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1903 4F, SRAF LB HIE R “RATEY — ST, LI T WA S AT AT, R T AR T
B RATBORBIE R DT M 4R 1T. — A2 &, AT 7 A s AR, S Dh S8l 1k s
HORAT. ML AT EOR ROR M 25038 7 AT AR3E T7 3, HESh 1 A S R FE (BT 55 A sk i AL
1988). FEFLZEAUR, KWL — B A& E AL D EOR, BRI HoR 28 L BIEk. 78 S 4L (Ma)
N 0~3 RATTE A, BUAH B3 R S22 B ()R M AN FE 2R 8 2002). 24 K AT Sk 4L
BE— B W E 3~ 6 KT8 B, i B U Sh AL e SURI R B, ol s A sSh LR A 1R 9 HERE SR AR
B, JEAF BVIRAE AN . b e A S AL AR 5 A JB Bt g el R AT o, A MO AU RN B R 4 2
—ANIEH KR ), ARG AERRIR 2 N 58 A B AL AN A RERE I, B SR AR I B UK B — B,
IR IR R R I AR HE ). (H, AT AR BRI 5 I, o o R A B K R AR AN B R
RIS RE R, RIS 7 A 1 3o v O i, (815 R e o A v 7™ 28 fA A 2 RE WY B 18, PRAIR T
WABERA. T M R LR A 1) R, B AR o RO SIHLRLIZ T A, B A D el AR T RAT B BRI
JIMHEBEH R (Heiser & Pratt 1994, Anderson 1989).

R AR I s R 3 AL ) 3 A AL 2 A SR A A B v T PR AROR T 2 R B (ARG AT 4 A8 b %), dRe e
FEHR AT S HR R N T AR CR A 3E LR A RS, SRl I kL /2 08 P TR
H MK IR R, LB SN BRI RR R A GAANAL 2 RERE TR R0 2 WL, XA A s L] DLk ik
ATE TR R IO T A6 SR R R AR, R RE S PR AR MR B N AL S AR, JR R R R Hig
Rk N BRSBTS LR IZ AT IE R AAE Ma 9 5 ~ 7 ZIH); N ATERREL, g AT
W RETS IS Ma = 10. B TR IS R SN D9l Pl 2 SR A IE AR AL 5, 57 b — i
PR K [ BIH N R BN I A0 30T e 7R AT, 2 HEN 21 A2 BAK, NASA e AR5
N X-43a A1 X-51a [y A AT 4% 10 AT 088, 1 RN 1 SR T S0 SOR R SR e A R o s A
AL, BT 7 AR AR R Wk AT BRI IE WY 1O AR e A S L AT USR DR 7, T sfe i Ak
NE& B RAT #8471 JR AR BIAL A2 AT LR R T 428 1] (1Y) (Stillwell 1965, Peedles 2007). 1X 287 55 it f& 1)
BOON T R A TR AT T AT E — 5.

[e AT 2 AR A B g AR A J o, — R S LAY 5 AT R R K 209 10 SR 4. SR
JE R BN, [ BRyE Bl R R S 70 SRR NS T, (B E A 18 T e B R i R s LI A
AT SRR AT R ARGE. At RN BN | anit BRI ST SN, T R S R
. (B, e 7 S A A AT 7 0 R A A A AT T, il i 7E S A A7 R T AT 25 T N B
TERL1Zo B 2500 25, IR B R RAR A E R B IR S EAR B, f R R T — D R EIF AT 4 b
0 AR R T (2254 2000).

ARWICE N KRT B EREe 1BBEBGE, 2R )5 R T R S HUR e 5 s 47 Fa e
e AR, 4 17V 3 v P S e s R S LI T MR s A ) SR, e R B R A I HE R R
Mk kS, BAR BRI 2 WAFAE R, (HR AT T B 2R IUR M A KD EE 2 AR (. 281, 1R
HAS FCBE AN W R R S e 3, A AR T B AR VORI @ I H 2 WAF AR, X 1 S L
RS, R R —AMaE ol KER. e (B 58 o7 AU BB g By, BH ET
MRR. ZRAFEEGZIR IR LHARE.
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W AR 27 e e A T VE RN G 4 0% & — AN /KR 32 8 (Billig 1993). 8 BA v e R S LI 9818 R ik

