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FERANZ—. T TEKHE IR RE RN

BRI, PRAGREFEREKX, VK
AR R, BT TR S AU S AR
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mERHRAREESHNTERLEY, ME
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BB, HASRHIREERBRPE / /S
/GBS PR A R e W 2 o e (8 ke gk
7T RAE. A SC I B0 T B A % B A
NG R YA TR KK R IR B A, I X
AL KIEH I BRI E AT AT TR R

1 FHHFRE

1.1 RBRISRR

HT HRBRERE — N ERE ERNER, Eitm
BRGNP NBE R —ANFEEUN B, &
W T Wang 25 O & JE i) USC Mech IT HLEEAE A
R . ENLEREPE TIRAKES / AR
BRI TS B BE (C1 Bk, X B C £xfk, FH
87 R 4 7 A R T ) B GRI-Mech
1.2 fil GRI-Mech 3.0 HLE, #ZPEm C2, C3 fil C4
PROBLEY BN HLER AT 5835, I 38 5 0 A BERORE UK
FER B, SRBCE R AL T PIR R B KA A R
B VB BN FH 2 U TR A S S B R AR A
RIS UE AR, T ZPLE MR C5 K& DL _E Kk
BEATIE B GE, B X X — 4 L BE I R R A T
ERE L.

H TR & MR AR 5, Rt S
FUAER KM, B 567 BBA FA RN 5w ) B
2, W B ERBEE R 10, KRBT EE
gL U Ko REmy S mEEE kA T
Ochlschlaeger % 2 g T4, PAH KJZERR N+
Z ok JE T Wang Hil Frenklach('®) ff) HACA H3 (H-
Abstraction Carbon-Addition mechanism) , Appel
2% 4y ABF HLEE K Richter 2 5] iy 3 R Be bl 58t
L N RGBT T AT, A
AP B R |, KETHENEIIB, I
B — 200 B 2R A AL REAT T R R AR LE.

1.2 #HELR

FERLT e S Re v, RS0 HE 3R A AR AL RO
Xt H A R I TTER. R IA)D R E A L PR
B — AR RN % AR R B, Seta
2 D60 R Jik ol WO 55 9 6 AR B R 72 B D e
FUT R TR AL R R RN (R1~R4)

CgHsCH3 + OH = C¢H5;CHs + H50 (Rl)
Ce¢HsCH3 + OH = C¢H4,CHs + H50O (R2)
CgH5CH; + OH = C4H;OH + CHs (R3)

C¢H5;CH3; + OH = HOC¢H,CH3 + H (R4)

FAAT] 38 B A5 T AN B X O FR SN T R B (hma ~
kra)

kri = 1.77 x 10° - T?-3% . exp(603/ RT')

ko = 1.36 x 10* - 7291 . oxp(—621/RT)
ks = 7.82 x 10% - T?354 . oxp(—3224/RT)
ks = 3.13 x 10 - 73365 . oxpp(—4724/RT)

Hp
k=A-T"-exp(E,/RT)

X, AXNRIMET T AEE; n ARET MG
B, E, AIGHLEE, BALA cal/mol; R &S 4K
WHL XTFRSTF R, b EHALA cm® mol st

ABRIMA T ER BN, 53RN T A I N
HRF . A FAMA T Bounaceur 2 [0 45 Hi i
H 2R SN I 2 2830 R R A RN

C¢HsCH; + O = CgH,CH; + OH (R5)
CeH5CH; + HO, = CgH,CH; + H,0,  (R6)
CsH4CH; + O = OCgH,CH; + CH; (R7)
CsH4CH; + Oy = OCeH,CH; (R8)
CsH,CH; + OH = HOCgH,CHs (R9)

C¢H4CH3; + HO, = OC¢H4CH;3; + OH (RlO)

