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Abstract Based on the concept of dynamic zone partition, improved delayed detached eddy simulation (IDDES)
modeling of high-Ma full-scale scramjets with more than 100 million cells was conducted for the integrated internal and
external flow fields. A complete dynamic zonal combustion modeling framework was established, including dynamic
zone flamelet model (DZFM), zonal dynamic adaptive chemistry (Z-DAC), and zonal in situ adaptive tabulation (Z-
ISAT). The fidelity of the zonal modeling framework is preliminarily verified by the 115-million-cell modeling of a
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benchmark hypersonic combustor named REST, which was designed to operate at Mach 12. Through the idea of local
flow-chemistry decoupling within each zone, DZFM not only accurately represents the local turbulence-chemistry
interaction but also effectively improves the computational efficiency of turbulent combustion in the whole field. Z-DAC
and Z-ISAT can further improve the resolving efficiency of chemical reactions in each zone by dynamically reducing the
chemical mechanism and tabulating the thermochemical states. Then based on 125 and 140 million cells, respectively, the
characteristics of hydrogen-fueled strut and pylon hypersonic combustors were comparatively analyzed for Mach 10.
Both the pylon and strut structures induce obvious boundary layer separation and fore-body recirculation zone, resulting
in long pre-combustion regions in front of the injection point in both combustors. Numerical analysis based on the Borghi
diagram shows that the diffusion-dominated flame mode widely exists in the current hydrogen-fueled hypersonic
combustor, and the bottleneck of efficiency improvement lies in efficient mixing. The pylon combustor has higher jet
penetration depth and better near-field mixing, and thus the combustion efficiency of 80% is above the criterion of
achieving net thrust. The specific impulse of 1234 s in the pylon combustor is also much higher than the 437 s in the strut
combustor. Z-DAC reduces the computational cost of reaction systems in nearly half of the computational domain,
especially in the fuel-free regions. Compared with the traditional finite-rate PaSR model, the DZFM model achieves an

acceleration ratio of up to 11.

Key words hypersonic combustion, dynamic zone flamelet model, zonal dynamic adaptive chemistry, zonal in situ

adaptive tabulation, improved delayed detached eddy simulation
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Fig. 2 Geometric dimensions of the strut and pylon structures
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Fig.2 Geometric dimensions of the strut and pylon structures

(continued)
(R4 B3R 7 =X, 4300 R R SRR 7 X (Bl 2(b) B
7R) FVEE RS 7 2 (W 2(c) Bion). RSP A
KRR 5.61 m, tFH AT —H2KE N 0.67m
(4R 2 AR 1 o 4 2R T ko e k. 1

SIEKE 2.49 m, K HFE T Busemann FEHET 7 IR
LIBFRELH vk, i SR RS IE R 2% i
JE vk, BEACE LT 4E LA 10, B R R4 EL 2 R
62. [ 125 BV ok B A Y 1 3 5 R P A e
=, R EAHE B 0.985 m K BT 5k R f LA
BRI oK  EmE . T STRR R E 3L 24 A
BRORHE L, Jorh 6 N BORHISE FLAL T3 4 o0 SCHRCR)
AT b, LA 18 ANBRRImEFLEL 3 AN — 4l T
HLy S AR EE . BEFL B4R 0.8 ~ 1.5 mm H AL
DAIEE N T~ 4 R A [ 9 50 55 408 o S O o G VR T
TP 424 8 75 R e = R FESR T 24 WAL, 2 A4
— SIS JE 1) 43 ) AEE RS TS (3 4) AR
LeBE (9 41) HREmiE.

ARSI T b3 v ol gl 7R g Y R 4
R BRI R B HLAE ©AT B ARk 10 FEIK 40 km
LI PERE. TR, KAT TSN 1 pios, Hob
KL A 7 Y UHHE S N B AR K RE S HL %
BHALEE 0y 7 S, RN I, R R R R A Y
LA 1.0.

F1 MAITIASH
Table 1  Flight test conditions

Freestream

(mass fraction Yy,: 0.767, Yo,: 0.233)

Fuel stream

(mass fraction Yy, 1.0)

Ma Hikm TIK p/Pa Ul(m-s™) q/Pa

Pt/Pa THK O/ (kg's™) THK Ma

10 40 250 287 3172 20099

2.7 x 107

4333.5 0.023 298 1

T 55 SRR R S S DX sk, b
SRR R BN RSB R 1.25 12, BERITESS R ShHL
SIS ECE R 1.4 42, 5 82 5 AR 0 RE [T 586 25 7 A
O SRR A, A XK (96.6% 1A FR) K TG4
Foy DY T A4 A% 1) 23, AR B3 A Ak SR 2D LT
(3.39% HHUT 50 BAER G TIETE (3511 0.01%
R340 70, PP RS RURE 0.8 mm, 7ERAEHSE L
BT R BB N5 A5 0.1 mm, JTEEIL FE R 15 2 1)
P I A TR B AT I K 2, T SR AT BE R 2 <.
A% 5 0 T 8 W] 99.4% I AR IEAS M #E it 0.5,
99% K1 B ARk B2 /N T+ 0.5, WIFFTER S Hh L SERR IR Joe
FIFRE T 5413 Ji. 7176 Ji. 1.0477 {CF11.251 12
&4 BRI AT PERAE, HAy 3 RO A 5 i
i 20 19 ks 1 - 25 BE T R ) 1 22 43 5l A 1.7 %, 1.2%
1 0.8%, Fifi P ]URE 52 F5 B v, DRI ] A A S A 4

