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Figure1 (Color online) Different spatial scales involved in combustion
process [4].
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Figure 2 (Color online) Distribution of characteristic time scale of
species involved in different fuels.
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Figure 3 (Color online) Change of temperature and characteristic time
of selected species during homogeneous ignition of stoichiometric n-de-
cane/air mixture.
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Figure4 (Color online) The number of species and reactions contained
in the chemical mechanisms of different fuels [8].

T BRI e SRR UL 11 57 — Al AP

2k LRTIR, bR — N2 RIE N, e k) iz
I8 RO S % 140 2 I S ALER DL 2 v B2/ 4k,
LR N T SEIUA SR R 1w ORS B BE AR,
DRSRARAAN SSER ) R (1) o] A R 4y HE IR o 72 R
BT )32 25 18] ROBE? (2) TAa] fig e ) 32 A A0 I 1]
G35 1 R R B 2 (3) G o] Atk A 2 Ak 2 S L
S BOE SR MR 7 FE I 2 10 1) 2 (4) WfA] A R A
PR 0] R b B I 22 B 4k 2 I R EAR L Y
AMEFLEIX LA 7 TH O — € B 5T, SR LA B
FRZANEERE AN T71H, B AT Ae [F i
i R B I R % S ) (1 Ak Ty SR AN DL D ik 1
e ORE B IR B BUE AR & . 240, A e (i A4
ATHSR AN TR P b 52 21 1 S5 0 BRI BR 1] AR SOHE A~ 4R R
BB AT, o (9 52 = 4 2 s S AL EE A 3 T 2 (R i 9
HEJE, X RET_EIR 4 SR ) /5 1) 5 (2) R (3) A

2 HERNHNEEHSBEN

N TR B 2 A 2 S S ALER 5 BORE SR T 2
1o 2 B e, R R 50 R P (1) A RN
HUER a1 4k, BIAE BRGS0, 2 BT 3EAT HLER R 4k, 2R )5 7E
AP R o ELAR ) R HLER, AT R/ T 5 (2)
3 A 27 S AL B, RIDZE BB AL b AN [R] i 23 X
350 DL R AN TR IR I B 5 5K FH AN IR ) 7 AL B2

21 HERENEREK

O VA A 2 SN ATLER AT T Ak, 38 o ek 2H 4y 2
sz )37 H80RT DA LB D /N T T R AL R AR v B
S G S5 UK R BRHE R Be It BT A0 5 1) 417 2
A AR H EOR, A2 i T 3 A 8 40 20 43 F0 S AR
BN PR o 1ot FE H T BT G TE B SN, 7R — 5
R 22 FUVEVE A AT DL 2B X 2 43 R0 N FE TR R
1R B it W S T W b DA A i
AR T Be A SOt s R B R AR, BT e
1 2 Bl F R A Ak 27 S R ALER (1 05 vE UL R T A4
JURH S FH 8 1 B3 BT A4 7 925

LR L T A o SO ATL B A 1 S R )
HriZ:(Sensitivity Analysis, SA)!" . 1% 71T H ik H
RS EL (U K IEIR BT (] S 2H 73 TR B 45 ) % N 4
53 B T 7T I B () BB P 38 e UK R ) A G R &

070006-3



HUNRE. REB P ¥ ORI 20174 47 BT

M 21 Jy B FE T I N T B A SRS I FR E, 7R UL
LTt b AR Ve AR 25 B 5 e /N R 20 53 BOEE T
IO M FRAS AL LR, B o M i R b 9 B
AJ LR B B BB S B, R ) T 2H o 30 H B Ak A
S, U 53 i B TSR BRI B S Ak, X T
W s [1) M1 75 8] AR Ak 11 Ja) 8 A8 S (SR B 2H 4 TR L), N
TORUEZE SRS BE, W T AL AR 2 I [R) SR A (A r
B AT BURAE 1, ORI TR AR R, H
T, BUBME 73 M H R T 2l g HoAth 7 iR TR A S
2 S AL AT 3k — 25 R,

55U 73 AT RSN, SR8 B A3 43 BTV (Principal
Component Analysis, PAC)"*** %! 3 i 4 F&F fUk v 22 %50
FE B 23 AT R ARAT B A F 70 S B2 (8] () SRR, 1 5 0%
TR 5y, FFAE IR b B R B e S ANZH A, AT A T
Yl fk 2 I AL EE S 21 KR 5 4k Esposito Al Chelliah””
IR & T H T R B U R B S Ly o BTk, AN
KBRS 43 BT A tH () 7 V6 s T Ze U M S o
{11 B B 40 A ATV, Ty D B R 40 T
FAL T A 3 ATk, BRI o3 0 Wik S AT AR T
98 KR PT ECRE R 1) SR gk, [T B o B K