AL, HIRBEEY R RN KL G EE USC
Mech II B, TiH L E4E, JGHZE PAH FEILHL
BEES % T HACA HLE ¥ | ABF #L# M R
Richter 4 %) gyl 4%, BARIRAS 209 YA
1139 DR, KK T IR 137 M) FR
F1 530 AN, 2o H SR B4 AR OSN3 A B R ) Bl
W KB ESAYFE RN, AR TR T2
T E B4 CHEMKIN II ) PREMIX fUHS 3k 4745
. MRBIIES M E RBKE KB THMN
R, B4 B4y 04 3k B Burcat 2 17 g T4k,

ACKRATHRIEREKR 4.0kPa T K ERTIE
3/ HR  BRKIERSLH HE B R TR
JIE. SEH e E 2 [ % BES 4 4 1.000 £ 0.005 ml/min,
AAMESMWES A 0.997 + 0.005 F1 0.900
+ 0.005 1/min (FRYERBT). ZHAMEHEH 1.90 +
0.02, ARWMBFFREWE 514 31.5 £ 0.2 cm/s
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Al (2.30 £ 0.01) x 1073 g/(s-em?). KGR FE 4 H
Pt/Pt-13%Rh HHEEWAE, R 5 % F H gk
J5E W0 B [R5 4 O LSS KA e R (SVUV-
PIMS) S8/ T4 B R R 2=, 7218 2 FiE 7
HSH R I 8 B A R A R, KB PR R AL A
IR A R R A B SL I 2 IR ZE R A 2(Bp T
{545 BTS20 45 B89 50% 2= 200% L 2 W), K
4% P 74 B JR 43 B S 0 45 SR A AR 25 VS B O £25% (8.

FH T 55 56 H0HE G % R HURE 1) 7 T W5 B X Kk A
W5 f R ORI B R, MR Stepowskd % 181 g
AR, RS REYER, A5E T WA E R
3t 1mm MRIH R ARG R, B S50 B 4 25 W 7
m B P FREFE T lmm. FE, BT AME#E
183 22 %of 237 B9 T 45 5 w0 (L0 1 B2 0 WA X K £ v
ISR 200 g A R i 2% 1) 3 B 4 T 2 T B O )
SEE T 5mm.

3 HR5i1E

3.1 EE XY

F B KIEYIFE F A A D BRI A5 F 7
& KIGXAD K EAALER P, Bk B3 1072 &
LY. AR R R R IEY, EE G
AR NY) (FEMER) . A5 RN EMEL4 5
() M EZERN™Y) (Hy, H,O, CO F1 COy). 1
A& R BUE B (coupling function formulation) , JX
NYREES KIGREEFERERR, ARHGHT
B RO B R me . B, X 32 B KA R BB
JE ) T 2 — A Y e T B R KM R

B 145 H T 7 R B ACE YR ) 52 e ) &k
56 i 2 R AR R TR F) 2 5. N R LA e, T
MREME S LRSS ROMFSEELS AR, X
A A5 Y 8 45 A1 S o ASE 4L HH 3 B0 B R BE 40 A
WIL AR T AR K B IF R 0.

3.2 HE¥FHBAE

— BN A, TR K BUBRRL B AL RO A %,
T E B KA AR R FE kA THRERE. &
3T A B R A3 HT (rate of production analysis), & ¥R

AKIEH R R FTERE E L H T ILD RN
Ce¢HsCH; = C4HsCH, + H (Rll)

CeH5;CH; = Cg¢Hs + CH3 (R12)

mole fraction

5
3
O S T O e e e o]
L i

L L |
0 5 10 15 20 25 30

distance from burner /mm

B 1 B ATUR B2 MG TR B 2R
HPBRAEREBE, LORABMI LR
Fig.1 Mole fraction profiles of major flame species in a
fuel-rich premixed toluene flame. Symbols: experimental
data, solid lines: model predictions

C¢H5CH3; + H = C¢H5CH, + H> (R13)
C¢H5CH3; + H = C¢Hg + CHj3 (R14)
C¢H5CH3; + OH = C4H;CH, + H,0O (Rl)