N . . . St o . .
A “scramjet engine”, J& “supersonic combustion ramjet” I FR. HILFZAE T “supersonic combustion

(R FE MR )” IXRE— AN, < AR e 1 T R O DURE PR AT BRI, B R R AR TE
R R R R S AL B I Bk ke, it B AR T AR M R A — N R AR TR BRI LK S 3 N R R A
E&K%“ TEARFARCZAR. TR AA 706 TN < AR R & BRRE J5 i sl IR &S il

B, T LS BRSO I AEE. NI GR L, 25 DURE 75 g N R B AL 2 N 9 58 R o8, 1A e skt
F“UE&F:JEEKJ. A VP2 2 00T 8 P SR e FER A et i R SR F 57848 3, R 00 T IR v e
RENHL A B BRI ) A 5T LA AR AN TS M (Billig 1993, Yuan 1999).

KT RS, Wang 5§ (2006) 58 % 1 — TS0 (52500 75, & T DAGER A s IR B 1) AR R
PRIR B R, S T B A S U B R R M S W SR R AE 2006 4 1 [ BR i A ) E, (22
B 5l R B VE. SEER B FME St B 1 o, R B B PR o AR, Hh R RE T, R B
bR AR NSO S A TR A AN 2 WOV B A R AL, RS SRR b S
56 B L8 75 U B0 1 T AR, 1 R TR B R e S L R AR S KK [ AT R AR T A B

B 24t TSR I — ARG R . B 2(a) Ron BB R AE TS B, sl Sk 50N 1.88, 7]
DAL 82 2] 55 RHEE . B 2(b) R A B K AR RIS DL, v DOV 8 B AR S5 A — BUR B 5 B 5,
SR RARR T 4R A2 € F) AL 3%, @R I 4% BRI B2 R AR LT oK. s Be 45 SRR B KBk SR 8 T
BB, IR T 7 T B AL SR BB < B SEBR bR IR B SR R
e, T AN A TR LA A R RE X TR R R R SR UE, R = KR, R BRI 2
{14 ERF [ A% 198 8 Tt A 008 = AT, B T 58 RS AR ol R R BN MTL P 75 Tl ) AR A A%

BE T TR AT MRS A E R TR BN O R R R AR R b R A, S o £ B A R s AR e, SRS )
SRR PR AR AR T . 0 ST R R R S LR A O — 4 e IR, RO — 4R S B TE TN B,
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hign speed gas 4

e '
non combustIoE 4

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

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

2
HERRRRE . () T, (b) A M B (Wang et al. 2006)
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—EWMRERARANRE SR D A KR (Jiang et al. 2019)

Jiang & (2019) 45t T F ORI #E 5 R B AR E0r Ok R
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HH, Giax AR, Ma RS HHEL, ~ R, ©, MR, Ty NSHRE.
H 3 (1) SRAS M FI0I 25 R W B 3 o, AR Sh 2 B 1 YR BRAT]: JER R RS T B R R AT,
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TRy B8 3h 8 TE i 3 1] 7S ORI . (ER AR A R AR TS, KPR 2 K E AR E A
PR, 323z 1% M 75 T 2% AR 1 IR B KN AR BT R, SRR R 1 A B 0 2 S ) A A ) B K A
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BABE R ISR, MR 2 5 A7 A RU, 2500 8 MR RS R 25 2 Y0 75 3 o 7 3k 1) 7 9 1 A TRl PR
PERD. 5340, o TR A IR B e RN AR, ZERA TR 2 B LU RS 25 A1 T, 4% B ILAE (R A b s
RENHLBC T FRAE, KB MR R R A0 A7 A 7 2R B e U A XL s B AT E N UTE B 4L

Jiang 5§ (2019) 5€ X3\ (1) J A S sh TR MRE 58 — Il 26 18, T P R e A 2B s 3t
LB I T 2R 25 RE U T8 BE T 7 2= i e e 5 e A EL AR T AR 52 100, XA di K v i 2
fl&— 28, P A, B R S R SIHLI e T B R SE S 1Y, B2 R B WL A A A e 2L LRI A s pLAE 7 4
AR B S 7 1% Y, T ) B8 AT AR ] 48 5 DY e )