PR US4 SR BAT B IR RS, i 3 BT,

60

—Ma 10, 34 km, 54.13 M
— -Ma 10, 40 km, 71.76 M

40 [Ma 10, 40 km, 104.77 M
-...-Ma 10, 40 km, 125.10 M

p/kPa

20+

0

0 1 2 3 4 5 6
x/m

3 HO OB S BE TP 24 s ) 1) RS A S 43 A

Fig. 3 Grid independence analysis on average wall pressure
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Table 2 Overall performance comparison between pylon and strut combustors

Global performance

Pylon combustor

Strut combustor

air captured rate/(kg-s™")

fuel flow rate/(kg's™")
inviscid Thrust/N
viscous Drag/N
net Thrust/N
combustion efficiency
isolator pressure/kPa
peak pressure ratio

specific Impulse/s

0.976 19 0.79284
0.028431 0.023091
650.5093 477.038
306.2568 377.9552
3442525 99.0828
0.83833 0.60653
5.1081 5.4449
16.6474 11.1863
12342698 437.4018




968 i

g

4

£t 2022 45 54 &

23 EESS X AKEE ST

WKL 7 iR, B2 50 DX KA TR R K T 25
4y R 550 s 1) 60 2 [ g A W v 4 DA A R AIE >4 M %
A RONVARAS . 3 DR A AT 400 B R T T 4
DX D 58 /R o R s S B, FH T4 1) A 4 X R
JVEIHAR B A AL I BE I, S5 XA A AL B A
SN [) AT, S E e 5 K b x=4.478 m AbIA
FIEAR, 5 S0 R WE P B 2> B s A Bl Re
OB EAG. BN AR 23 8 i 23 X 4k 7k
kg Y, BRI Bl A I a1~ F 46T 7= ) H,0 1Rk
PERFEEE . A % O i O, 7E& T 2500 K i JE 1)
B BN AR R, TR AE Hy-0, 1RE 2 S v b ) 7
TAE I rh (R 4143 d[O] /dt = ky [H][02] - k2 [H][O],
(hey FIV key DAy 5 I8 38 305 H0). — FEOIA A A S il 75
O PR AR B 7 i R 3 [ P A PR e ), g e R
(P i O FEHR S BB T TH FE, 0% T 25 it
(2500 K) AX A7 BAKE B I8 (14 JF8 3 A v R e A K
SE . KIATH AR T 78 200 7 X P i A R
AL AAE, IR AN 55 AH 4B 43 DX Ik A8 A R LA
O, WRFE A, FLAEIANE BEAR AN T FE (1) 7] B A Boip
AR B A PR 73 DX A5 W iR BE T O, DRI AE A e
BRI R R LR ETF. 5 H0 AT A o b,
O, MR FEAE B 13l 22 N Ui 1A U 30k 2 v o 2 3 7
FE, 17T R R R AE RS9, O, 75 Y. 4
B FE.

BIIAS 3 XK HATH R B A Tk R — D7 THT & Fig K I T
(YIS A8 A, 53— THT KA T 43 DX A A W o YT
ARk, Wik 8(a) Fran. T SEHRHE L ) EAT A ]
53 DX BA DRl AN [R] 7 3l B B P e T RS 40 R 1) 43
DX A A B2 AT P B ) O, DRI LR X 43 TN
ARG UK BN RIS N EE AR K SE AN A B
N RN o P VAR 27 TR < I B Pl
(B /N T — e R, i3 v 5 45 AN TR0 T 43
DXL H . — MAE S R R R, — AN A
DX VR JU) g 4 DX T) oy 2 AN K12 K R S, AR R e
BCARIE 2 /D 50 A2 1) 43 X B2 (8] B a4 T o
X, HE— 2070 S B IR ] 43 BRI > iR 5
AT X B 8(b) JE R T XM i JE R4
HAL R A 3 B0y DX . LR e b B 2 0]
B, MR A B RN 0 2 1 oA, R
I3 DB AR, AT S Bl T BV AN 7 55 IR
G BB, BRIy DAL H /. FRAE B3R T I ) B

3000

x/m
—3.5824
| ——3.8810
2000 41795
| —— 44780
1500 4.776 6
| —5.0751
1000 ——5.3736
——5.6722
—5.9707

