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Direct numerical simulations of swirling premixed flames

in model annular combustors based on different Karlovitz numbers
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Abstract; In order to better understand the turbulent premixed combustion in aero-engine
combustors, the turbulent premix flames in model combustors were studied by direct numerical
simulations based on the relevant characteristic parameters. The calculation model is simplified
from annular combustors that contains two adjacent lean premixed swirls with high inlet
temperature and pressure to meet the aero-engine combustor conditions. In the simulation, the
simplified kerosene reaction mechanism was used and different Karlovitz numbers (Ka) were
designed corresponding to high and low loads. The simulation results show that the flame
thickness under high pressure is extremely thin, so the flame surface is strongly affected by small
scale turbulence. The turbulent premixed flame is located at thin reaction zone, which is
distributed bilaterally along the shear layer, and a relatively broken flame structure is generated
in the downstream due to the interaction of adjacent swirls, which is especially obvious when the
Ka is high. From the upstream to the downstream, the average radial velocity increases due to
the combustion expansion, while the average azimuthal velocity decreases due to the conservation

of angular momentum. Turbulence pulsation in the downstream recirculation zone is stronger
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than that in the upstream. When the Re and Ka are larger, the downstream recirculation effect caused by the
swirling shear action is more significant, and the turbulent disturbance effect in the shear layer is stronger. In
addition, due to the limited space between the adjacent swirls, the expansion effect of the downstream flame
of the double swirls is weaker than that of the single swirl. The correlation analysis of scalar flux and
gradient shows that the main reactants and products basically satisfy the gradient transport, and the gradient
transport effect is more significant when the number of Ka is large. However, for the intermediate products,

the gradient diffusion hypothesis is not valid near the flame surface, which challenges the models based on

the gradient diffusion hypothesis.

Keywords: direct numerical simulation; aero-engine combustor; swirling premixed combustion;

Karlovitz number; gradient transport
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FTWSEANR Ka T 93 0 KOG FRAE 35 T
AT, AT U, 430908 40 m/s 15 m/s, 43
SR TS A S MR be 2 N Y e /AR B A T, HE
A EHEE Rey 43512924 4000 Fl 1500, 40 1 ff
o RS AN 4 .

1 HEIR

Table 1 Calculation conditions

U, Res B Ka j//SL f[/SL
/(mes™ 1) (C =08 (C=0.8 (C=08

1 40 4000 40 17.2 18.0

2 15 1500 8.5 5.7 12.1

R T ARG B SR SR AR A B S A
TIEAE E I R H T R RS E S D) R A A T
A F SO AR A 1 25 e AT S AT B BB T
HERIAA LR TR R Ay 1.0 08 i 2
HEH, 23 o 0.7, A H TR AU TR S 860 K, 1A
JEJ3h 3 MPa, T LU B A AF 8 3 — 482 0k
JAT LA B LR K S, =0.738 m/s, J2i
KIGIEPE 6p =18.2 pm.,

1.2 HEFE
KA T B2 E DT R | B ST E 7 AR LR &R ST E 7 AR A
YLar s A 7 R R SR TIUTR R e L e B AL

S TR R D R A S T KB
JE SR T HE T A AT N T AL 2 43 B RICRT R e il A
N o TE KU T AL T ZELRHF 22/ 8~ 10 AN WIARHT 5 M
Uit AR BE S A RUJRE 5 5 B A AT i U e /DN R AR RUBE ()
WA S5 1 38 T L T5 B 9> Az /28 . AR
Bl /N REAEA DM =4, 2490 1.5 pm,
LR 75 LB KA RN i U RS BE LR A 5 v AR B
(N, XN, XN B EN 768 X256 X51229,3 X107, H
TE & I HEREBCRH 2 pm R34 AS 78 )5 2 B
SRR 1.05 BRLI AR A v 2 7 AR AR/
2.3 pm WIS, R T AR AR SR i R
S T P /25 AL AL

2 mERFBURNIES R

2.1 ERFUBBGERE

R T A AR S U TIOTR AR B KM 1 S BURAIE L
TE AT AL E GE & A B S 8. A, KA TH
RSB E C RE L.