3 BEERIPHLITEK

R IR I RO B AE BRI o, 2R B RO IR TR 8], A o2 RERIRE TR 22 77 A2 E R VE I 2R 51
BRI I 1) DY THT )\ 7 A 4, O 5 VI S 08, T SR AN DL X BLAE R VR B = 4 K AN B RE S L.
BIRBE R LA — @ N, SR A P R S LIRS, H T BE T S, BRI K AR PR A BT T
W, AT PR AN T 17 A% i, I A S URE A ) R ORI 2. T SR TE A A7 AE A AR BN, AL B A AR
ML G2 R L. TR B A% 3k B WA RS R DB, SR TS 4, 1) 9 A% 3 (R e B I o, i 51 2
K % 2 54K (Oppenheim 2006, Zucrow & Hoffman 1976). 44t 5% B8 B B 3 & I, AT A%
WEAT LR e B _EAT I, TR v s A AL s e v UL 5% 38 A kS B AT IO RS U T X R
L.

Jiang %5 (2019) Wit 7 — M EF]: B> EIRE, € £ —E WE N AR R B RREET
ORI, OB TR S5 TR 0 2 ORI S0 58 4 OB TR A 27 e TH BRI FL R I A7 AE — K
TS ARE, 2RI S AT I ) 9 RE DL EE I, A 45 AT 0 T LSE R AR ORI, A SRR
R EN T 1% S AR, WO AT, I N AT. ARE SR TR TR UK, Jiang A5 (2019) 45t T — Ml
TSy vt S 2 I RO R T e SRR, EAT A T B EAT AR R, RO O
HSH, AT e A

4
1+4/14+—— 2
K~ ()

K

_ 2+l {71 —% -1 qmax}
7 Y —1 c

A, Moy PN FE S, quax AIRBERETIIAL A BE, ¢ DRI &, ~ AR EEIEE, AR 0 A1
1 73 AR S BE A e B UM EE A B B 35U (2) sBr bR 45 08 AR AR A 2 RS CT Sk
H, MR R BE AL S BERETROAT BE 7 AR I B s B S AR A SEBR b, AE B AR S P BRAEAE B R L
KIG, MAFAES — P AR L R, RIMEZL (detonation). JEZR B A mid . B H AU A2
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REAE, J& TS 30 15 AT VR 5 R FEBRORME 22 B IR B 3 R (0 1 o b, AR AR AT AR 3R 1135 K
se— i L, B ABETLFRE T o — i sl AW R AEESR TR TR R, & ANK
B H 3N 1 U5, AEIX 1 2 AR b, A SR AR I S S fg, T DA At 2 08 s 1 e
SCPE GG SO AR T AR 18, 11 6 SR I 3R T AT R S AT RS, ARSI R S ERR. B
PA, 3 (2) 45— AN S 264, 0T — 5 (R TR AUAR, o SRR I T A ORI SR Sk A, I 4 BAT I
Bt NS TE R DU A 2 KA, R R E IR AN R G 0 s /D B AR E T A R R A AR K
R = A R AT W0 PT R 23 58 — 2, BRI S AR BT DUIR— 28 X PR S EE, K (2) 4
(11 77 By R B0 — AN B K S 6 4, 3 T BT R e B, X T RHR R b R B, B DR AR
HE 25 0T LLGE 5 1A e/ B AR 4