TIK

500 -

0 0.5 1.0
¢
(a) SRRz il 2
(a) Reaction control temperature

0.3

x/m
—3.2839
——35824
0.2+ —3.8810
—4.179 5
—4.4780

4776 6
0.1r —5.0751
——5.3736
——5.6722
——5.9707

Y
H,0

0 0.02 0.04
¢

(b) H,O Jii & 73 %
(b) H,O mass fraction

0.10

x/m
-—3.2839
—3.582 4
- 3.881 0
—4.179 5
s° 0.05f —_—4.4780

4,776 6
—5.0751
——5.3736
—5.672 2
—05.970 7

0 ' 0.05
¢
(c) O B/ ¥k

(c) O mass fraction

x/m
—3.2839
0.20 F —3.5824
—3.8810

0.15 | —4.179 5
S —_—4.478 0

4.776 6
0.10 —5.0751
——5.373 6
e 5.672 2
—5.9707

0 0.05
¢
(d) O, Jii 743 %4
(d) O, mass fraction

0.05 |

Bl 7 AN IR 1 B Ak A4 R A A

Fig. 7 Representative flamelet variations changes at different flow

distance



F 4

1 Pk DA BT B A7 X MRS il A A Re K i Bt 969

mf
1.0

0.8
0.5
0.3
0

(b) Zone divisions according to local mixed fractions in the front,

mf
0 0.03 0.05 0.08 0.10
- |

(a) Ll [ 731X

(a) Zone division along the flow path

(b) FOSTIRAT S5 S B IR A 2 H0r X
middle and rear sections of the strut combutor

K8 Kk gy X R

Fig. 8 Diagram of flamelet division

e, IR A PIRGE N e e AR FR I 2k i sl e
WA B SRS, S WA 2 200 X 5 H i 8
O FRLASRIVRR— JHE T BRI AT 78 73 AL 21 Ml s WOIR 2
TEMAE R 73 oy X, ﬁﬁmﬂz}iﬁl:ﬁﬁ%%ﬁ%
BLIE, — B A 2 i LR A 20 FO T % 3 X,
K 8(b) s AL RT LA 2, W5 70 0 AR
AN B SR Y, =TT DO iU IR S A, AT
A2 TR R AT IR AR A A% PR 28 SV AL ST 24T AR . 24
WA S PERE ORI, ATk — D8 n o SR, 4l
AR L . S At — 2D AT 2 X 3 DASE
w7 XA — 1

24 SXBEERALEFEST

K] 9 /R T 43 X BiE N AL2E (Z-DAC) 557 X

1.0

% 08}

g 06

cg’ 02}

0 Xﬁxi)\ X§x o@i @@ @o*\o*\ o o@\owo os}\ow\ g 0.0 gw\gbx\ o owo‘?‘ owox\ %mb
D e e
SRR e
X OQ\ x & OQ;\ow O el
reaction
(@) & RIS
(a) Activation ratio of reactions
0.8 SNV HUE ST I 9(a) Hhal WET 13 25 WA
o 1E Z-DAC Al LT dh ZAR BT (1 N A, 1T 14~ 19
S N A AP SRR, 2000 90% A Aq. 20 ~ 33
06 RN IAE 63.5% 143 DX LB T4k oh i 2200 . 3T
5 05 13 0 N Hy ISR RN, 1R S N X4 56 9
3 o4 TREE, AR Sl 72 SO X I 2. 55 14 ~ 19 203
g SO A (Hy0,) 1 S AN A OH 3 B8 458 i PR i K
03 S KA B TR 14 535 K NG 25 110 S )
0.2 7 1800 K LA b (1) il X 804 S Beos . 2523 X (1)
o1 SN HLEE R SFEE KR, 64% X8R T 31 ~ 33
RN, 27% [XIECR A T 19 3P RV, 8% I IX 8K
07 nu 1 2 JIT 11~ 13 35 RN BERDMXERA T 78R
mechanism size N, R B Ny O, B i s N, i HLIG A RHX 38, mf
(b) %4 [X R HLEE R~ i

(b) Mechanism size statistics in each reaction zones

B9 4rX BN (Z-DAC) Seit £l
Fig. 9 Zonal dynamic adaptive chemistry (Z-DAC) statistics

73 DX 8 NG 2 VA AR R AL 1 T B B
TSR SARHY, 502 AE TR X s B AL
{1 5 A e 52 S T ) A



g

970 i

4

£t 2022 45 54 &

25 SEGRIRIERIERITEL

# 3 AT DZFM 24 5 DL PaSR AR 114
GiAT PR AR R T 503 PaSR BB BR T 75 24
W P CFD Mg o0 — R SR A 1 A 27
SINEAR, 38075 B R AR A 41 53 s O R, DL SRARAN
— e Ry T Bl A 2 RO AR RE AR R A R K B
B P45 E A0 N 1] — i L2 0 A B2, 3K L B
1 ms VB PPN [6] 2% AN [RR e AR 10 K n s 7 1)
TSR AR R AT ML 504 #% (CPU A5 Intel
Xeon CPU E5-2640 , H% 145 2.40 GHz) #7150
W, 4l PaSR B (1) L R0 1R 1 5 A 2E 24 d,
KM Z-DAC hinide o v 58 4k h £ 20 d, SR H Z-
ISAT Jiif 4% 14 d. tHT Z-DAC WLEL R fL 5
ISAT 3R i) J7 V2 T-AH BT, Rtk = F R Al
FH a3 3 AL T 38 B O Ll g e A : 332.92
h x (468.16 h/582.61 h)=267.52 h=11 d, 1% /N T H A%
AR 12 d. ISAT 5 DAC KR A48 H 41 & 48
B4 SCHR [97] AR A R & N AL 2+ (TDAC),

AHFCR 75 543 X Z-TDAC. 4 DZFM
() B B0 H B 045 % 0 52 h, X EE4L PaSR 1 ni
ELmIE 11 5. KT DZFM B8, R4S O TH 40 X L
AN — 4R o BT R A IR RO B R B b 2
SR ZS . Z-DAC R 11 4 X s AL T T
T KRR P TR T Ak, %17 BR1 5 PR 2 ot K BRI
DAT S L 03 R AN 55 4% e A R S HE B TR A A5 1 ]
8, AL T 5% M nik. [FAEH, Z-ISAT (F) i %
WA 5%. —H AT Z-TDAC I Eng &,
1K 8%. % 3 FIH T AFBIATHE 1 ms 4B )
XK CPU B[] AT W23 XA i i S A e A0l 4 —
YW B ) T 7 5 % A 27 ONIR S AR AR ALl 4y
BRI 7 X B H (AR A 1.8 TN 4rIX) Tfe
A4V G 43 50 1) P9 ) B BOTR A A B 1) s 3R
fift, ITIAR R HUBR T T hnad b, [R) s A8 154 22 1) S
TH SN 7 V2 N TR AT AN BE S i T LB R b
R R A & A — R R 22, TR AE ok
BRI 0 T 1T A RSO0 56 52 =k B

