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1 5 5

1903 4F, SEHF AR HNEN “RATEY — S, WM T EIRA I A ERAT, e T AT
s AT HARBE R 77 MR R KT, — B 2 E &, AT 7S ER AR, SRl 7 ks
HRAT. WA RATBOR R KM% 7 AT ARG 75 =X, #HES) T IARAE 2 AR J& (i 25 A st e AL
1988). FEML WU, KAWL — H 2B ML OEAR, BRAN T EAR 2 B ER. £ D5 (Ma)
N 0~3 WATYEEE N, BUARIR B SR AL B2 R (Rl ma FAR SR 2002). 4 kAT SRk
HE— BN 3~ 6 176 FE I, R R SR BN RE SRR B, bR R S LR R N HEE R 1A
K, FEAF BIG0UE AR, i e R BT 5 AR T B G g S e RS RN R 7 S 4
—ANIE IR S7, AR5 TE BRI = N 5 R B 4L 2 RNAL 22 BE R I, I 5 1508 BT R S — B,
TR AR SCE i R T L AR . ER, 2 RAT SRR I 5 I, e R A B R s R AN AL R
K BB Be A K, R B 7= AR T T i AR R, A A R e R A I AR S A B R I, PR T
BRI, R T g e BB WA 0] R, AR b e R B LSE 32 T A, o\ iy A v e A AT B L R R
FIIHEREH AR (Heiser & Pratt 1994, Anderson 1989).

FEE AR 1 s R B AL PR 7 A R 2 A R 2 A B o s IR R A 8 AR R B (RN AT #8485 R ), $R
Ffp R AR . HRE MR e 3N TR SR R 0 ik SR 75 DR S, AR 5 I R k) / 2 S0 7 TR
AR NERE R AR, IR B PR AR 2 SR Ak S B R TS ST B DL, 3X AR R B AL AT DA b 1
AT PSR IO R A 5] RS ) S R AR, TR BRI PR AR B EE N 1 A A R, R AR AR B iR
b SR BRESRRL, R R R ZIHL B AT IS B K ATE Ma 2 5 ~ 7 Z 08 B EBRL, HIEAT
VO REW I R 2 Ma = 10. BT8R R R SIHLAVE A il P8 S HE i BRI AE L 35, 57 b — 2t
FLR K [ B34 NBCR BN 3 A0 J3 0T & VIR ANBEIE. el R HEN 21 42 BAK, NASA e AR5
N X-43a Al X-51a [/ P CAT 38 00 AT ISR, & AR T SR A S SORTRR SRR 8 A e R
AL, B 7 BRI . Wk AT RIS TR B T AR R R R B L ET AR AR IR HE Ty, T e i i
W& 0 AT S840 =) AR B AL A2 1T LA BORA Rl 4% 1Y (Stillwell 1965, Peedles 2007). 1% L&A 5T 1F Ji& 1)
OO T A AT RAR AT T AT —5.

(e JBE A, 2 A0 K BB AR R e sk, — Fe R B ALY 5 B R A K 200 10 4R 72 4. O Tl ke
JERFNHL, B BRI HE MR R R CEAH 70 SR P75 T, (252 24 i o iC B R R R S LI T
RATEAE RS AT AR IE. Gtz BN T BRIE R L B R0 T4 SR AR ON, W7 LA SR TG AT
. AELR, e e 7 S AR R A B A A T N AT R T, e A A S AT AR WE AR 25 R 7 IR
TEN AN R ) IR EAR A AE B Ie S HR 08, T IR R R — B T ZEIF R AT 4 FE
1 TAERIB i 7 (252K 2009).