C¢H5CH3; + OH = Cg4H4CH3 + H,0O (R2)

HH, RII~R14 B8 T HRA AR, H
7E B 2R RE FF R SRR B A E] T 80% LA k. eI
R AE RN R FB 4, H 2K T #E E BE T R13
1, RBLT P BRI A H B X T R RN T
Wk [, BT R13 =T REKFE (CeH;CH,) ,
B R11 53X — R F B 2K B 5 740 AR 1) 3 L5058 )
SUL VAl 151 W 9> A P 7 0 el
FEPEAET STTER. AR RO X E A, BEE KA
BEF =, FRASFHEMRNERE X, RI11
Xt B 24 R I SRR I, A E) R13 MK FIE,
T R R12 785X — XI5 R11 ¥ 5T#ERJL -4
M, XREAEBEE (W 1800K) fBH T, RI11
R12 ) 5B R 40 3 LA 22 R & (12,

3.3 FE, FMXEMOIMERL

N E—THer, TR RN EZHE™
YA, BRRE XERERBERKLER—
B, FHEEFAFTHRKKELE R L9, BTk
BEFTR MR, 3 BUR A SN T ¥ 4 R B 38
Mgk, W, “REMFEERQLE—DoHBSHR
2 BN PP A BB SR B ER TS, 1B 2(a) JBIR T XS
THRERBEOEIIS RS LB MRS RO, H
HORBLAY 5 S 45 SR I (H 2 4E 6.5 mm &b, TR
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1 0_06H5 CHQ(X400) (a) ’_CgHg (XQOO) (b)
0.8F N - &
0.6F . - SO
fir | J
0.4 AR - v
= ooy . \
2 0.2r P \ e .\
- e wl o \.
S 0.0p Tinssseaaat ‘ L
5 C:H; (x300) (c) [ C5Hg (x200) (d)
e 1.0- n R Lo ~
2 0.8- [\ A S
0.6F O L Al
| A
0.4— I.f \\ L -./ \\
0.2+ AP UL B
S0 P U PR Taiees e noan]
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distance from burner /mm

B2 ERBREREIMET (a) FHE. (b) E. (c) FRZME
A (d) BRIR I VR BE 2R . A R A SE IR B,
SR AR LA R
Fig.2 Mole fraction profiles of (a) benzyl radical, (b) benzene,
(¢) 1,3-cyclopentadiene, and (d) cyclopentadienyl radical
in the fuel-rich toluene flame. Symbols: experimental data,

solid lines: model predictions

SR B W (E AT T S B e IR VU 2 P, R AR
Xt TR T R LA B .

P FSE R 43 BT S TR ) T R AE RO IX 3
W BUF LA R #EAT

CeH;CH, = CrHg + H (R15)
CeH;CH, = CsHs + CoH, (R16)
C¢H5CH, + CH; = CgHsC,Hs (R17)
CeH5CH, + C3H; = CyoHg + Ho  (R18)

Hor, RI15 I R16 £ RN REH K SRR LA E T
40% BA b, ROREER E BN ARHAR, TS T PR AR
BARTTHR R ABLE 10% AT, #1 & 4 HFE (CeH;CyHs)
MZE (CroHs) W FEAERMER, 2R KA
BT R R FE RN Soot HE TR0 $ 3 2K K MG i) B B R
H. FEr, B3 /8RR 4 HT (sensitivity analysis)
FH, FEMWEEXT R15 fil R16 Bk, mHE
BT R13 B U R, X Be3 5 A i 28 43 H 45
R #—PXRERE™Y) CHe(CsH4CoHy)
BEATHEGE, RN KRZH CHe kAT RIS, HFEH
HFEEEAPIF: —BSE E MR R
JFE (CsHs) 1k (CoHy); —RBE AR C-Hs B
HESE, C/Hs BHES @A mE (CHs) fT
TR (CyHs).

