5 ...... . .
Heat loss model 803
Q'ﬂ.’:-l]l = hA(T- Twil] g 60_;
i i
Nu, = }E] 07
A E
Nu, = aRe Pr° -
; Experimental Data:Curran et al. (1996)
- 04 ‘e
.f"r LLEANELEELEE RLELN LN

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2
CCR




RON

7232 AROETH

PRFIZX3 kLT, EtOH, ETBED FHINZhE

110 T T T T T T T T T
PRF80+Toluene

’/
'y
100+ ® | 1004
& - n
I 1 S x
® & u
@0 »
80t ® o i
o ]
[ 1 e

¢« Exp.
80 o ¢ Sim. 4 T T
o 2 4 8 8 T 12 U ®
%ETEE
0 10 20 30 40 50
Mole fraction of toluene 1054 N

JBH. /NE:2008-2007

SR IBEFPECOCFRI U2 TINE /




Model Fuels Consortium (MFC)

With engine and fuel design becoming increasingly coupled, the combined
obstacles make the use of combustion simulation key to engine development.
The MFC engages industry luminaries in accelerating the development of
software tools and databases to enable the design of cleaner burning, more
efficient engines and fuels.

3 *‘
., -
-~ -

Loy PEUGEOT

rea;:_t_ion
N .
ConocoPhillips
GE Energy SUZUKI
(SE2A
NS
P TOYOTA

w VOLKSWAGEN

ma=zDa



MFC Technical Advisory Team

e Dr. Charles Westbrook — Chief Technical Advisor

— A pioneer in combustion modeling while at the Lawrence Livermore
National Laboratory

e Prof. Mitsuo Koshi, Tokyo University
— Expert in combustion kinetics and mechanism generation
e Prof. Anthony Dean, Colorado School of Mines
— Expert kineticist; formerly lead scientist at Exxon
e Prof. William Green, Massachusetts Inst. of Technology

— Expert in numerical methods for model reduction and@ryechanism
generation techniques

e Prof. Ulrich Maas, Universitat Karlsuhe
— Expert in engine combustion simulation and numerical methods
e Prof. Hiromitsu Ando, Fukui University
— Former deputy general manager of engine research at Mitsubishi Motors

e Prof. Rolf D. Reitz, University of Wisconsin

— Soot formation kinetics
e Prof. Angela Violi, University of Michigan
— Soot formation, experimentals



surrogate Composition Optimizer
e Pure component data

— Existing surrogate mechanism with the required pure

component fuel properties

— Newly merged mechanisms will need additional
commented values for a new fuel added to the input

! [_ SMILES="CCCC-C" _]

' [_ IRCHI="InChI=1/C5H10/cl-3-5-4-2/h3H,1,4-ZH
I [ CAS=T10@-§T-1" ]

' [ rlass="n-Alkenea™ ]

! [ Soilingpoint="303T ]

' [ LowerHeatingValue=R44 40810 ]

' [_ Cetane="24.4" ]

! [_ RON="91" _]
! [_ MON=-"T7" _]
c5hi10-1 -thermd  10C 5 &
1.4585153%e+1  2.24072471e-2 -7.633420252—6 1.131839662-9-
-1.00898205a+4 -5.236E3936e+]l -1.06223481e+0 S5.T49421831942-1

l.273699E52-3-1,79609780e-12 —-4.4654C0E624+3

* Fuel Class

* Octane Number

* Cetane Number

* Hydrogen Carbon Ratio
* Oxygen Carbon Ratio

* Lower Heating Value

* D-2337 Distillation Curve

2, ZHI" ]

o0 50 QUtpUt SCreen

3.227387202+1

details the
optimized
properties
— Export of a
composition

array to an
ASCII format

— Readable by
CHEMKIN-MFC

Targeted
Property
aromatic
n-Alkene
i-Alkane
n-Alkane
cycloalkane
RON

H/C Ratio
T10

T20

T30

T50

T70

LHV

Targeted
Value

28
.05
0.4
0.19
0.08
91
2.03
324
337
351

38 U

378
445

Optimized
Property
.285

.05

0.4

0.199
0.084

98

1.96
321.1
368.2
371.7
372.1
374.0
44.51



KUCRSIC&S
Diesel D" —EFIORIGIRMNINER

Diesel A4 —}: 10°
JIRILEZ LR P=13.5 atm, C16H34/Air, $=1,

n-C16H34
1555 species, 4979 reactions

i-C16H34
2,2,4,4,6,8,8- heptamethylnonane(HMN)
CC(C)(O)CC(O)(O)ccoeccey o
5524 species, 17539 reactions

n-C16H34+HMN 10°
6907 species, 27033 reactions

10"
i-C16H34

10°

Ignition Delay /s

% n-C16H34

F#2:-KUCRS
A :Westbrook et al.