C= (Y()Z-,u - Y()2 )/<Y()2,u - Y()z,/,) (D
P Yo,  ARRAE P AV IE T3 Yo, . N
PRI U 5, Y o, D 2 b U o B C
=0 RRARY,.C=1 FRIRIZY .,

B2 8T 1A y=0 mm & W [H)SF 3 5 i)
HBRERCHEE, TH 2 5T 1 A8,
RIS, AT LA KB TE R K G R C M
T 0L T FE KA R i, C i/ MEHI KT 0.4, 3% F W
Bt 5 THE UL K B R, 3 Tt AR o 3 BB0E W B
%, L BB W B my ik, 5885 H5.C %
KL K TR AR L C A~ 1 N ER L, C
A0 T e [RIE ) A A 85 10 2 B Ol B A

COLCLLLOD
Aol M
NOWnNnOWKnNnO WK

\/A/

B2 IRI1Fy=0mmBELHIREELSS

Fig.2 Distribution of progress variable at y =0 mm of case 1



614 O - RS B S S %38 %
TR ST IR S 78 92 PR 2 & shAILRA B 4 s i it mum AR 4 I A 3 RT3 a2 L. E U TR AR DA
TR SR PR E S AL T — 2 19 434 X JR] Hrp B AR WS F1HE AR 2 IS 1 T e % 1.0 R BUT A 5k A T
KB LENEERER o' /S, L,/0, M Ka %, EXVFIE . LERRRE N BT e 56 i W A 55 U0 2
Hr Ka W3 S E R J2 it KO0 R AT s Ta] KBS A AEAE R Ry w B BT YD VE T AT P2 2R BB /N T 0 1Y
5 /N RRAE o ) RUBE (9 LU AR 2 L - MU DX, I DX 32 2 43 A A 5 D v o0 DX 3R 19 i
Ka=1,/t,=3:/S) /W) (2) [ (R Fa V&AL I 5 BT . A EE T SOE I KA BUE
K o, AR IHEFRAE B [ ROEE o, Ry e /NI R AE T K AHATE KM T 7 AL T A6 AR AR e i i A B
I IA) RUBE e Sl TR AE HER o B S B, SEECT Uil R B R OR L D A TR R E N
(ES IR R = (A T IRV AL A7 N i /A [ A ol e SR U AHABHE L =22 6] A PR % 23 ], S BOSUSE K 4G T i i 4
BASE C M Ka 53, BiATHBRE C ke sk AN B 5 55 T BRLBE L JHE s BV HE PR [l X/
K Ka BB, 507 5591 2 RUVES 3 7%0F Ka T K s ELAR S IR DR L BB I
Bk MEREWE o Ka B, ARG F A /Do TR Ka T80 Ka T.50 T 5 5k 900
SRR T 1. Ka AT T00 2 5 2% ke SRAL X 5 E 6 Ry A X N, AR AL 1 i
K BIVFE S 00 98 B A R 5 NI R g b LR 950 A B/ X6 R B R S
fEEG R 302 R #m A R B BT BRI T 10° T S -
DK S, TG SR T im AR . MRAIEX (2. Ka 1Y §>00 f&%‘;“/ Q‘{/”
P8 A T ARG B3 025 0 T 08 o " N Ka/\go i
M T 21 b 5% B b RN U Dk 2 B BE . A KM T rezgtlf?m
S5 o R B T T B M B /N LB B b R R i o zones
ok 2y 3B B4 8 /0N 5 AT S5 5 i AR TR A D S 10"(:,% T o N
B Ko FZ5- A0 RS 3 thy B0 47 Ak B Sy O T 37 . A Yo “ffacjrfﬁ";i;
T L ST CA0.8 Ab L WFE T 2 10° V% CESuNN B L
PEAT C~0.9 kb, XEUTER K Ka B /NRTE % ., Piston engines w
KO JEE FE ROST PN A0 2 B0 2 355, e T 5 1 100 X
TR, S 7 A
s 7= ey 4 RETREMEEASRE (SRR TR LER: TR 2)
».\ﬁi‘\. ol »\\\“ Fig.4 Regime' diagram for premixed turbulent combustion
mi J \\i\ ~. \\.,\\ o (triangle: case 1; rectangle: case 2)
/._‘\ NI
Eof =g lsmm™ €5 / f.\
Toosomm Y 4l
208 —.5=0.40 mm t .
0 0