HET O N B AR 2 Ss SE AL BE il Ad 7 vk e BB
5 % [E3%(Direct Relationship Graph, DRG)™*** & HAj7
A T7 i, AU 7t 5 B G R B 45575 (DRG
Aided Sensitivity Analysis, DRGASA)™ . % &% 2 1%
P& 10 B 8295 2 -72(DRG Error Propagating, RGEP)™),
SN 4% 73 1% (Path Flux Analysis, PFA) *2%. B %56
AREP P R LA Lawt™ o e 5 . 5 RStk o M ik
FOCHE A A ATIE A L, B0 R BIVEAS T 200 AT
Al LLH R B IE 5, BATHE RN BEE SEI IR
12 I S HLER TR AL L 35 DRI I, B2 o0 R IV I
ATAE TR T R R & T LB ) s 2R i Ak, ik A
T LA AL 3 A (g LR A 28 A 617

TEE R RENE T, 455 AR B 18] (1) S B PR 18
i BLR SCHE R B RN P

VDRG — Z[:]J
’ Zi:I.I|VA~iwi
Forr, vy WAL AFE S i i 0 S B R AR 2 o B
DRFTCR LI EH 5 0,08 55 Jk 70 SO Y 4 e L T
A HIAN NS H BN, =1, B 6, =0. KRB R

i
VA,/ a)iéB

’ (D

B DRORAE T 5y BYTARER I 9 5 72 . A2 EAT AL EE
AT, B G &R BIE T S ik 8 J LA %00 4 4 (WA
Bl AL —A MR RS, SR8 5 AR E AR T
B 5100455 1 5 B FE I 8 tH 5 H 5% G IR
oy, i T R I T IX B BB OGR4 P AT 18 2 ik,
HE T A 2 R 73 58, 5 Ja M B R N3k 1) 453 S Fe
1 1 J25 70 J B 3845 faT Ak AL RO,

B2, Bk R ENE AR fE — 28 P (1) HLEE
Ak A, 05 B E 1 B S T A ML ER RS BE AN A
FE SRR AR AL BT B 06 &R, AR () e B AT e 2 0 T
& 25, T B — BRI (2) Bk R K
E R A 5 Pk 4 5 s i & 4L 4, R Bt
PEAR 2> 2H 7 o 15400 25 BN P () 52 1), AT -3 B 77 40
MLEE AT Re PRI R A 75 3) Bk REE LA
IR 55 = AR 5 2 75 2 18] B AR S 10 Z (A SR
HH T~ 21 20 S5 R R ER AL 5 B i R 2R A T BB ) %o
HLEETT A 52, R 4h, B RIEVE R B R T H o
Z TA)3E I B A O ) LR R R, T 2 B A 1)
HH T 22 A0 2 SN T TR S ) R e S I 5 TRl I SR TG i
Sy AT R R R R IR R IX 3 2 55 S
FES .

BE o E 55 R AR BB, Sun%e NPHR I T R
I %47 43 BT (Path Flux Analysis, PFA). [ 5 #1455 Ht
FEIFAS R R AR R, T A2 43 ) 6 T A 3R AT FE
F5E A5y Z A I SR M. RIS B8 A% 23 A
EIE AT LA — 20 8 L AR R (A 7 2 W T
SR I N BN R ER ), F &ARSE RS MRAE
PR IR 2 Ta] R G IDERE B I % A2 43 AT ¥ B R 1)
KRB € X5 EERRENEFBRZEN, YA
2B R 6 R0 T FE SR P R T 4 S B
P = Z max(v, ,®,,0),

i—1,1

C = Z rnax(*VA,iwiaO): @
420 R A 5 BAH R 1) LA 4 18 DL 2 2k 0
P, = Z max(vA’iwia‘;,O),

i—1,1 (3)

CAB = Z max(_v/i,fwia;ao)a

i—1,1

XL Pas M Cap 73 AR A5 BAT K (0 A AR AN

070006-4



HUNRE. REB P ¥ ORI 20174 47 BT

YA B AR I RO B, BINENE LR
BT AR AR [ R I R K, RN, X R e Sk
A UARE 25 8 S AR O, HAR T R S %R
AR R HOC R WA B AR R R AR 5 W
Bt — ARSI & 8o =g P

pro_lst — P AB
“ max(P,, C)’

4)
con_lst — CIB (
“ max(P,, C) °

U FRRSL 02 L AT FESK, 5 KL o 1)
R0 AR USLA-M-B, BRI A 5 B (RS R A
s S

pro_2nd __ Z pro_lst_ pro_lst
rAB - (rAM’, rMiB >
M =A4.B
con_2nd __ con_lst_ con_lst (5)
rAB - Z (rAMl. rM‘,B )5
M =4.B

RS R 5 T B SRR B, LA
B L, H LA HOR 5 BB LT L
fi L

__ . pro_lst con_lst pro_2nd con_2nd
rAB - rAB + rAB + rAB + rAB ‘ (6)

HHEKREEAML, [ AR BTSSR 2
H42H 53 RV R S S 5 A S B ()l 4 ) ok L [
I RE7% J8AH 4y 2 18] T T 2 0% 488 e 8- B TR 42 9K
WK B2, DRI I e % 76 A (] fai A0 A2 B2 T 73 21 55 AR 1) fai A ATL
HIPO AR I B B AR A L B R A E T
K. N, B ERAR 5 BTid i, 253 BXT AR A B id 5
AT AE I 1) — AR R R B CGEE AR ) 2 L 4) P
7N TETF AL 7 BXT AR AR ORI #E 1) — AROC R R
I, 73 BEHUZH 53 A R AR RS T 26 5 0 6 1 2 o iR 8O M.
X S BB AR 43 BT 7 1, 245 1 BUP T 53 BEEX C, BY
53 T WL Coap T 53 BEHLP IR, P B 3 SCANBE T I, 1 0 DA
56 R iy fe W S A0 T R TR) R RE G DR/ TR, SR AR
S 25 FE T 2 (N BORAEAE o BV R A OR R
REGHFER R R, JHRA WK AR S RS AT
I E.