4

3 S oy N -~ 10 Ty rTrr rTrr Ty Ty Ty rTrr rTrr LA
HCCIfABES SaLb—ay 08 09 10 11 12 13 14 15 16 17
1000/T

C.K.Westbrook, W.J.Pitz, M.Mehl, and H.J.curran,
Proc. Combust. Inst., 33, in press.

C.K.Westbrook, W.J.Pitz, O.Herbinet, H.J.Curran, E.J.Silke,
Combust. Flame, 156, 181-199, (2009).

1500

Temperature (K)

1000

A fi=57.5 -

Ll 1 1111 | L 111 | 1111 | 1111 ‘ 1111 | 1 |
000 002 004 006 008 010 012 014
Time (sec)

500




4.2 RIGIRIBOMBIE



CFDAO#dhAd<=RIGIRIBORGEIE

Reduction ELumping

DRG: Directed Relation Graph
T.Lu, C.K.Law, Proc. Combust. Inst., 30 (2005) 1333

PCA: Principal Component Analysis
S.Vajda, P.Valko, T.Turnyi1, Int. J. Chem. Kinet., 17(1985) 55

CSP: Computaional Singular Perturbation
S.H.Lam, D.A.Goussls, Int. J. Chem. Kinet., 26(1994) 461

ILDM: Intrinsic Low-Dimensional Manifolds
U.Maas, S.B.Pope, Combust. Flame, 88 (1992) 239

RCCE : Rate-Controlled Constrained Equilibrium
J.C.Keck, D.Gillespie, Combust. Flame, 17,237(1971)

XD EStiffness DIEF



Temperature (K)

3000

2500

2000

1500

1000

500

DRGIC SRR {EON: TRF

CR=17, 600RPM

3000 T T T T T T T 1T T T

2500

8
s

=4 [TTTT[ T[T TITTTTTT]]

-
o
=
Q

Temperature (K)

1000

.

0.02 0.04 0.06 0.08
Time (sec)

500

=]

€=0.2, 280 species,1183 reactions

=T I T T T T | T T T | T | T T T T
__ | | | 1 | | | | | | | | 1 | | | _I_
.00 0.02 0.04 0.06 0.08
Time (sec)

Full Mechanism:
758species, 2877 reactions

N4

8 8
: (=] o
S AARNRARRNRRRRNRRRRRERRRNRN

Temperature (K}
=~
]
(=]

=)}
==
=

_IIII|IIII|IIII|IIII|IIII|IIF

| | | | | | | | | | 1 1 | | | | | | | |
0.02 0.04 0.06 0.08
Time (sec)

8
=<

€=0.3, 180 species, 720 reactions



Temperature (K

Temperature (K)

DRGIC & BDieselt D —MEBORRIR{E

HCCIfAE S aL—aYy
CR=17, 600RPM

_I TTT | TTTT | TTTT | TTT TTTT | TTTT | TTTT | IL
- 6907 specjes,
- 27033 reacgtions
1500 — —
1000 _— —_
500 — N-C16H34/i-C16H34=1/1-
_I | - 1 | .| | | .| | L1 11 | 1111 | 1111 | IT
000 002 004 006 008 010 012 014
Time (sec)
_IIII TTTT TTTTTTTI IIII|IIII|IIII|IL
- 815 speejes,
1500 — 3150 reagtions
1000 _— —_
500 |— ]
_I Ll 1 L1 11 | L 111 | L1l | L 111 | L 111 | IT
000 002 004 006 008 010 012 014

Time (sec)

Ignition Delay / s

=+
10

10°

n-C16H34/i-C16H34=111
Fuel/Air §=1

Points: KURCS 6907/27033
solid curve: DRG 1235/5483

1IJ'1-: dotted

:DRG  590/2322

chain :DRG  212/655

0.8 0.9 1.0 1.1 1

I L] L]
2

1 1711 T T 51 T 51
1.3 14 1.3 1.6 1.7

1000/T

CFDIZHEHA AL = IZIEX SO LRI NN E ?
=> RCCE;ZMTR[EETE ?