1 1 1 1 1 1 1 1
0 02 04 _06 08 02 04 _06 08 1.0
C C

() T 1 (b) T 2
B3 AExMBEHEEKe ETIRTENST
Fig.3 Variation of Ka based on progress value

at different x location

TEX P T A Ka B{HHTE 10° ~10° 1L
W Sz RENPUR PR TS5 —8, X T HAh
SR B 4 SR T i i BUR R BB 2 4 IX R T Horp
DA ALBR 43 3 S i Y T R e TG i A9 REAEAE £, /0
Mau'/S, . ATLLE ] AR SCB P A T2 5035 45
i F“Aircraft engines” LTI yE N .
2.2 NIATNTR AR

5.8 6 23 B 1A 2P TOTE y =0

/ i

B5 y=0mmEBHELHENEERE(BA: m/s)

Instantaneous velocity contours at y =0 mm (unit: m/s)

B 7 Bt o B s OB R 2 1, @ T A i 3 AR
FHR 25 it 8 A, 2R WA 24 A 00 i U TR AR e A 5
Ab TR X R A 4 B R bR A IXIE B R .
T T U AR LE L v TR T A KR T JEE JRE AR P ot
AR T B /N i N8 9L L PAY 5 KRR T 52 /0 RUBE i U

Fig.5



%33

B AEAREE . BRI AR R BE 22 N R [l Karlovitz $IUKE 3 TR K 0 0 T 82 B (AR 4 615

P18 52 W BT S5, X T M 7 TR i I KA AR A
DX A o s KA R AR AR £, /0, BO(E BRI KO B
R K IERE Bt sl BE R 20, X e 18T 5 AT R & L A AR
T AR B RRBE X KR T 3 O A A1 BT D)= XL
2313 TAEA F R WA RS X KO T AR EAE T, A2
ok BEIIRE A EE AR X AE = 0.3 mm A b AN
FE . HRBIE T 1 AP A A 3 B R 9 0 B
Tl T HES I Ka T KO0 BB 0E S0 ] 2

Case 1 Case 2
P g
- '.\ :
s ‘,.J .‘
L 8 8, A%
] ‘_% - . ‘1\. . 1,

Bo6 y=0mmBELHERRERE

Fig.6 Instantaneous vorticity contours at y =0 mm

(b) x=0.3 mm #Kim
BH7 BEABEEZE

Fig.7 Instantaneous contours of heat release rate

23 EESHEIT

mE 5 K7 BR , TR e AR b= 5 L T
VAR E BB, T AE T Ui A 2B T e A 1) A A ELAE
T RV i A PR AR B  Ka BYSZWR, 23 5%
=0.15 mm(_ ) Al 2 =0.30 mm CFF) P AL A9 3

HEAT T B AR AR I GE i AL,

ERRVNE UNRAUEEIDPR o ¥ £cFvg i
sk s8] B A . 7 BUF 2 =0.15 mm H C~0
Ab T TAE = AT [ R0 B ST 35 B RE B R 4 HE
B TR A DA i K R R, SRR B
A PR AR Y BE  =AS  T)  V- 38 B 8 3% R s
AN B X R C =0 i THeR 1. %
7 1) T Ay A W AE C 58K 9 89 1) 2 o
O IR0 X, B YA RN [l 3 A 5 88008 3% i 0/
T 1 i TR Re 8K J8 LR 0 e 5% 5
T B YA O A, S 08 R IR T O B