E C3Hs +OH=CsHa+H,0
B CoHy+O=HCCO4H
H+0,=0+0H

C¢H: CHy=CsHs +CoHo
CsH:— CsHa4CoHs

CgHs CHy —CrHg +H
@06H5CH3+OH:06H4CH3+H20

8 CeHsCHa+H=CeHe+CHs

Ce¢Hs CH:4+H=CgHzCH>+H>

CgHs CH:;=Ce¢Hs CHo+H

CegHs CH:=CgHs+CHs

I e e T T

-04 -03 =02 -0.1 0.0 01 02 03 04

sensitivity

B 3 koM R R U R 4T

Fig.3 Sensitivity analysis of benzyl radical

FR W EYP RE K R — R, LR
WS R BRER 2(b) . 5B R HEH, A
AR X 2 ) i € Y 2 2 284 R 0 e 00 7 1 20 HE A
B 4 B R E R B, AR R T BT

C¢H5CH; + H = C¢Hg + CHj (R14)
C¢Hs + H (+ M) = CgHg (+ M) (ng)
CeH5CyH; = CgHg + CyH, (R20)

Horp, R14 XA K SRR EOE 70% , R H 2K
0 A B R R AR RN R B AR TR I 2 R
DUF AR R I (7 2R A S 2 A QU 2 W) SO 1] 186 7
I BE4T)

C¢Hs + Hy = C¢Hg + H (R21)
CgHg + OH = C4H; + H,0 (R22)
CsHs + CyHs = CoHg (R23)

Ho R R B WA BN R21 F1 R22 XF #5H #E
TRk R T 70%, BT DA3E A 3 B4 R ) R 2R
. R23 BEERIRELE R JOE T A BUE 1 32 51
. WiFEA K MG R23 [ 86 N 77 I HEAT, SR
HESFEFROERIMET, BT R4
TREIZE, RFEEE S RN K T R ™= 4
T A TR,

B T RLAE B R A A 43 R R T o ) L 4B
53R R, AR T BN R12 4R R
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| —— total rates of production
—— C¢HsCH;+H=CsHs+CH;
—— CeHsH(+M)=CsHq(+M)
—2r — CsH5C,H3=CHe+CoH,
—— C¢HstH,=C¢HstH
[ —— C¢HetOH=C¢Hs+H,0
—— C3H3+C3H5=CoHg

i 1

rates of production /(x10~%mol-cm—3.s~1)

0 5 10 15
distance from burner /mm
B4 g b 3 i A R R A A

Fig.4 Rate of production analysis of benzene

B TR T 50%. B 5 Hxh AREEPEAT UK
B ADEE T R12 X EETBRIER, R
F WAL RN R R R 0 E I, AR AR
HRNHT, R

CgHs + Oy = CgH50 + O (R24)

Xt FEE BT R B 50% I TIRER. WX E=Y)
FEHE (CeHs50) RE il H 0 7% B AR R R — 4
B — AR

CeH50 = CsH5 + CO (R25)

B 5w R13 ¥ ey S R0 B UE W] R B Al 5 6
BT RZ WA LR BRI LR R

CeHs+0,=C¢H,0,+H
CeHs+0,=CsHs0+0
H+0O,=0+OH
CeHs=0-Cot,~H

CsHg+H=C;sHs+H,

l| CoHsCH;+OH=CsHsCHy+H,0
CeHsCH;+H=CoHsCH,+H,
C¢HsCH;=C¢Hs+CH;

CsHsCH3;=C¢HsCH,+

T T N N T N N 1 N N N N ¥ N T N T T T N
—-0.4 —-0.2 0.0 0.2 0.4
sensitivity

PR 5 sk r o e o B0 BE 43T
Fig.5 Sensitivity analysis of phenyl radical

3.4 RXZHBEFMRAENSIBERL
16 R R RN RS S 8T — SRR 2R
EHEBDBRNF, R IEEOERY BEERE

K TR, B 2(c) R T BRI AR ) SR AU
Rl 2, H AL 25 R R e i T S T U R B 3R
ZVEEZ P, BRI ARE R B 5 = e K I
TR T AR RZ 1. AR O R AT B