3 DZFM tRE!5 PaSR #2EHH 1 ms YRR XS R AY CPU B8]
Table 3 CPU time of DZFM and PASR model calculation of 1 millisecond physical time

No reaction acceleration

Z-DAC

Z-ISAT Z-DAC + Z-ISAT

PaSR 582.61 x 504 CPU h

DZFM 52.02 x 504 CPU h

468.16 x 504 CPU h

49.42 x 504 CPU h

332.92 x 504 CPU h 291.30 x 504 CPU h

49.42 x 504 CPU h 48.59 x 504 CPU h

Kl 10 T Borghi B4 it 204 7 LA AR
(1) v R TR = v a0 X B A 2 RO A HAE
G Z& (TCI). Horp sl ve 1158 Da 5 A i i AR A
B a7, 54k 2% s N AR AE I 8] v 2 b, Da = 7, /7, . FE
TR A5 T VAR A ) ) B 5 2L ]
HB A I TLIK BN ke O3, B 7, = (kyes + Kp) [ 2 N
FFAEI F] 7. 4 CEMA $5 251230 RI/RIEYEAT 2L Ka
S SUNAR IO RHAE IS TA] 5 f /N i RUBE 2 L Ka =
7.7k, H:H Kolmogorov F# 1k I 8] 7 = (v/e) /2 . Fii ik
i Re ~ (1,/1)* = Da* - Ka* . 84 Ka K1 Da v ¥ ity Ui
2 ONAE AR G R AR 3 i (1) K IaTE
A Ka<1 HDa>10, (2) # x N XA 1 < Ka<100
H Da>10, (3) 18 &N Ka>100 H Da<10. A
Rl e 2 Gt o A o] LU H, B 90% 4K
84343 DX A T PRI s AR 1B BT R KA TR, 5%
e AT B /D43 4 XA T s N X AR, N T 3% 1)

3 DAL 8 S W DX SR P R e i R
T PR GR B K I DA, B S0k 7 IR 4 K
AL T RN IX (KT 50%) R s X (/T

1010
flamelet: 91.9%

108 thin reaction zone: 5.17%
slow chemistry: 2.95%

10°
8 flamelet
10
Ka=0.01 _

. thin reaction zone
10 ¢ Ka =100
10°

10° 102 10 10°  10° 10

Re
(a) LSRR BE
(a) Strut combutor
P10 4 DXt A OB A8 T A 2 & Borghi
Fig. 10 Borghi diagram of zonal turbulent chemical reaction interaction
relationship



%4 W

P DA% B2 200 DB 1) P R e K iU 971

1010
flamelet: 94.2%

108 thin reaction zone: 4.43%
slow chemistry: 1.38%

10¢
8 flamelet
10
Ka =0.01 )
, thin reaction zone
10 Ka =100
10°
10° 10? 10 10¢ 108 10%
Re
(b) BETH AR =

(b) Pylon combustor
B 10 4 XAt A2 e B AS H AR G 2 Borghi ] (£5)

Fig. 10 Borghi diagram of zonal turbulent chemical reaction interaction
relationship (continued)

30%) . 7T LRSS SR B A HOM e PR v 7k
Whe =, T N A AT AR T PR B I, 9 LA
6 3 PN e RO L P Bk — D R T AU RO
AR, LRI A RITRIGE (10175 DL Tt 58 R 254 I i 3
FET v O . e P R GE = R R T RS 108,
Foe /N R IR RUBE N OR B4, S TR EL R SR A vy
TR ) L B E AT SN D5 AR 2 H ot
SRR TCTE AR SZ 1, (] I TS v B R i3
AR ) RUE F) i L T A A (1 R S AR AL 2
WAFAERR R 2% A AR

3 g

ASCETR T T3 RS = Sk R
SR H R BT A AR & A SOk B IR 4
2534 (IDDES) BAUAI I, W FT 7 T 588 M 3 48 7
X MR GEBEAUAE BL, A0 45 Bl 25 73 DX KA T i T A be s
M (DZFM), LLJe 53 X | & AL % (Z-DAC) Fil 7y X
AT HIE N R (Z-ISAT) 254k 2 s N AR R i
FIm AT oy X AR ) AR RV A R AE T 2 b di vk 2
LHAEHRR, AT T 38 hmm AR k&
AE JE WA 8 T A S DXOHE SR PR A 27 S B L B
AT BN AS S AN g 36 Ay, Tt — D4R T T o
DX PN A 2 s 0 ) SRR A0 AN [) 2 TR A i Ak 1 2k
S 10T 465 6 eR BT A2 A 3R PR B 25 40 DX K M TS 2R ] LA
Fli B 2 IS VR 5 P AT PN S R A ) 45 2 B e N g
Tt 28 S YA () A B ISE L ORE A 1R 9 1) 4 DX HE A 1X
TAARE . RUKBI e SN 23 48 K SE AN ]
B B SO AR S, AT T A2 VA 47l 442 K B 0 1) O
VBB 23 053 DT R AN D0 S R 11, 2 3 mT DL 43 6K

(R A, FLAEANTRI AL 1m0 8 29 Ak 1) 40 A 25 AR R S5
[ 3E N T AR .