- 85 il i R SR B FE 2 =0.15 mm.,C~~1
Ak, TG 8 4 il ) R 20 T O, U A R R L Ui L
b ASHFAE LA 5 Wi 7E R Wi =0.30mmid , Jo i

—o-x=0.15mm,Case 1
—+-x=(0.15mm,Case 2
_0.25F —x=0.30mm,Case 1

: —+-x=(0.30mm,Case 2

R 1 1 1 1
03002 04 06 08 1.0

C
(a) Hiim]

I~ —o-x=0.15mm,Case 1
—+x=0.15mm,Case 2
—o-x=0.30mm,Case 1

0 —x=0.30mm,Case 2

1 1 ] 1
0 02 04 _06 08 1.0

C
(b) &1
0.8 —o-x=0.15mm,Case 1
—+-x=(.15mm,Case 2
—o-x=0.30mm,Case 1
—+-x=(0.30mm,Case 2
0.6
)
15041
0.2

0 0.2 04 _ 0.6 0.8 1.0
C

(o) JE
B8 FHEELIT

Fig.8 Statistics of mean velocity



616 = KB

71

¥ %38 &

1%

G /N T 0 T MR X M AEAE ., A ETR
WS- 24938 B T AR B2 C /NN T A 1 e e
KT 24 C BRI T 30 Jal i) o B /N L R W AR R
B A K B T A 2 fol i B 2 3 i P A B 0 0
TS i FETAE A 18 - 283 il ) 3 32 AR 55 - 80 o 3 88
AN ] B S B THE U 1) i i o - A AR T i A A B 4
55 X 2 DRI DR R 58 2 i R PN T X 8 o WA P B
D DX A T A R B iR, T X - 2 ) ) R T
W7 TR IAE 179 A % T i BAOBR 5 B U 1~ AR B T G
MR A 2l 5t < 1 D T 90 e R Y N T R
&9 e 73 Ay il rwy L A% 1] R JE 1) 7 bk B BE SE 1.
LA (2 =0.15mm) , i1 T T 40 1A 5 i 50 K,

0.40F

0.35

—o-x=0.15mm,Case 1
—+-x=(0.15mm,Case 2
—o-x=(0.30mm,Case 1

0.15 —x=0.30mm,Case 2
] 1 ] ]
0 0.2 04 _ 0.6 0.8 1.0

'

(a) Bl
0.40
0.35
< 0.30

0.20F

—o-x=0.15mm,Case 1
—+-x=0.15mm,Case 2
—o-x=0.30mm,Case 1

0.15F -*-x:lO.30mrP,Case l2 .
0 0.2 04 _ 0.6 0.8 1.0
C
(b) 1&1n]

0.30F

0.25
S)
3 0.20F

—-x=0.15mm,Case 1
0.15 —+x=0.15mm,Case 2

—o-x=0.30mm,Case 1
T—x=0.310mm,Cftse 2

04 _ 06 08
c

() JEm

B9 BkEhiEESIT
Fig.9 Statistics of fluctuating velocity

1.0

it it HIE 3l R0 AR T 5, T LA bk gl s RE SOk B 2.
T AE T 0 B0 WA i AN Ta] o Jilh 1] 60 4% 18] Jbk 3 i
BRTE C BN RIBER T 00 1 R HETE C KK
f L B0 2 F9 il i) RS 1 TR L 3 B A T 9 5T D)
JZEANEA DX L AR Re 5 il ) 011 1) Jik 3l 23 S5 2

3 HEBERIE

= 5 ¥ P ¥ (Reynolds Averaged Navier-
Stokes, RANS) 75 & #l K % # #ll (Large Eddy
Simulation, LES) 77 ik, B AL A 5 it il it F
JESFE 7 R E I, HE UK .

Fiv=uY,—u Y =u, Y,
Arf,Y, s b 1Y TR SR

SR . 7E RANS 5% LES H, R 45 28 (3) fr 3 21 1
T o 38 o IV R JF PTGl R R R R R BRI 3% ok
B 4

(3

v, Qi’\;

~7SC1 dx

Aorfre v, HIRENEE, Sc, Ay i L 2 R AR
M) ] LU B 5 iR B R 4

F.