R SCE KT PR be (15 BE DR, SR 5 BRI R e R R S ML R e 5 18 AT e
I 0 3 7T VA A v R P e R R B ) T T AR S R A ) S 8, S R R R R T R
Kk i, BOR BRI 2 % AR AE 1, (H 2 AR T B SR IR B R 2 AR ). SR, I 72
FEOOT L ER (A W7k Je 5 58 3, A3 AT T B AR IR DA IR AN @ 30 2 AR AE . X R 8 SR
MR, WS B — AR T EMER. R IRTE CEIR) 28 o7 A BB BB s, B ER
MRZE”. REFHFRGXR IS AR
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1
SR 5 MG 2 B R PR OR B B (Wang et al. 2006)

2 XTHBEREME

KIGFEBEE NIESCH, RGeS 3 Ak o . R Jall /2 A6 1 F T i ™ 20 RE RT3 15 1) LAY 4 K,
W TCRRBML 2 B8 e AL 5 I R 4 B3 2 — S KB 2 78 (Billig 1993). 8 A v e A B ML D 18 35k
A “scramjet engine”, & “supersonic combustion ramjet” FJEIFR. B =4 T “supersonic combustion
(B PR GE )" IR — MR, R R 1 T R D DU A I AT MR, 5 R R AR A
R R SN R R e, ot B AR T AR P AR — A B AR MR GERIAT Ty HL R S 3 A D R MR TR
R, WA ACRAR. IR 1o T oA B A B & BIUREE M s RS i
PO, DO BRSO AR, WNILR B, 23 LA A N R SHL S N It 58 U GE, ke st
1% P K. A VR VE 2 2 00 T S MR R AT R b IR R S L BIE T8 3L, (B SR T A T R
KA B IABE A AL T KSR ANIE T (Billig 1993, Yuan 1999).

KT A EARGE, Wang 55 (2006) € 1 — NI I SEIR AT IT, DI T DU A RS I AR
PR IR e 1 B2, Sk T BB 5 A be BT R R ME R S W SR R AE 2006 4F 1Y) BRI T B, E 2
B G R W R)E. LI S I B 1 PR, e B d PR ALK, TR e R T e B
R NSO A A TR A R Bl R S BRI R R R R R, RES RUR B S
6y B ML RO IR B R TR SR 2R P UL R R e S IR AR SR KO T TR AR P A% A

245t TABATIRAG ) — A I . B 2(a) Ron TR e K AR G L, VS SRR BN 1.88, AT
AR 525 55 RO B 2(b) 2R A AR R AL RS 00, 7T DUV B E 1 i n A — BURON 55 T BE
SRJG RIS T T 4R A% 58 1) A% 3, IR R 1) A% FB i B2 R 208 00 LK. st e 45 SRR W KBk R s T
PR, IR FE T T B AL L. TS R B A e S bR b A A Bl AR
e, T AN & TR LA PR R B! xf T R b I R s LR B, MR K RE Y, R BRI T A 2 8
IS T A% 8 B I R o = AR T, BRI 6 RSGER A v e A Sl HTL R B P S UL Bl A R e

FE T TR AT R SR AE B P B Bl R v R AR SRR A N, SE e £ B A0 AR e, SR Bh ) A
FLAH LIS AR T H. fn SRAE AR v s e S AL BT A O — 48 5 W IR, I — 4SS B TE AU I AR,
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hign speed gas 4

non-combustion: M, = 1.88, p, = 0.018 7 MPa,
To=294.2 K, x = 61%, tacay = 1000 ps

high speed combustibl
premixed gas
I g

combustion: M, = 2.02, po=0.010 7 MPa,
To=294.2 K, x = 67%, tacay = 1000 ps (¢ =1.1)

2
AR RN E W . (a) TR, (b) A MR (Wang et al. 2006)

15

Qmax / Cme

Ma

3
—HEMBERAFRAMAE GRS D X R (Jiang et al. 2019)

Jiang 5% (2019) 45 1 e KO0 A B 5 R AR B0 Ok &R 2

]2 147 . )
1+v)Ma] 2+ (y—1)Md?