N B0 S R IR B 25 SRR, R R R B LR 5 A AE L B B AR PR, I
FhASTRE 1 3 2 R e IR AN 38 S0 AR 5 REPE 512 (Choi et al. 2005, Lin et al. 2010), 3£
AR BNHLA IR AR I 5, AT BT R B LI S i 4. B2 JF-12 5 BRUIA,
Jiang % (2019) FFJ& T MR R R SINLIE AT AR @ TR 7L, 3R19 T SRR 7 2 T Hlie 45 2. ik
AT 503 e R B AR 8 A KL S 2 LUIG 00 R, @R b R S LA be % 4 1R R 0 AR 5 A2 243
IRRL 2 & L I8 — e AR BRI, R B LIZ AT H B I i) R 3R LR (200 Hz), R BAKE = A
HILT 5 ZU AT E PRI 5, AT 5 30 T A R BN HLB AT 1 4R 3, S A0L T IR 2 K 3
AL W 41 I 5. 6 T R I e K B ML, 26 K0 43 (0 e T S AR A ARG T 38 I TR AR 1, A AT
W 5y 72 A, FE G R RS B, ORI R S AL T I 75 B R A ) O B )

4 PBEFEEMSEINN

U b B R BB S AR BOR T 58 T AR A, AT I A RE AL B EE N HERUE, W REAEIA
e B S LT AR A, R R — AR E IR A, T3 Ak A Rl A 2 R I KT Tl A
FAPIE, R PAE R ARG = W INTEEE? 2R MRAE (2020) 1% CJ G, RS UIRETE, A
AL SR B AR, AT AR W AL 9 S A R N R AN N ) S R R, 1 g R R X
S, N ShEAMBEESERR, #HESH TRERB AR R X R EA R R
BB 425 Py AR il £k by T P A% il 2 R S B B8ORT e A B R AR TR, R DA BB AT B A B 2
(K122 5, MAFAEA — € BB SGIR. BBt 2k 70 D9 B WA 20 52, 40 S0 D 58 gk A i A o e et
P R R i 20308 3 AN IR 3, BR TR R B SR A AR R SR (LT 2y 30) AN e MRS B (T i
5r30) Ab, FEMEAAAE — AN 533, BHAA AR ARV BN, S2bR b g AR 2 B W AR > B, T 55
AR R BAT SEPR R, AR AR R R R LU A 2 W] DL B X 4508 BL I AR B, WA
I 7 E B A B RSB R R B, J5 3 A R TR Be 0 Hr 4 R VR 3RATT: MR B8 S B A 2
SO A ERG N, AT AR S B SG IN. Oy T UL X A 0, 96 2 3T, RURSR B
BT KR A JRE LI R AR S B 4 A R ) 4 T,

4 ER—AEEM IR IW AR R SRR, B 5% =0 SCER AL
FES M7y 5 b, I BRI R R R U A A ), T L i B T A R PR U0, R R SR R i th IR
B PEAR. IR B A B AR SRS G, BRI S BB Dy 1, 0 R e RTUIR S R A, %S
HE CYBERPHMIFL %A RN CI RHERE A, AH LRI A AR R R A, X B R S
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5
FEMNBRAERN=ZMBRELNE (ZFHF 2020)

FRO9 I PR RRIR S, BAK O EE =i FE 25 1. 1250 PF I B SO SR 5K T 58 I Ak 1
U0 R EIHLIR e 2 A7 AE — > E R T BB R 1y RO T, RS2 7T DA™ A, I B 58 Y.

SEBR bRV BRI A G 2 R O x B AR AS £2, R MREE (2020) IR WAL T3 E RHER R
B R, 25 B 5 o M A5 R, 487 1 5 RHB SR R T #) = I BUs AL IUEE. 72 I 5 iR o5 1F
N, BRI S B ARG BE 7 AR AR B R R SRS, AT R SRR S R RERE. AR A BE I/ S
YRS A PR IE SO AL A T, 2 s B HE AR A B e SR BIR S 5, WA AR BT B IR Y
BROUHRONBE € R ) DDT R RE. o B8 & 76 B2 10 A R 8 AR/ T, AW g4k, 7 A2 58 — R AR
T B UL HS I A ) A% B OB O VI BERRAE. LR 58 =B By, RHB SRR AR T UCRAR, AL Y AR AR
. B BMARE S S RER, 7T LLERRR, KL E HAA R R (Teng et al. 2015, Teng &
Jiang 2012, Yang et al. 2018).
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A& B 5 B AT R E AR RARAS, W R CJ BRI RR, I H A7 d5e i 1) B R A B /)N ) 405 1
W2 RHR R AL I ZCIRAS . R — P SO0, BB 5 S R be S . i L) 58 4 AN R T 4%
G KGRI ER MR 73 T BV L, A S I 3k 2 e i P 1), AR SR S IR Bl A e R Y R B
A E MR AR, P RAULR < B ST, B R R S ALz R T B R e I AR,
YRy P BRI, SR = S AL B SCHF, I 1% 0N E A2 — A DA P U0 3 B0 R R 044 1) B2 2 R G