Jk

4

~
—_— le

J
WY TS . 2 [AIAFAE 58 45 A} 55

KA IR 57 & 2 AR 0 B B iz o i AH S
4 2 73 38 R 2 O 0 5 O RN D R s .
BTAIT TSR] 2 Ka BN 00466 B ey a2 15 2 %
ER, 7 Ka %R BF, B B2 iy iz 200 3H O &
%[11.217’22] .

SRS S SR b 38 A L TR A6 38 g s fl it
B A 8 S A 08 4 73 7 ORI 2 0 A T B % S A AT
T4t
Y,

iz, |

Y,

A & A
COS@/Z:(M]'YA. )/(‘u]Y k‘
d x;

(5)
cosl, NUL5r k S A B JE AR LA, Y
cos@, —>—1 B, 3l & 58 B Ry ROR 5506 &R L BB B
BOE S HAT 52 cosO, —1 B3 B 58 B N 6 5 56
F BIRR BEYHL A S A
ISP o e oy S VAL /I e 7 | S Rl T 7
P 5 38 R BE B XF SRR STt . AT LR B, I N
(O FAE B (H, O) X 55 1 76 25 o7 B 1 ao A A a4
[i] R BE AR — B e M I R X E Y N T — 0.4, B
T K T B ST RS S5 R A, 3R W R FHR B 7 B 3 ok
Xof L N ) AR B T e AT AR R S AR A Y
Hl PO 1A Ka B, RS EE S BRI B89 8



%33

B AR . FRIR AR R e % ) A [R) Karlovitz $05€ I TR UG 1) B B 55 B 617

—o-x=0.15mm,Case 1
—+-x=0.15mm,Case 2
-0.2 - —-x=0.30mm,Case 1
—+-x=0.30mm,Case 2

04k

cos 902

1 1 1 1
10902 04 _06 08 10

C
(a) O,

—o-x=0.15mm,Case 1
—+x=0.15mm,Case 2
-0.2 - —-x=0.30mm,Case 1
—+-x=0.30mm,Case 2

0.4F

cos 6’1—120

1 1 1 1
1005 04 _06 08 10

C
(b) H, O

0.4
—o-x=0.15mm,Case 1
0.2 —=+x=0.15mm,Case 2
—o-x=(0.30mm,Case 1
0} —*x=0.30mm,Case 2

0.2

c0s Oco

-0.4
-0.6
-0.8f
10 1 1 1 1

(e) CO

10 EFREY. ERYMPEASHREREN
B B3 S gt
Fig.10 Alignment statistics of scalar flux and gradient for fuel,
product and radial mass fraction

SR XS T[] 7= 1y, BARFIAE Y Ka BOR I,
AR ZAE S /N o AH TR KM T B 3T cosOco HY B2 R
E295 T 0.2, R W21 70 3l ik 5 i) T 5 4190 6 JEE 22
X% 5 RIS E 9 HORON, B O 3 L AR SRR JE
FOBE R RR E 10Co) s . X R S8 1R AT
BET 0 HE D BLAY R R XS S S HILAA 58 2 o ] 7 ) Y
B AU e ) R, 7 2 J i T 25 4 sl LR R 4L 14
e R AR 7 1 I i B0 R G 18 e IR e PR R AT
HE— 25 B A AL .

4 & it

HE TS S S HILIA e 2 i i FUTR 498 68 1) AR A 2
B3 T IR T R A B R BE % IR ST T A A

Ka F0F T i KO0 9 DX K He 9 ZE ML, Jn s 1 %F
W23 K B HLIR e & 9 TTR T T K A T 1 465 44 1 28
fift . S5 AR, & SHLBREE S P i i U A e 5 2 A
TR R IX, H Ka KB KO 0 25 RS 4% 8 5 21
T 25 B V)2 9 A0 520U 50 A1, 5 B SR B AN
[vi) P9 2 RURE U K A 6 T U0 R 1 R 408 58 I 1) Al 4t 1
A B R AR ) K A S5 A8 IXTE R Ka 1 T80 G R
. W T HER Y )2 AR S B0E R i A R ]
WX, H Re Ml Ka #K, BIFRAON T2, E504))2
BF 30T, DK 303 B K TRl AR Re Il Ka #8COK B, Jif 40
Bl AR AL