TS 0 LA 58 A S B ) S 12 REST
P v 7R A AR R B0 AIE T 3 DX RUURE B (1
REE. 23 BIFE T 1.25 F1 1.4 A2 MR Bh 72 70 X HE 4L
SF AR 10 FIHEHR 40 km 454 F 4 RSP sz
B (strut) FUEETHIFERS Y (pylon) P A B &0 e
PR e B AT T IR BV BUE S8, #8oR T s
TS — R B HURE (1 R R,

B PR = AR BEN LI ) 0 344 N, LE b
FEIRLBRAECR 1234 s; 11 0 SCARURA R = 194 ) 859
XA 99 N, Lhh 437 s. BETHI FE4 BRI 5 MR R ACK
A Ay BRAL, T30 A A B AT 7 AR AE T ) 80%
DU, B I RAR G = (R R LA 16, 553 T S
BRABE IR B 11, pH AR b A SRR IR e = 2
T HEWE A 36% HIJCRE (Fk 1) H#HES). [RIE, Ao SCRu
B85 1A B ) A DU TR PR 5 3 T 23%. PRI
TR =5 1R 5 PR 953 2 1) vk 99%, L v B [ 43 P4 it
I DR J 0 5 e A 48k 5 A ) 2 5 S A 2 B TR

5T Borghi BMEUA TR, HiR P IMRGE
5 N BRI AR S 34 O i S ) A T R
I 90% [ 26 KB 43 43 DX Ak - HR s Jse AR 188 Jf 3.
() KA TS 3K, 38 K T i S0 75 A 058 & T 1 4
10% I LLHB. e A RIS L T, S mridhbe s
(1) DG AE T R A BE TS PR be = R 4
(AR p Ak 0 R 3 X PR g L 2 3 R e v
O SRR B SR T W S, ATEAS T SE L IR A

I3 D% IE AL Z-DAC TEAERIHLIX 4> T &9
X Ak 27 S AR 2, Forf Hy I4EAL & B AE IR I
X B e R B, W R S AL AL (H,0,) IR Y AY 7R
OH ¥R B 48 vy (13 BRI X A i, i Je N o
FI SOV UAE 1800 KA 1) vy i X g A4 ol it
64% XK H T I P 58 31 33 8 N LB,
27% MIXECR AT 19 RN, 8% MIXKEERH T 11~
13 30 ] N, 5 A7 A /D 1) v il 2 2 AR A X SR T
7 30 I N HLER, AT LSy X IE N AR A T VA T
B B RRAR T RN SRR BT, R AR
TEIRIEHIX Sz 7 BB (1 T A T 5 5 9 .