CsHg + H = CsHs + Ho (R26)

Xt H = R BRATTRR, T
CsHs = CsHs + CyH, (R27)
CsHg = CsH; + H (R28)
CsHs+0=CsH,0+H (R29)

3NN EE T H R A2E, HA R27, R28
Fl R29 2 BIHHA 36%, 57% Fl 6% K TR K.

X B R LA G M N R R R 2 A AR AR R
WREVIR EAR SRR, XI5 0 B A S 340 By
2R, R28 Fl R26 4351 fd7 B H 7= A= FITE#E /K 90% Fl
0% A, UEBIHE BRI R M E N IR AR E
SREL RN, MRS R B R 2(d)
W, 5SS RAF A LB, X X R A A 4k
& BT e BoR T AR C5 HLBE B HER .

Bl 6 FBURBE T — PR, F R
HFREFF AR T R28, S 3 BEAR AT A2 b P 2
F BRI R27, 52 B A 30 00 4 FH 3R I — B 22 )
BB AR E G, RS RTUA TP,
W R15 HLAA 1R & i S U B, RUAE N4
B, BRROHEMOERS CHe MERZ RAALE
T ) 3

CsHs+0,=CsH;0+OH
CHs+0,=CHsO+0O
HOCsH4CH;3+H=CsHsOH+CH

H+0,=0+0OH
CHsCH,+C3H;=C1oHg+Ha
CsHs=CsHs+H
CsHs+H=CsHs+Hz

CO+OH = CO,+H

sHs = Gz rlas

C¢HsCH, — C;HgtH

CsHsCH;+H=C¢HsCH,»
L A L T M 1
—-0.3 —-0.2 —-0.1 0.0 0.1 0.2 0.3

sensitivity

B 6 JOEH IR T R O BURBE T

Fig.6 Sensitivity analysis of cyclopentadienyll radical
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BRI BT R PN R AE B — O A B A Al
AR ERENE, ENMUERR AMENEL W™
Y), RRFEMENEEBETYZ—. B 7(a) &
8 T R R PR AL 5 2R, T e A S T e 1Y)
RETLE Z AL BT EE i 25 S 2R 20 A o AT DU
W, FRIEEME (R27) . C/Hs KA (R30)

C4H> + C3H3 = C;Hj (R30)

FZRK iR B (R23) JUP-H 1 T BT A JR oo 2 16 42 B
MHEREN FEARK CHy BHE (HHFELEDY
67%) . C,H,(GETH HCCO B & i E Ak &Y,
23 5 R R B 20%) Fil CHoO K CoH(Z# AR
ESHAHERMB =Y, ANERELSER T%). 5
Gh, B 5% MRFEES 5F RI8 1, H5FKE—RE
ARZE, X ZE KT E PAH 4K Al Soot B KA E
ANH] BB TR,

1.0F
0.8+
0.6F
0.4F
0.2¢ Ry
UU; ’’’’ 'J_-: . | "r ' L

CyHa(x120) (c) L C2Ha(x25) (d)

FCaHa(x250) (a) _C‘4H4(X100_0) (b)