Gmax [ 1+~yMa?
CpT()l (

itqj) Gmax yﬂﬂ%jﬁbﬂﬂ%, Ma j'gﬂéy}ﬁgljﬁﬁﬁ, Y yﬂ/ghﬁgﬁ/‘][i[iﬁ@[:[ﬂ, Cp jﬂﬁgttﬁh To1 ﬁ%%ﬂg
(1) SR TN 45 SR A B 8 . U3 70 2 50 1 45 URRAN: B8 A T 7 R P A 3,
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TN #ACRs XS TE i Al 1 IR A . (R AR A RS T, KRR Z iR AR A
B, 328 328 {1 M0 75 25 1 R R RN, BT R, SRR R T A A R R L 4 5 R R e K R
i, b PR S UL I B 1 RS, A TR 25 T SR B, ) R AL Y _E i 52 B
ORI i 7 A ORI P S A A0, T iU Sl B KON, AR DR A AR, P B, AR
WA BeIa UK A, HRIE A2 75 A7 AL R, 25000 € WA Be R 25 A2 M0 75 T Bl 7 o 19 7 VR R A R PR
VER. 5340, B R S i KA EARAR, fEA 08 2 = LA Be IO 20 1 T, 4% IEBLAE iR A o I
RANBUBL T AR, K87 R R A A ™ 2 By A 3 XL s EATREABETE B &,

Jiang %5 (2019) 5€ (3 (1) 75 3 sl AR BRI 55 — I 7 2615, T Ik e e A Ja it
TN TR, H5 R IAUTE BE I 52 e e e 5 s A LA TS 00, 3 d Kn #Av i i 2
R — L8, BT A, IR R R S et 28 2 58 56 1, (LR A S HTL A AR o 28 21RO s AL #EE g 18
P I SIS 7 i B, T M ) B2 98 A0 3 AR i R 1 2 DAY e .

3 BRERNTHEITHR

W R BRI GR A E AR IR, 2R BRI IS 1), A R R & 72 2k R T &R 401
BRIpE B 1) DU 1T J\ 07 A% 4, SR Ja TR R ek, T 2R A L. I BUAE AR U Bl = 4 I K R I8 R R 3 B AL
PR R A AE — NI A, B 0 R R R R S LI IE, TR T SO, MR Ik AR PR A BT TR
W, AN P AN 7 1) A A, R 5 ek e R U K K ek % 0 S E T P AR LR SRR BN, AL AR A AR
VIR A2 R AR, 1) b AL B 0 BRJ08 B A IR, SRR S 4085 1) T U A% 9% TR R B IR A Do, VR B g
Ak 2% B 504k (Oppenheim 2006, Zucrow & Hoffman 1976). 44k 2 BE R R $2 0 (O B %, AT R e
BT LUK F& R FAT Wk, T R AR i R R BN S B v O 5% B g OE AT WO s R T X A
Bl

Jiang % (2019) Wit 7 — /MBS A B— N ERIE, 8 75— € Il I AU R A RESE
ORI, PR TR 5 T I 1 2 AUV 58 4 I BURE TR AL 2 R TH BB AR I AR AE ANk
TR, R T S EAT R 5 L UL, 345 AT s mT DS 5 AR RIS L. A0 SRRV B
BN T2 AR AL, W EAT, IR NAT. ABE SR TR i A SAK, Jiang 55 (2019) 45 T — IR
T IR AT AR o 2 A AROR A R TR e R D A, AT O AN AT RE AT AR I, 1% D RO A I
RSH, N AP il A FAT

=

0 2
4 o

14+4/14+—=— 2
Km ()

2 1 — — 1) Gmax
K — Yo (71 + ){71 Vo+70(71 )q }

V; Y — 1 c

HH, Mo W TS HEEL, gmax ARRBEREUIIAL A RE, ¢ R FTIE, v NIRRT LEILL, N AR 0 A
1 7y AR S BT e AR LE I EE R B 3K (2) Sebr b 4 % AT IR AR AR 22 RS 1 CT Sk
2, R R B S BERE TRCT BE 7 AR I B R B S AR A Sk bR b, AR B AR T AR AT AR A R L I
KNG, MAFIESH — P AP L 5, RIBR 2 (detonation). MEZR H A s . HFE. H A U R b
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FRAE, J& TSR 3) 70 2 ATV S B AERORME 27 BEAS [F) % #oaod B ) 3 iy b, ACAE ST AR 5 3 06
&N s, B AR TCREAREE T J14h— A i AEI R AEAEE T2 TR LR, /& NK
BRI E) ) IR, EIX R 2 R R b, R R R I R S SR, T AR A RS S K R &
SCHE S TR TE A R, TS S IR I 3R T AT R B B SRS, ERR R AR R B RE. BT
PA, K (2) 25— AN G 25 A, 6 T — 8 AT RR AU, 0 SRR B AR ESOR T I S B AR A, B4 EAT R
PEE N HESTE B DU A 2 KA, R R IR A AR R G R D Bt SRR T A ) AR AR A
BRJE = HE I AT IO T RE 2> 55 — 28, BRI S B AR AT DUIR— 28, XM R L BV, 2 (2) A
1 I 57 5 75 250 — > B K I S S R 3, & T BT A B se i =X, o TR 2= i R R B L, B SR R
F 5% T DLIE 5 1) /s B A AR