BERTIX SRR AL, /N R PR T e R %
X 42 38 & 43 #7172 (Improved Path Flux Analysis with
Multi Generations, IMPFA). fEIMPFA J5 %9, 43 7l 87

o AR PR G R 5 e R, HUHTE LT A0 BT A
A Bk R RS AR R R, 2 0 (7)) SR

Ly

pro-1st
AB(I)

FA,
7
o ()

r con-1st
AB(I) .
¢

TE() A, 7390 A s P, 5 i FEE R C B AR
T @A HIPS CHVBRAE. HEE X, 7T LK H 73 A4
(1A B 12 5 Y FE B A2 08 BT AR 73 I ZEIMPFA
T3, 533 L 4E 4 T A BRGE 2R 5 9 FE T e E AR
FR R RS I RE L R REL, Dk G | T e
SZH 53 R O 3 R BT, T 24 7y 1) 2B RE R 5 T R
B (1) 40 22 PR R T S o0 AN G B A 25

K54t T is H —ARPFA T APFA2. =ARPFA S
VEPFA3. it A —fCPFA J5VAIMPFA2. it #d =A%
PFA 77 1 IMPFA3 77 2:45 31| 1) 1E %% e fii A0 AL B 5 1 48
MU R RE 21 43 A< P B A 1) F AR 4 i 28 L 3. 04
PRIGE T R IR T=1400 K, JE 71P=1.0 atm, 1F Z8%5¢/%%
SIBEVEIL LB N1.0. HESTTLAE H, 11563
AN TCH S IMPFA2-63, IMPFA3-63 fai A4 A1 B (135
2k, o) 2 2 ik B AR Ak il 2R A X TR 78N T
2H 53 W PFA2-78 WLEE . A7 6445k JT 41 4> ) PFA3-64
HUFE T 07 (1) H 28 5 00 5 0 V3 4 ATL B P R 8 A 400 o 2
IMPFA2-63, IMPFA3-63 ] AL AL BB AU R R 7 28 F K I

1

& 0

I
1x10" | v
© 6 ©9-9-0-0-0-0- & 8 © ©-0-0

1x102 L P g |
1 90-0-6-6 6 6 ©-00-0-0-6-6 |

1x109 [
§1X10"' L

h
1x10° |

g Qgeeeo-o-o-&&eeee
1o H O, OH
Detailed ——
PFA2-78 - = - = - —--
IMPFA2-63 O o o
PFA3-64 o© o o

1x10-F

1><10’7!—

110 . IMPFA3-63 e o o
0.0007 0.0014 0.0021 0.0028 0.0035
N (s)

B 5 (MZ8 RO D VEAEHLER 5 AN [H) R AL HLEE U T H, O,
5 OHJEE /R 43 B e 18] 1 22 A 16 1

Figure 5 (Color online) Change of molar factions of species H, O, and
OH with time predicted detailed and different reduced mechanisms [39].
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Figure 6 (Color online) Temperature and heat release rate distribution
during spherical flame propagation, different reduced mechanisms can be
used for three different zones.
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Figure 7 (Color online) Change of active species number and thresh-
old with time during the homogeneous ignition of stoichiometric n-hep-
tane/air mixture [66].
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Figure 8 (Color online) CPU time for different methods.
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Figure 10 Diagram of multi-timescale (MTS) method [89].
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Figure 12 (Color online) Two-level project method [91].
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Numerical simulation is helpful for understanding fundamental combustion processes such as ignition, flame propagation,
flame instability, extinction, and turbulence/flame interaction, and for revealing the physical-chemical mechanisms
involved in these processes. Therefore, numerical simulation becomes one of the most important research tools for
developing alternative fuels and high-performance combustion engines. However, the broad range of temporal and
spatial scales and the complicated chemical mechanism bring great challenge for combustion simulation. To achieve
efficient and accurate combustion simulation, we need properly handle the stiffness and the large number of equations
caused by complicated chemical mechanism. This work introduces the recent progress on this topic. Different
methods for chemistry reduction and adaptive chemistry are introduced and these methods can efficiently reduce the
number of equations that need to be solved in combustion simulation. Different methods for efficient integration and
low-dimension/repro-modeling are introduced to deal with the stiffness induced by complicated chemical mechanism.
To efficiently simulate the multi-scale combustion processes, we need develop and use different adaptive techniques for
mesh, time-step, chemical mechanism and physical/chemical models.
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