1.0F
0.8f
0.6
0.4} .
02f e
0‘0 [ngmne® LI B

0 ‘% lb 0 ‘% 16 15

distance from burner /mm

mole fraction

B 7 EMBREEKET () e, (b) C4Hy . (c) TTH
M (d) ZHIWBER R, HP O R LR BIE, SOREME
AR
Fig.7 Mole fraction profiles of (a) propargyl radical, (b)
C4Hy, (c) butadiyne, and (d) acetylene in the fuel-rich
toluene flame. Symbols: experimental data, solid lines:

model predictions

MIEASCH WS, £- 8 el T HEAEHE
TR K ] e 28 SR AL ) T T e S I 4% 1R (3
PR RIE) , KPRV B RBTE
(BPE B AR) , T IAR R (Bl R ZE B 4E). X B
16 Fl — AL BRAE A B A R 2R M B B A S R AL
Y, EERETLTHAEE. —R—NE 1 FabE
H, —F BRI BEAE S JHE IR E T 35%, 1T 15
FoEMAR —RCHEAREALALZAERAT R
Wt — SR . A 8 AT, R SR
T IR KO R TR e 2 AL =), R B RONEAR

PREEF A —E LB AT XX PLBBEATRAE, 72
B 7 BT CiHy o T 2R SRR IR 25 R
HEXK S RAAT T X, EAEEX T EidY)
BRI 25 R AW B 1.

CsHsCH;

C¢H4CH; C@Hs_: CgHs

A
. / 1+O \OC(,-I-L l_C:H:
72/ “~OH
/ 5 O~

/ _
OC H, CHy——Aow CgH O e cCsHime=

CHsCH, =—————— C-H;

CC5H(5

) +Q —C,H, \
/ aC3Hs+CoH,

CeHyO2 ——CsH,0 C3H, <= C;Hy < C/H;s
H,C,O

[o | A

CsHsO—— c-C4Hs -0

CeHa —>C4H ﬂHCC()—F CO

L)

C4H, —> CH; == 1CO

B 8 F AR LR MR M TR 1 S A T 77 1) RS B I Y 4 T
Fig.8 Reaction flux from toluene to the final oxidation

products in the rich toluene flame
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R 1139 AN UM B H 2R R, R A 4.0kPa
B R TIR R 2R KO B S 0 4 SR B R SR AT T B
0 UF 45 538 W AR 2 R 68 AL 07 e T 8 BE K AE )
DL 55 F 2 ) B 26 7= 0 Y A0 5 R A S ) R I 4R 1 VR
FE il 2k, T AR U R A A R R A b, BRI T
TEBE R IIGHKA T RS MBRAA N R, 4
REIR, RFEREBBRKIGET FEHMAFTE. M
HKE, MEMNKZE S M S B A B3R
TURERIBR IR, B R AR AR
FH 2K 4 A 0 S Ak 3 2 07 THD ) BT AR AL A R R K S B
KAFIHERE RSN J1 2R B 5 T RS
R, KO S5 R OB 2R AR DT R A A MR R 1R
o0 PR AL 5 B

s % X W
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KINETIC MODELING STUDY OF FUEL-RICH PREMIXED TOLUENE
FLAME AT LOW PRESSURE"

Li Yuyang Cai Jianghuai Zhang Lidong Qi Fei?®
(National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230029, China)

Abstract A kinetic model of toluene combustion, including 209 species and 1139 elementary reactions,
was developed and validated on a fuel-rich premixed toluene flame at 4.0kPa. It shows that this model can
satisfactorily predict the concentration profiles of major flame species and the key intermediates in the reaction
sequences of decomposition and oxidation of toluene. Analyses about rates of production and sensitivity of
these key intermediates were performed to draw the major reaction pathways concerning the decomposition
and oxidation of toluene. It is shown that toluene is mainly decomposed to benzyl radical, benzene and
phenyl radical. These decomposition products can subsequently generate cyclopentadienyl radical and propargyl
radical, which are then converted into carbon monoxide via further reactions of decomposition and oxidation.
The successful simulation of the decomposition and oxidation processes of toluene will be an initial stage to
develop the kinetic models of larger aromatic fuels in the future, and the present model is useful for the prediction

of global combustion characteristics of aromatic components in practical fuels.

Key words Toluene combustion, kinetic model, rate of production analysis, sensitivity analysis, decomposition

pathways, oxidation pathways
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