N80 S KR RS 5 SR, A R e R LA e % N A7 A2 W] B I A RRUE TR 8, X
FhAS T P 3 2 BRI AN 2 ST PE AT 8 5 RFPE 51 S (Choi et al. 2005, Lin et al. 2010), £
BEA BN IR 7 BRI R, SRALT IR 2 A B LI gk T W B N JF-12 530 AT,
Jiang 5§ (2019) JF & T @B R R ShHLE 1T R PEI 92, 3R T Sk B0 7 % F TR 45 L. fh
TR B 5 2 F A W ZE KR 58 AR 2 B LG 00 R, @ A b e R Sh AL e % A 1) o 0 PR+~ A 2448
IR 4 B bl IR — e AR BRI, R BN HLE AT H IR SR B R IR G B R (200 Hz), R TAKE = N
HIL TR Z AR T BRI B, AT S B T AR BINLE AT IR ATE R &, RLT BN 2 K 3
LAY Py IR 3 5. 0 T8 SR el e R B HIL, 48 DR 4 PR 8 T 5 R S IS T 28 il R Ak A, A AT B
W 5y 72 AR, TR G AR H R I, BN R B AL BT IS T 2 vE EE E AR O B )

4 PETHEMSEN

an R b RSP S AR BOR T 58 Tl AR AR A, AT A REAR FR N HERE, T REAE IR
be ' L5 I N T RS 1, AR E RS A, T Ah A TRl R 4 R A I R KT AR Il
A, R BAE R AHURBE = A I ATIEE? o5 REE (2020) 1525 CJ iR, RS TIRRTE, A
A S NI AR, ST AR AT AL 9 S A I I R B S N A SONE RV, 1 oD B R X
SO, R ZhEAREE S IE R R, S TR B A O AR X AR S A G R A
4 25 P AR i £ T 2k 1 SR AL S i AT EE B LRGSR AR R, TR B e AT B
2250, AT LR — € BB S Ik, BBl 4 20 D BN PN 90 32, 0 SRR 55 AR s e A i At
P AR i 2y Dy 3 Ao 3, BTN (R SR AR RV R B (LT 2 32) AN S AR SR B (NI
9 32) Ab, FEAMIEAEAE — A3 3, WHAA R AR L. SCRR_E o i R SR BB AR A B, T 5 i
AR BA SRR, AR SRR R, W LE A #2677 DL B 6 T 45 MR AR R, 2R IF
IS A7 A8 B A (0 RO NIRRT, J 3 A K Tl . B AR 20 B 45 R 5 R IRAT: R S B &
P ROB A AR FESE N, M T BOR G 0. Oy 7 VLRI R G N, 356 2 3h BT, RUESR B
LR R A1 BE DO SR JE A S B s 446 R 2 A 488 .

4 B A EERRI ARG R MR D SCRAR R, MR 55 =0 SCIEE .
FE SR 3 32 b I SRR I e R A2 R R ), i L B S R I A R R0, R R R At IR
W PR, TR B AR AR Ja, Ba T S BB Dy 1, X N R RRIR S R, 1S
5 CIIBERPAIF. ZAMBERRY CT R A1, AL B2 I A1 BERR O R S5 1 Ay, X 2 AR S
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5
BEABRRE BN N BEMNMAE (FFEHKE 2020)

PR 9l S IR S, WRR Y 2 = 5 26 A 2SRRI B SO 2R B2 KT 58 — I 5 26 i
WSRO B BE 3 A7 AL — A LR TRV SR R AR RO T, RS 8 AT DA™ 2, JRBE 52 1.