AL TALSE K4 PRI K PaSR Bi%Y, DZFM 557!
W = e ()T 7 R A2 R AR mR g
A B K T o X ECH CRBEFUR o 1.8 T4



972 71 ¥ ¥ (4 2022 5 54 &
SVK) Tebh—HE IR A A B B B BORAS  E 2019.3502): 451465
N N - \ S AT 17 Yao W, Lu Y, Wu K, et al. Modeling analysis of an actively cooled
&E\Zﬁzmﬁ’ i'{m 7 'E‘Jli H 1ﬁﬁ@bnﬁf_ H:’ =l H‘J ’fff%’ﬁz: scramjet combustor under different ierosZne/air ratios. Journal of
S0 S N VT S0 34 7 R I SR AR AN . T Propulsion and Power, 2018, 34(4): 975-991
*IL 35 fE/U ,H: }Dﬁi@ﬁi’ﬁj :[;/}j/z_zxﬁ igﬁ E‘]lﬁ_"fu i%%’ 18 Yao W, Yuan YM, Li XP, et al. Comparative study of elliptic and
j eled by RP-3. Journal of Propulsion
A I A 8250 T T % TR S e . ot oy e
19 Fan ZQ, Liu WD, Sun MB, et al. Theoretical analysis of flamelet
% % j[ I_?ﬁk model for supersonic turbulent combustion. Science China Techno-
logical Sciences, 2011, 55(1): 193-205
1 Marshall L, Bahm C, Corpening G. Overview with results and les- 20 PNITE, S0 B BE, VPRGS04 TR 7 T R SO TR S Y
sons learned of the x-43 a mach 10 flight//AIAA/CIRA 13 th Inter- L5k, S35, 2010, 40(6): 634-641 (Sun Mingbo, Fan Zhougin,
national Space Planes and Hypersonics Systems and Technologies Liang Jianhan, et al. Evalutaion of partially permixed flamelet ap-
Conference, 2005 proach in supersonic combustion. Anvances in Mechanics, 2010,
2 Smart MK, Tetlow MR. Orbital delivery of small payloads using hy- 40(6): 634-641 (in Chinese))
personic airbreathing propulsion. Journal of Spacecraft and Rockets, 21 Davidenko D, Gokalp I, Dufour E, et al. Numerical simulation of hy-
2009, 46(1): 117-125 drogen supersonic combustion and validation of computational ap-
3 Rogers RC, Shih AT, Tsai CY. Scramjet tests in a shock tunnel at proach//12th ATIAA International Space Planes and Hypersonic Sys-
flight mach 7, 10, and 15 conditions. AIAA Paper, 2011-3241 tems and Technologies, 2003
4 Barkmeyer D, Starkey R, Lewis M. Inverse waverider design for in- 22 Golovitchev VI, Nordin N, Jarnicki R, et al. 3-D diesel spray simula-
ward turning inlets//41st AIAA/ASME/SAE/ASEE Joint Propulsion tions using a new detailed chemistry turbulent combustion model.
Conference & Exhibit, 2005 SAE Technical Paper, 2000
5 Gai SL. Free piston shock tunnels developments and capabilities. 23 Magnussen B. On the structure of turbulence and a generalized eddy
Aerospace, 1992, 29(1): 1-41 dissipation concept for chemical reaction in turbulent flow//19th
6 Chan WYK, Razzaqi SA, Turner JC, et al. Freejet testing of the Acrospace Sciences Meeting, 1981
hifire 7 scramjet flowpath at mach 7.5. Journal of Propulsion and 24 Legiery JP, Poinsot T, Veynante D. Dynamically thickened flame
Power, 2018, 34(4): 844-853 LES model for premixed and non-premixed turbulent combus-
7 Curran D, Wheatley V, Smart M. Investigation of combustion mode tion//Proceedings of the 2000 Summer Program, 2000: 157-168
control in a mach 8 shape-transitioning scramjet. AI44 Journal, ~ 25 Calhoon W, Menon S. Linear-eddy subgrid model for reacting large-
2019, 57(7): 2977-2988 eddy simulations - heat release effects/35th Aerospace Sciences
8 Suraweera MV, Smart MK. Shock-tunnel experiments with a mach Meeting and Exhibit. American Institute of Aeronautics and Astro-
12 rectangular-to-elliptical shape-transition scramjet at offdesign nautics, 1997
conditions. Journal of Propulsion and Power, 2009, 25(3): 555-564 26 Peters N. Laminar flamelet concepts in turbulent combustion//21st
9 Doherty LJ, Smart MK, Mee DJ. Experimental testing of an air- Symposium (International) on Combustion, 1986: 1231-1250
frame-integrated  three-dimensional scramjet at mach 10. AI44 27 Bray K. Laminar flamelets in turbulent combustion modeling. Com-
Journal, 2015, 53(11): 3196-3207 bustion Science and Technology, 2016, 188(9): 1372-1375
10 Landsberg WO, Wheatley V, Smart MK, et al. Enhanced supersonic 28 Cook DJ, Pitsch H, Chen JH, et al. Flamelet-based modeling of auto-
combustion targeting combustor length reduction in a mach ignition with thermal inhomogeneities for application to hcci en-
12 scramjet. AIAA Journal, 2018, 56(10): 3802-3807 gines. Proceedings of the Combustion Institute, 2007, 31(2): 2903-
11 Barth JE. Mixing and combustion enhancement in a mach 12 shape- 2911
transitioning scramjet engine. [PHD Thesis]. Brisbane: The Uni- 29 Klimenkoa AY, Bilger RW. Conditional momen closure for turbu-
versity of Queensland, 2014 lent combustion. Progress in Energy and Combustion Science, 1999,
12 Wise DJ, Smart MK. Experimental investigation of a three-dimen- 25:595-687
sional scramjet engine at Mach 12//20th AIAA International Space 30 Ramanujachari V, Balakrishna S. Probability density function ap-
Planes and Hypersonic Systems and Technologies Conference, 2015 proach to non-premixed turbulent flames. Indian Journal of Pure
13 Shenoy RR, Drozda TG, Norris AT, et al. Comparison of mixing and Applied Mathematics, 2000, 31: 1339-1351
characteristics for several fuel injectors at Mach 8, 12, and 15 hyper- 31 Huang C, Lipatnikov AN. Comparison of presumed PDF models of
velocity flow conditions//2018 Joint Propulsion Conference, July turbulent flames. Journal of Combustion, 2012, 2012: 1-15
2018 32 Pope SB. PDF methods for turbulent reactive flows. Progress in En-
14 Bakos R, Tamagno J, Trucco R, et al. Mixing and combustion stud- ergy and Combustion Science, 1985, 11: 119-192
ies using discrete orifice injection at hypervelocity flight conditions. 33 Pierce CD, Moin P. Progress-variable approach for large-eddy simu-
Journal of Propulsion and Power, 1992, 8(6): 1290-1296 lation of non-premixed turbulent combustion. Journal of Fluid
15 Yao W, Chen L. Large eddy simulation of rest hypersonic combus- Mechanics, 2004, 504: 73-97
tor based on dynamic zone flamelet model//AIAA Propulsion and 34 Williams FA. Turbulent combustion//The Mathematics of Combus-
Energy 2020 Forum, 2020 tion, 1985, doi: 10.1137/1.9781611971064.Ch3
16 Yao W, Wu K, Fan XIJ. Influences of domain symmetry on super- 35 Oijen JAV, Goey LPHD. Modelling of premixed laminar flames us-

sonic combustion modeling. Journal of Propulsion and Power,

ing flamelet-generated manifolds. Combustion Science and Techno-



%4 W

P DA% B2 200 DB 1) P R e K iU

973

36

37

38

39

40

4

—_

42

43

44

45

46

47

48

49

50

51

52

53

logy, 2000, 161(1): 113-137

Kundu P, Pei Y, Wang M, et al. Evaluation of turbulence-chemistry
interaction under diesel engine conditions with multi-flamelet rif
model. Atomization and Sprays, 2014, 24: 779-800

Pitsch H, Barths H, Peters N. Three-dimensional modeling of nox
and soot formation in di-diesel engines using detailed chemistry
based on the interactive flamelet approach//International Fall Fuels
& Lubricants Meeting& Exposition, San Antonio, Texas, 1996

XU B, KB AR, A KR B HURASE 2 (K — B oy XY e 3 )
274, 2002, 17(1): 135-139 (Liu Kun, Zhang Yulin. An innovative
partition model of liquid rocket engine comubsution chambers.
Journal of Aerospace Power, 2002, 17(1): 135-139 (in Chinese))

Ge HW, Juneja H, Shi Y, et al. A two-zone multigrid model for si

engine combustion simulation using detailed chemistry. Journal of

Combustion, 2010, 2010: 1-12

Saeed K, Stone CR. The modelling of premixed laminar combustion
in a closed vessel. Combustion Theory and Modelling, 2006, 8(4):
721-743

Kodavasal J, Keum SH, Babajimopoulos A. An extended multi-zone
combustion model for pci simulation. Combustion Theory and Mod-
elling, 2011, 15(6): 893-910