FE MR RANS 8% LES Jik v, % R M E S
BICBRE X 2 3 3 A R AT AR, Oy T IR X — VAR R
BIHLBRbE 5 N S FH M X B0 B i is 0N 3R AT T G it
SN, BT R EEN A RSP B E T T . )
YR A ) A T R B S s O, B Ka 80K B
JEE Hiy 32 500 23X 5 L A A A e [ i O R
L TN ORI N A A N TP Rl R ST DA 7/ I
CO T BE Y™ OB 152 7 N T B 3 ™ 8 R &, Rt 7
K JEE F i as & shBLRR % = 14 1 G 3 80 (EASE 400
T T B bR e 38 0 A AT 2P

Z % X #:

[1] GICQUEL L Y M, STAFFELBACH G, POINSOT T. Large
eddy simulations of gaseous flames in gas turbine combustion
chambers[ ] ]. Progress in Energy and Combustion Science,
2012, 38(6) . 782-817.
https://doi.org/10.1016/j.pecs.2012.04.004

[2] WATANABE H, SHANBHOGUE S J, TAAMALLAH S, et
al. The structure of swirl-stabilized turbulent premixed CH,/air
and CH,;/0,/CO; flames and mechanisms of intense burning of
oxy-flames[ J]. Combustion and Flame, 2016, 174; 111-119.
https://doi.org/10.1016/j.combustflame.2016.09.015

[3] ZHOU R G, BALUSAMY S, SWEENEY M S, et al. Flow
field measurements of a series of turbulent premixed and
stratified methane/air flames [ J ]. Combustion and Flame,
2013, 160(10): 2017-2028.
https://doi.org/10.1016/j.combustflame.2013.04.007

[4] LIL, LINY Z, FU Z B, et al. Emission characteristics of a
model combustor for aero gas turbine application [ ] J.
Experimental Thermal and Fluid Science, 2016, 72 235-248.
https://doi.org/10.1016/j.expthermflusci.2015.11.012

[5] WANGZC, LINY Z, WANG ] C, et al. Experimental study
on NO emission correlation of fuel staged combustion in a LPP
combustor at high pressure based on NO-chemiluminescence
[J]. Chinese Journal of Aeronautics, 2020, 33(2): 550-560.
https://doi.org/10.1016/j.¢ja.2019.09.004

[6] WORTH N A, DAWSON J R. Cinematographic OH-PLIF
measurements of two interacting turbulent premixed flames
with and without acousticforcing[ ]J]. Combustion and Flame,
2012, 159(3): 1109-1126.
https://doi.org/10.1016/j.combustflame.2011.09.006



618 O BV S %38 &

[7] SINGH P, VELAMATI R K, PRATHAP C. et al. Study of turbulent premixed jet flames at low and highKarlovitz numbers

flow patterns and impingement heat transfer for an annular [J]. Combustion and Flame, 2018, 191 468-485.

array of eight co-rotating dual-swirlingflames[J]. International https://doi.org/10.1016/j.combustflame.2018.01.022

Journal of Heat and Mass Transfer, 2019, 144 118657. [15] WANG H O, HAWKES E R, CHEN J H, et al. Direct

https://doi.org/10.1016/j.ijheatmasstransfer.2019.118657 numerical simulations of a high Karlovitz number laboratory
(8] hscts, PR, T om. 4875 3 a8 (8] & B MR Be I i 55 1) 2 il Ik premixed jet flame-an analysis of flame stretch and flame

RS T, 2SR B 12, 2008, 26(3) : 339-343. thickening[ J]. Journal of Fluid Mechanics, 2017, 815: 511-