S bR B RHE SR RN I E AR 2mm RS 2, LR MREE (2020) IR AT T 1 5E € RHEE 1
AR, 45 B 5 Fras (i S EE R, 38R T BE E RHR K TR ) = I BOSE A U L I S R A
T, RS T B RO BE S A TR B R T SRS, AT R SRR RS S MR FE R I/ S N
R A B IE BB ALAAE T, 2 SONE R IK B I R ORI UR T BT SRR . Y
BN BR 9B 8 BRI DDT i R2. o Y5 % 6 B T A g 0 O AR T, AW s, 7 AR5 — IR AR
2 B DA BB T A% R AR O YD BRI, AR SR =B B, RMBESR AR SR TIRR AR, AL Y A%
. BB B RS A E [, AT DA E $F Y, KL E B AL R SR (Teng et al. 2015, Teng &
Jiang 2012, Yang et al. 2018).
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Mok SR B R B A HRES, TTRAH CJ BR BRI, JFH A B m i PR A /N R J65 18,
R R R AL I AR, RS — Pl S BLIGRE, RIS 3 R IE S . i ML 1) 58 4 A [A] T 4%
G KGR RR I 70 T3 OV LA, R Je e N7 3ok 4 e i 7 el 1), PR S i A UL B 0 e 7 ). SR
HI <R R Ge R R, W BLRR <A B BRI SR SNz R R R AR,
PR b PR, SR = SONEALAR] ) SCRF, 21N 8 A& —Fh LR P AL 31 (0 T R AR R 2 2 A e

KT R R AL €, I & V20T 7T TARRR R AT s 6], JF HLE 2 1 B BB R
iy AR AR . I BRI T K 7 S o T SRR AU IR AT 1, SRR W S R AR R D, Viguier 45 IR}
PSR A SC IR W P ) R, RN 2 LA SR IR 25 R 22— AT A SE IR R P A Ak, Gl —
Foft A B B 7 AR R, AR 5 A — R R AR R R (Viguier et al. 1996). 1% 585 7 A 1R H A1
WIE, AR 7 RHE & SLI X TSI BORFI SLEG U7 ik Pk R . 32 R R EAE T o = B R
I 7 A5 v e R B R 62k L, D b v R P TR A R SRR I A S R e bR . B K IR K AR
S AE T TR 18] R AFAE & 8 8 1Y, E 2 SR U R S5 TUAE o B R ol T R S WL A s i T8 o, R R
& 1 BE 6 5T 72 U By — A K el . X AN BR] D i T8 B T 32 5 T2 R B S T L AR 0 1A A
FEAFR] S S5 J2 A AT RS R I A OPR S MR 0E (1 T-P0. I B R AR T RE 7 28 _EAT BB AN IR G
P, M5 BURHB & B AN BESE.

Jiang 55 (2021) fHE WA R A HERER 3 ANl B AR A, SR T REE BB o R A B
(Standing oblique detonation ramjet engine, Sodramjet) W11 4%, FFKH Z M s HR, 58

W, JF-12 Re I ECN 5 ~ 9 BN 25 ~ 50km (1580 A IR CAT 600, SRAL T RVER R
SIS ) BLF-BE (Jiang & Yu 2017, Jiang et al. 2020). o056 Wl & 25 SR 3R B 750 2 /5 e A o e gk 2R
TN =l AR AR RIS OU, BEE RV G B R S HLAT L E R, FRRRE I AT, T H R AT .
6 ¥ /. & /& Sodramjet K B LIz AT I BARE 2 B KOG I, 4t T RHE R I3 2 R, d1 AT B
T At B R 5 1 e R R R I B S5 BT . [ 6 A B o SRS B Hy W43 An, B

ol T | |

0.05 0.10 0.15 0.20 0.25 0.30 0.35

pressure isolines

N TEY PN PURTY FPRIE FUTES PR Lo
1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80
z/m

6
HEMABEYELINBREEAMNBEZEG T EEUNUES W Hy IKE 2 (Jiang et al. 2021)
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WAL e A . R W] RIS R, SR AR A AR, SN TR )RR A, T HL SE AN
TR R B — BB A, ARG S R AE R T Sodramjet K EMHLAIRZ L EOR, H15%
UE T 5 AR S b I AR EEE

R FAFEPIRIRBEIL R, — KNI ISR, WRIGE )5 K 0Tt v — FON BRI AR, B 3 UK
Be. TR ME— RIS ISR E R AL, B B R AL SR E I R OR, g T m LA RE
i . Sodramjet A ZN AR = A5 KL, A Fr A AFE BB AR E L. O RHBR R R RSB s
ATV N S 6 ~ 16, W T BB AL KRR ©ATA, S AT AR RES MHLIZ B IE R &L TN
L HENKEPATAES, RJa ERHEN KR, RAAENI7 K. RG] 1wl A L, W se
BUAE 2 /NI P9I 4 R E.