Men YF, Haskara I, Zhu GM. Multi-zone reaction-based modeling
of combustion for multiple-injection diesel engines. International
Journal of Engine Research, 2018, 21(6): 1012-1025

Perini F. High-dimensional, unsupervised cell clustering for compu-
tationally efficient engine simulations with detailed combustion
chemistry. Fuel, 2013, 106: 344-356

Zhou DZ, Tay KL, Li H, et al. Computational acceleration of multi-
dimensional reactive flow modelling using diesel/biodiesel/jet-fuel
surrogate mechanisms via a clustered dynamic adaptive chemistry
method. Combustion and Flame, 2018, 196: 197-209

Dai M, Xuna L, Liang Z. Detailed chemaical micro fluid combus-
tion models for natural gas fueled hcci engines//19th International
Conference on Computational Combustion, Stockholm, Sweden,
2017

Raju M, Wang MJ, Dai MH, et al. Acceleration of detailed chemical
kinetics using multi-zone modeling for cfd in internal combustion
engine simulations. SAE Technical Paper Series, 2012

Ingenito A, Flora M, Bruno C. LES modeling of scramjet combus-
tion//44th AIAA Aerospace Sciences Meeting and Exhibit, 2006
Liang L, Stevens JG, Farrell JT. A dynamic multi-zone partitioning
scheme for solving detailed chemical kinetics in reactive flow com-
putations. Combustion Science and Technology, 2009, 181(11):
1345-1371

Wu H, See YC, Wang Q, et al. A pareto-efficient combustion frame-
work with submodel assignment for predicting complex flame con-
figurations. Combustion and Flame, 2015, 162(11): 4208-4230

Wu H, See YC, Wang Q, et al. A fidelity adaptive modeling frame-
work for combustion systems based on model trust-region//53rd Al-
AA Acrospace Sciences Meeting, 2015

Yao W, Fan X]J. Application of dynamic zone flamelet model to a
gh2/go2 rocket combustor//AIAA Propulsion and Energy 2019 For-
um, 2019

Cuoci A, Frassoldati A, Faravelli T, et al. Kinetic modeling of soot
formation in turbulent nonpremixed flames. Environmental Engin-
eering Science, 2008, 25(10): 1407-1422

Cleary M, Kent J. Modelling of species in hood fires by conditional

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

moment closure. Combustion and Flame, 2005, 143(4): 357-368
Young KJ, Moss JB. Modelling sooting turbulent jet flames using an
extended flamelet technique. Combustion Science and Technology,
1995, 105(1-3): 33-53

Thornber B, Bilger RW, Masri AR, et al. An algorithm for LES of
premixed compressible flows using the conditional moment closure
model. Journal of Computational Physics, 2011, 230(20): 7687-
7705

Schwer DA, Lu P, Green WH. An adaptive chemistry approach to
modeling complex kinetics in reacting flows. Combustion and
Flame, 2003, 133(4): 451-465

Liang L, Stevens JG, Farrell JT. A dynamic adaptive chemistry
scheme for reactive flow computations. Proceedings of the Combus-
tion Institute, 2009, 32(1): 527-534

Lu TF, Law CK. Toward accommodating realistic fuel chemistry in
large-scale computations. Progress in Energy and Combustion Sci-
ence, 2009, 35(2): 192-215

Yao W. Kerosene-fueled supersonic combustion modeling based on
skeletal mechanisms. Acta Mechanica Sinica, 2019, 35(6): 1155-
1177

Lu TF, Law CK. A directed relation graph method for mechanism
reduction. Proceedings of the Combustion Institute, 2005, 30(1):
1333-1341

Pepiotdesjardins P, Pitsch H. An efficient error-propagation-based
reduction method for large chemical kinetic mechanisms. Combus-
tion and Flame, 2008, 154(1-2): 67-81

Pope SB. Computationally efficient implementation of combustion
chemistry usingin situadaptive tabulation. Combustion Theory and
Modelling, 1997, 1(1): 41-63

Yang B, Pope SB. Treating chemistry in combustion with detailed
mechanisms - in situ adaptive tabulation in principal directions - pre-
mixed combustion. Combustion and Flame, 1998, 112: 85-112

Liu BJD, Pope SB. The performance ofin situadaptive tabulation in
computations of turbulent flames. Combustion Theory and Model-
ling, 2005, 9(4): 549-568

H DR B OB A 3l g 27 AR R 24 3 ) 365 1 A 3 T VA R A
FATH PN . [ 830 P E AR IS R L,
2009 (Xiao Baoguo. Implementation of reduced chemical kinetics of
hydrocarbon fuels and in situ adaptive tabulation in parallel compu-
tations of supersonic combustion. [PhD Thesis]. China Aerodynam-
ics Research and Development Center, 2009 (in Chinese))

LuLY, Lantz SR, Ren ZY, et al. Computationally efficient imple-
mentation of combustion chemistry in parallel PDF calculations.
Journal of Computational Physics, 2009, 228(15): 5490-5525

Yuan YM, Zhang TC, Yao W, et al. Characterization of flame stabil-
ization modes in an ethylene-fueled supersonic combustor using
time-resolved CH* chemiluminescence. Proceedings of the Combus-
tion Institute, 2017, 36(2): 2919-2925

Sankaran V, Genin F, Menon S. Subgrid mixing modeling for large
eddy simulation of supersonic combustion//42nd AIAA Aerospace
Sciences Meeting and Exhibit. American Institute of Aeronautics
and Astronautics, 2004

Piomelli U. Large-eddy and direct simulation of turbulent flows//In-
troduction to Turbulence Modelling, Von Karman Institute, Belgi-
um, 2004