RCCE (Rate-Controlled Constraint-Equilibrium)

Jones and Rigopoulos, Combust. Theory Modelling, 11, 755 (2007)

Gibbs Free energy and chemical potential
g=> mn; (1) N:number of chemical species. N; :mol/g

4, =10 +RTInp,/p° =4 +RTInn, /n (2)  p*:lbar
(= +RTInp/p"=H*-TS°+RTInp/p°  (3)
n=2.,n (4)
ConstrainNts
b, = J_Z_:,aijn,- (i=L...M,) (5) M.=number of elements
d = y cin, (k=1...,M) (6) M_=number of constraints
1

Lagrangean:L L=g+), Ab +> Bd,

)
STL =0 > n,=n exp( Ig';'J eXp(Zi ﬂf.aij )exp(zk ﬂkckj ) (7)
i

A =—A/RT, B =-p /RT
RRAA— P119 #-FK KB



For Hp=constant conditions

Thermodynamic h= Zj Hn, (8
constraints 0= noRT (9)

Kinetic constraints d(d,)/dt = Zj C,; (dn; /dt) = Zj cW; (10
W; < From detailed chemical kinetic nechanism
Index 1 Solution: Solve the algebric Egs.(5),(6),(8),(9) and differential eq. (10).

Index O Solution: (constraint potentials) formulation
Differential equations for M,+M_+2 variables

2T, AG=1...M,), B (kK=1,...,M,)

C

From eq.(7)
on, on, on, 1(H] on, n
— =Ny =0y =il ——=—— (17
oA, 0P, or  T{RT op P

Solver of DAE used in the present study: DASPK



RCCEICSSMME{L: CHa/02

RCCE9C: CH,,0,,H,,H,0,C0,,CO,0H,0,H
RCCE19C: CHs4, O2,
H, O, OH, HO2, H202
CHs3, HCO, CH20, CH30H, CH300,
CH300H, C:Hs, C2Hse
CO, COz2, H20

3
10 o

2 | H,P=constant
104 cHao2=112
1 To=1200K

1 Red : Direct integration
Blue : RCCE (9C) A
1 Black: RCCE(19C)

DRG 17: RCCE19C — C2Hs — C2Hs

Ignition Delay Time ( microsec)
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RCCE9 : CH4, O2, H, CO i E::::Jf::ﬁpnonstam
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RCCEICSon-CTH ] 41 RRIGIRISORBRIL

C7H1400H (QOOH)

RAEEMH
=> N FiEE

KUCRSDH A4

name:

formula: C7TH1502
SMILES: OOC[CH]CCCCC

struct:

Base mechanism: generated by KUCRS
(280 species, 903 reactions)

[CLF=DoTIEZREEDEEIT D

C7H1400Ha

0-0-C-C-C-C-C-C-C

groups: C7H1400HaRC7H 1502 $ C/C/H2/0 1 C/C/H3 1 C/C2/H250O/C/O10/H/I0O1$S83

(KUCRSODH AZEFIA)
RILT V=T DILFRORMESERBEELLT D,

code: a0008024 (QOOH)
R RO ROO ROOH QOOH O0QOOH Cyoclic ether
ACTH15a C7H150a C7H1500a CTHIB00HL C7H1400He HOOCTHI400b C7H 4oyOa
nC7H1Bb CTHIBOb C7H1500b CTHIBOOHa C7H1400Hb HOOCTHI400c  CT7H4cyOb
ACTH18c C7H150c C7H1500c CEHI200Ha CTH1400Hs HOOCTHI400e C7H14ovOo
nCTHIGd CTH150d C7H1500d CTHIBOOH: CTH1400Hd HOOCTHI400f  CTH40yOd
nC3HTOOH  C7H1400He HOOCTHI400h CTH14ovOe
CBH13a CBH110a CBHI300a C2HSOOH  CTHI400HF HOOCTHIA4001  C7H14cyOf
C6H13b  CHHI10a CEHI300b CH30OH — CTH1400Hz HOOGCTHI400] C7H140yOg
C6H13c  nC4HIO CB5HI100a H2O?2 C7HI400Hh HOOCTHI400k C7H14cyOh
ChH11a nC3HIC CHHI100b CTHI400H  HOOCTHI400!  CBH120y0a
C5H11b  C2HSO  nC4HIOO C7H1400H] HOOCTHI400m CBH12cy0b
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Ignition delay time / ms