5 LHiLMRE

ARV IR T v P R 5 Az IR A P A SN R PR A EE BOR, SRAG R
/I

(1) fLGer) B A E IR 2 — MR TR, Bk Z 4 122 R 8 SORA IR R IR . AR 4 88 A b 1 % 50
WL AT I IF 78 2 AR RO B, A SR8 52 B L 2 A1 7B 7P S At 3l 1) P AR & AR KR e, A it L
WRARE — Ry HOHG, [FIRERE T2 73 B A% L. AR 8300 « X JAe & L R T DU S 444
FRIERE, (H 2 B ARk A SR GE L 1) 2 AN A2 .

(2) WX R G A 7 A AR BOR Y 3 Nl A2 A 58— Il Bk 1R ik 1 R A s
ARSI JR F 4 SIE 7H S BER 7 T I AR A K R RE T AN AT B AR LR 5 e R AR A
Za T R LUIRGEIE DU e A T o R R SR RN B B AT SRR S = S AR T AR
Y SRR AS, 45 T RE CI RS A BT A R, R R R R AR A

(3) B — R MIm R B B, B 1Y I R e e Ak, BRIV, HS8 Jim f0 s 0 R X MR 108 il 189 s ). %
2 R T 2 T DA B U S AL IR i L, RERE RIS KA 15 5 Z2 47 B3 T b, 38 RES A )
PO Ja BRI B L BE ) S 5, S I B R AR A, O RR SR 4R R T BRR & U B BVIRES. BBl R R
A G RSEIL T ALRE BB BEAL R, 534k, MR OB I 9 B R A = KR, T DA A A%
F&, A% e 4 B SR B E R b

(4) MNBHABOR R FERLR T, WL AT 2 E 75 T8 | b 7 o 1) s R P o 11 O R L 1% 2 0 R .
e P R RAT A OB AL TR, FRAT A BE A R AR NGO . (B, R A AT S AR R
SRR R T ARSI S RO BB R B BRAS, BIUROBARLSD. BT R, e A AT EOR 2
L 22 FL R AT ) — 3 iy, 7 b R S R R BB R 13 (1 524 A e S B

B AE R 0 B b B R A B 7 2 A ST i AR B ) A I RO RS O S R R ) B
TR (1) A R R S, AdATT I B A AT R B HE S T AR R R I R TAE. A X BRI EE
(11727901, 11532014, 12072353) H BT H .
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On supersonic combustion and hypersonic propulsion
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Abstract The advanced engine has been the core technology of the aviation industry for several
decades. The air-breathing hypersonic propulsion is the top problem for future aerospace flight. The
engine’s performance depends on its energy conversion method and combustion mode, and the relevant
theory is of fundamental and revealing significance. In this paper, the supersonic combustion is discussed
first since it is the theoretical basis for the research and development of scramjet engines. Then, by
reviewing related research progresses, three criteria of the air-breathing hypersonic ramjet propulsion
are established. The first one can be used to determine the local subsonic or supersonic flow states of
combustion products in supersonic reacting gas flows, revealing the mechanism of the upstream-traveling
shock wave. The second one defines the critical Mach number for hypersonic ramjet operation for all the
combustion modes, and is a necessary condition that needs to be considered in the engine design under
the equivalent ratio combustion. The last one gives a critical wedge angle corresponding to the CJ oblique
detonation, and its physical basis is the critical initiation state of detonation. Finally, the experimental
research progress on the stationary oblique detonation ramjet (Sodramjet) engine is summarized, and its

feasibility as a hypersonic engine for future aerospace flight is demonstrated.

Keywords scramjet, criteria, supersonic combustion, oblique detonation, sodramjet.
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