Yao W. On the application of dynamic zone flamelet model to large

eddy simulation of supersonic hydrogen flame. International Journ-



974

i

£t 2022 45 54 &

7

—_

72

73

74

75

76

71

78

79

80

8

—_

82

83

84

85

al of Hydrogen Energy, 2020, 45(41): 21940-21955

Jones WP, Whitelaw JH. Calculation methods for reacting turbulent
flows: A review. Combustion and Flame, 1982, 48: 1-26

Pierce CD, Moin P. A dynamic model for subgrid-scale variance and
dissipation rate of a conserved scalar. Physics of Fluids, 1998,
10(12): 3041-3044

Triantafyllidis A, Mastorakos E. Implementation issues of the condi-
tional moment closure model in large eddy simulations. Flow, Tur-
bulence and Combustion, 2009, 84(3): 481-512

Nichols RH. Turbulence models and their application to complex
flows. [PhD Thesis]. University of Alabama at Birmingham, 2014
Spalart PR. Detached-eddy simulation. Annual Review of Fluid
Mechanics, 2009, 41(1): 181-202

Shur ML, Spalart PR, Strelets MK, et al. A hybrid rans-LES ap-
proach with delayed-des and wall-modelled LES capabilities. Inter-
national Journal of Heat and Fluid Flow, 2008, 29(6): 1638-1649
Spalart PR, Allmaras SR. A one-equation turbulence model for aero-
dynamic flows. AIAA-92-0439, 1992

Spalart PR, Deck S, Shur ML, et al. A new version of detached-eddy
simulation, resistant to ambiguous grid densities. Theoretical and
Computational Fluid Dynamics, 2006, 20(3): 181-195

McLinden MO, Klein SA, Perkins RA. An extended corresponding
states model for the thermal conductivity of refrigerants and refriger-
ant mixtures. International Journal of Refrigeration, 2000, 23: 43-63
Chase MW. Nist-janaf thermochemical tables. (4th ed.). Journal of
Physical and Chemical Reference Data, 1998, 9: 1-1952

Kee RJ, Rupley FM, Miller JA. Chemkin-il: A fortran chemical kin-
etics package for the analysis of gas-phase chemical kinetics. Sandia
National Laboratories, 1989

Mathur S, Tondon PK, Saxena SC. Thermal conductivity of binary,
ternary and quaternary mixtures of rare gases. Molecular Physics,
1967, 12(6): 569-579

Weller HG, Tabor G, Jasak H, et al. A tensorial approach to compu-
tational continuum mechanics using object-oriented techniques.
Computers in Physics, 1998, 12: 620

Lee YC, Yao W, Fan XJ. Low-dissipative hybrid compressible solv-
er designed for large-eddy simulation of supersonic turbulent flows.
AIAA Journal, 2018, 56(8): 3086-3096

Chen SS, Yan C, Xiang XH. Effective low-mach number improve-
ment for upwind schemes. Computers & Mathematics with Applica-
tions, 2018, 75(10): 3737-3755

87

88

89

90

91

92

93

94

95

96

97

98

99

Yao W, Wang J, Lu Y, et al. Full-scale detached eddy simulation of
fueled based skeletal
mechanism//20th AIAA International Space Planes and Hypersonic

kerosene scramjet  combustor on
Systems and Technologies Conference, 2015

Wu K, Zhang P, Yao W, et al. Numerical investigation on flame sta-
bilization in dIr hydrogen supersonic combustor with strut injection.
Combustion Science and Technology, 2017, 189(12): 2154-2179
Yao W, Lu Y, Li XP, et al. Improved delayed detached eddy simula-
tion of a high-ma active-cooled scramjet combustor based on skelet-
al kerosene mechanism//52nd AIAA/SAE/ASEE Joint Propulsion
Conference, 2016.

Wu K, Yao W, Fan XJ. Development and fidelity evaluation of a
skeletal ethylene mechanism under scramjet-relevant conditions. En-
ergy & Fuels, 2017, 31(12): 14296-14305

Gritskevich MS, Garbaruk AV, Schiitze J, et al. Development of
ddes and iddes formulations for the k- shear stress transport model.
Flow, Turbulence and Combustion, 2011, 88(3): 431-449
Jachimowski CJ. An analysis of combustion studies in shock expan-
sion tunnels and reflected shock tunnels. NASA Langley Technical
Report Server, No. 19920019131, 1998

Saarlas M. Reference temperature method for computing displace-
ment thickness. 4144 Journal, 1964, 2(11): 2056-2057

Lu TF, Yoo CS, Chen JH, et al. Three-dimensional direct numerical
simulation of a turbulent lifted hydrogen jet flame in heated coflow:
A chemical explosive mode analysis. Journal of Fluid Mechanics,
2010, 652: 45-64

Wu WT, Piao Y, Xie Q, et al. Flame diagnostics with a conservative
representation of chemical explosive mode analysis. AIAA4 Journal,
2019, 57(4): 1355-1363

Smart MK. How much compression should a scramjet inlet do? A/-
AA Journal, 2012, 50(3): 610-619

Law CK. Combustion Physics. Cambridge: Cambridge University
Press, 2006

Wu K, Contino F, Yao W, et al. On the application of tabulated dy-
namic adaptive chemistry in ethylene-fueled supersonic combustion.
Combustion and Flame, 2018, 197: 265-275

Pope SB. Ten questions concerning the large-eddy simulation of tur-
bulent flows. New Journal of Physics, 2004, 6: 35-35

Yao W, Wu K, Fan XJ. Development of skeletal kerosene mechan-
isms and application to supersonic combustion. Energy & Fuels,
2018, 32(12): 12992-13003