MIAO W B, CHENG X L, WANG Q. Analysis of the energy 536.

release effects in supersonic reactingflows [ J ]. Acta https://doi.org/10.1017/jfm.2017.53

Aerodynamica Sinica, 2008, 26(3): 339-343. (in Chinese) [16] DESJARDINS O, BLANQUART G, BALARAC G, et al.
[9] BUTZ D, GAO Y, KEMPF A M, et al. Large Eddy High order conservative finite difference scheme for variable

Simulations of a turbulent premixed swirl flame usingan density low Mach number turbulentflows [ J]. Journal of

algebraic scalar dissipation rate closure[J]. Combustion and Computational Physics, 2008, 227(15); 7125-7159.

Flame., 2015, 162(9): 3180-3196. https://doi.org/10.1016/j.jcp.2008.03.027

https://doi.org/10.1016/j.combustflame.2015.05.003 [17] HAWKES E R, CHATAKONDA O, KOLLA H, et al.
[10] TANAKA S,SHIMURA M, FUKUSHIMA N, et al. DNS of Apetascale direct numerical simulation study of the modelling of

turbulent swirling premixed flame in a micro gas turbine flame wrinkling for large-eddy simulations in intense turbulence

combustor[J]. Proceedings of the Combustion Institute, 2011, [J]. Combustion and Flame, 2012, 159(8): 2690-2703.

33(2): 3293-3300. https://doi.org/10.1016/j.combustflame.2011.11.020

https://doi.org/10.1016/j.proci.2010.07.034 [18] POPE S B. Turbulent flows [ M]. Cambridge: Cambridge
[11] AOKI K, SHIMURA M, NAKA Y. et al. Disturbance energy University Press, 2000.

budget of turbulent swirling premixed flame in a cuboid ISBN-13: 978-0521598866

combustor[ J]. Proceedings of the Combustion Institute, 2017, ISBN-10: 0521598869

36(3): 3809-3816. [19] FRANZELLI B, RIBER E, SAN]()SE M, et al. A two-step

https://doi.org/10.1016/j.proci.2016.08.033 chemical scheme for kerosene-air premixed flames [ J 1.
[12] Wi, BRIE. JI5E. 45, i T 0 ORI it JAG 09 BOELRE 1L 5 45 Combustion and Flame, 2010, 157(7): 1364-1373.

FFRAELT ], v [ A} 2 Py B 2% Jy 2% RS0, 2017, 47(7) https://doi.org/10.1016/j.combustflame.2010.03.014

070005. [20] POINSOT T, VEYNANTE D, Theoretical and numerical

YANG Y, CHEN Z, ZHOU H, et al. Numerical simulations combustion[ M. Philadelphia: R.T. Edwards, Inc., 2005.

and structure characterizations in high-Reynolds-number ISBN-13: 978-1930217102

premixed turbulent flames[ J]. SCIENTIA SINICA Physica, ISBN-10: 1930217102

Mechanica &. Astronomicas 2017, 47(7): 070005. (in Chinese) [21] MOSS ] B. Simultaneous measurements of concentration and
[13] CARLSSONH, YU R X, BAI X S. Flame structure analysis velocity in an open premixed turbulentflame[]]. Combustion

for categorization of lean premixed CH4/air and H2/air flames Science and Technology, 1980, 22(3/4): 119-129.

at high Karlovitz numbers: Direct numerical simulation studies https://doi.org/10.1080/00102208008952377

[J]. Proceedings of the Combustion Institute, 2015, 35(2): [22] VEYNANTE D, TROUVE A, BRAY K N C, et al. Gradient

1425-1432. and counter-gradient scalar transport in turbulent premixed

https://doi.org/10.1016/j.proci.2014.09.002 flames[J]. Journal of Fluid Mechanics, 1997, 332: 263-293.
[14] MACART J F, GRENGA T, MUELLER M E. Effects https://doi.org/10.1017/s0022112096004065

of combustion heat release on velocity and scalar statistics in



	17 肖华林
	17 肖华林-1