RCCEIC&Sn-CTH1 6O)ABRIL

3
10
n-C7H16/Air, ¢=1, P=10atm
HP=const. / .
2
10
1
10
R4 Closed circles: KUCRS
10° (280 species/903 reactions)
Square: RCCE 72/ Original KUCRS
Triangle: RCCE 42/ DRG 171
Solid curve: DRG 171
Broken curve: DRG 123
1 Chain curve: DRG 71
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Simulations with FORTE are one way to use

of detailed kinetics directly

Dynamic Cell Clustering

Parallel Computing of Chemistry

Multicomponent Fuel Spray Models

{2

..-f”\\x

E28 MFC-Il Confidential and Proprietary reaction
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Buck up



Potential energy

. Zero-point energy
» for reaction
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Parallel dividing surfaces

Products

4
-'i' 0+-i-

Reaction coordinate

REEN O | SISIREIRR

dN _ N3,
dt 2 6

dN 3 N_¢<2kBT)I/2-1—
dt B 2 T s 5
Ni _ Qtiot e—EO/kBT

[Al[B]  QAQs

Kt =

/ :
dN _ (ZkB T)l 2_1_ QlOl e—-Eo/kBT[A][B]
dt T s 20 Oa0s

Qfot = QsQ:c

Q; = QmusksT)'* 6/h

kB T Qt —Eg/kgT
3 = — —8€
k kabs h QA QB



RRIG : —FRIEG

éE-F ﬁj\%Aéﬁj\¥B7ﬁ§{[§i;gL}§mT%)o
5 -d[A]/dt=k[A][B]
kEFiEéﬁ&

RIGT BT Fe LA LD
BEIRILF—DRBE,

\A+E S35 P 7
= (EHZEH)

X (ZRILEF—Dg LI EDEIE)

1
E=SMN 6 BREFRTRETHETNIE (of. FL—=9Rh)

1/2
kK(T)=rb> 8KT. (1+80j exp[— 50)
Tl KT KT



B+ (—aF) RG
Lindeman mechanism

o}

« AB=A+B

AB+M < AB*+M Ky, K4
AB*— A+B K,

SEZ) K (ABXM) K ,(ABH)M)—k,(AB") =0

K, (M)+k, ,,
R=k(AB) = S ABIM) Y
k—l (M ) + k2 Log,, p (mm)
_ kM) ek =k (M),k, . = K,
Ok (MY+k, Tk, T T 1k k(M)
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Reverse of unimolecular reaction
e A+tB+-M=AB+M

A+B > AB* Kk,

AB* > A+B Kk,

AB*+M — AB+M Kk,

d (AB*)
dt

d(AB) kK,

B dt - kK, +k;(M) (AB)M)
kK, (M)>>k, = R~k (A)B)

S (AYBYM)

=K (A)(B) -k, (AB*) —k;(AB*)}(M)

R

k,(IM)<<k, = R=



Sensitivity for Flame Speed
$=0.7, H,/O,/He 0=2.5, H,/O,/Ar

B 50 atm
H+OH+M<=>H20+M H+OH+M===>HZ0+M M 20 atm
W10 atm
FH+ME=2HI4M
H+0Z{+HE]<=>HOZ{+HE] m1at
atm

H+02{+H20)<=>HO2{+H20)
H+OQZ(+H2O)=<==HOZ{+HZ0)

H+02({+H2}<=>HD2({+H2)
HO2+HO2=H202+02

H+O02Z(+Ar)<==HOZ(+Ar)

O+HOZ2<=>02+0H
H202+H<=>HO24+H2

A+HO2=H20+0 H202+H<=>H20+0H

A+HOZ2<=>20H H+HO2<=>20H

H+HOZ<=>H2+02Z H+HOZ2<=>HZ+02

<=
OH+HOZ<=>=H20+0 OH+HD2 H2O0+02

O+H2<=>0H+H

O+HZ<=>0H+H

H+02<=>0H+0
H+DZ2<==0H+0
OH+HZ<=>HZ0O+H

OH+H2<=>H20+H

-1 -0.5 a 0.5 1 15

16



PRF + E+OH + ETBE{SHAOR5IE

:

:

— 200

83
=
T
=
=

ETBE outlet mole fraction/ppm
-

L=
]

750 8O0 B850 900 950 1000 1050 1100
TK

ETEE and n-heptane Conversion/%%

i -butene outlet mole fraction/ppm

&
Figure 4. Experimental (symbols) and simulated {curves) outlet mole i
fractions of ETBE in a jet-stirred reactor at 10 atm and v = 0.5 s 20 1%
Experimental results were taken from Glaude et al.'? Squares and solid | arte A .
curve, ¢ = 2.0 (ETBE/O./N,; = 0.1/0.45/99.45); circles and dashed olg @ . &8 aalg
curve, ¢ = 1.0 (ETBE/Ox/N: = 0.1/0.9/99.0); tnangles and dotted curve, —
¢ = 0.5 (ETBE/OJN, = 0.1/0.018/98.1). soomeom T

Figure 6. Experimental (symbols) and simulated {curves) fuel conver-
sions and outlet mole fractions of i-butene for the oxidation of ETBES
n-heptane mixtures in a jet-stirred reactor at 10 atm, ¢ = 0.5 (ETBE/
n-C7H /02N, = 0.05/0.05/1.0798.9), and r = 0.5 5. Experimental

T.Ogura,Y.Sakai,A.MiYOShi,M.KOShi,P.Dagaut results were taken from Dagaut et al.'” Squares and solid curve, ETBE;
circles and dashed curve, n-heptane; open triangles and dotted curve,
Energy and Fuel 21, 3233(2007) butone.
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Empirical estimation of the rate consfan‘l's

2.5 - Initiations

a) Unimolecular initiations b) Bimolecular initiations

RH ———= *R'+°R" RH + Q) —— *R+"00H

A ® T,
C -C 17.00 369 Hp 12.60 205
C CS 16.35 358 H, 12.00 201
CS on 16.80 347 H, 12.30 192
Ci-C 16.80 340 H, 13.30 199
RO-OH 14.85 176 H, 13.00 241
RO-OR! 14.85 176 H : Hallylic H, : H vinylic

Guy-Marie Come, “Gas-Phase Thermal Reactions” Kluwer (2001)

EX.
CH3CH2CH2CH3=>CH3+-CH2CH2CH3 logA=log2+17.0=17.3 Ea=369 kJ/mol

CH3CH2CH2CH3=>CH3CH2-+-CH2CH3 logA=16.35, Ea=358 kJ/mol




Directed Relation Graph

Zz’:].f |”ﬂ,iwi B |
'AB = '

Y

> oi—1.1vaio;l

1. 1if the /th reaction involves
og; = species B,
0. otherwise,

(1) Each vertex in DRG 1s uniquely mapped to a
species in the detailed mechanism.

(2) There exists a directed edge A — B if and only
ifrag = <.

(3) The starting vertices of DRG correspond to the
major species i the mechanism.

T.Lu, C.K.Law,
Proc. Combust. Inst., 30 (2005) 1333

/S ®
B¢

-

T
——

Fig. 1. Schematics showing typical configuration of the di-
rected relation graph (DRG): the vertices correspond to the
species and the directed edges correspond to the immediate
requirement of one species to another. (a) Basic configura-
tion and identification of skeletal species. (b) Demonstration
of strongly coupled species groups.



Constraint potential formulation

Differential equations of Index Zero.

d(d _od dp ad, dT e od, dA od, d
( ) Z kJ | = /0 k +Z_k_|+z ﬂl
dp dt | oT dt  Soi dt & op dt

1 1( Hj
:—Zjij de +Z ki JT[RT j ZZ IJijnJ ZZ (CiN; dt
(k=1...,M,)
db, 1 dp 1 HO
dt__zjaijnjpdt‘szaijan(RT Jdt IZ;Z aua,]nj—+zz a,C,N, dt
=0 (I=L....,M,)
dh 5 o, Lo, oH! Hj[Hj . ﬂk
a2t ' p dt R ‘[aT T (RT ]]dt .Z;ZH i +ZZHC“
=0
dp | p p H° dT  p M .
T —+— a.n. —+
R RSl L] L83 R B

=0