KT RBE R E, £V 208 TR R AT, I B EE] 7§ E IR
it R R SR 1KLL TR 0 R I T SR A IR AT B, SRIG AT S A5 SR AR D Viguier 45 R
PR I S IR Bl )2 N, A2 A 2 LA SR B 45 R — . ARATT B SRR FH P A AU e —
T A=A R B K 7= AR MR THD, PR 59 b — Bl AU 77 AR BR 26 (Viguder et al. 1996). 1% 5258 77 LR A A
Wk, WAR T T RHE R SEIR X TSI BOR M SEEG T ik Bk i k. R R AR T ok Z B R
L B e K U sl 0 A B 5 A v A R TR WK R S 9 B A A R b . B K R A S AR R
S AE T TR 1] B A7 AE R R8T 10, (520 SR AU R S T AE 1 dn A o s R Sh WL v sh i T v, R
Fe 15 A 8% I T BRA — AN K] 3L 3 AN D] Dy B 3 B T 5 R R R, T HL I A AR O /12 5
FHEAER 25 2 0 AT B A0 R I A dOIR A AR ) TP, 3X B3 T ] g 77 AR AT SOOI R e
W, AT BURH S AN BE 5E

Jiang % (2021) WHE WA B A AR ER 3 NI AR, SR T 3R RHB R R R B L
(Standing oblique detonation ramjet engine, Sodramjet) HI BTl /7%, JERH 2 M= HHAR, 5
B T Sodramjet ME& IS UEAL v, BT S JF-12 ZIEXGR, 588 T SRR ECRN 9 1 TRAT S B sE
IHEIT. JF-12 BERS L LM ECN 5 ~ 9. BN 25 ~ 50km IR HE 7 KAT 261, 1RBL T RMER R
SO ) T B (Jiang & Yu 2017, Jiang et al. 2020). 1856 0 B 45 B % B 53 w8 A G HEE AR
TNV =l SRR ARG DU T, BEE RHRSE R RS BL A RUK, R E I8 AT, T H A T ] .
6 (1) /5 52 Sodramjet & BNHLIZ AT WA PARE 5 B9 KA IR, 45 ) 7 RHE SR i 5 € B, & m] B
15 28 M B R 2 1) kS R o R AN I IR T . B 6 (1A R T RS B Hy WK A, R

o | |

0.05 0.10 0.15 0.20 0.25 0.30 0.35

pressure isolines

I I | P ST 1 P IR | L
1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80
x/m

& 6
BEMABRERELANBEEN/BEZTEEG AT EENEF R Hy K E 2% (Jiang et al. 2021)
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RAREH FE o> A . i BRI RHMER, SRS e 0RO AT DR £, T L S A
THEZ R BAT — S B a5 0. AR 45 RAMUE L T Sodramjet KENHLITRZ O HEAR, this
UE T B 5E R R b e A BEE

HARFAFAEPI MBI R, — FENH IS IRE, WRBEJE s 0 Tt v, — FON BRI IR, B 3 BUR
e, T M ME— SN S R AR, B B BRI A AR IA RO AR, RE s e O P e
%, Sodramjet R ZN LIRS = 4E KL, A A M AFE BB AR F AL T RHBR &M R RSN iE
AT LN S 6 ~ 16, T T R A IS KRR AT A%, 15 AT SR AES M HLIZ BB &,
L HEARBRATAES, RFEFHEANKDZ, RAAENI7 B BE R T e A 2L, i se
BUAE 2 /NI N ) S BRAKGE.

5 LHERFREE

ARSCWR IR T ey P R U2 ST R P R A R A R HERE RO, RAG ) LR
e

(1) EGER) B ARG 52— MEIH, 5k Z ™8 B2 R E SORTA IR F IR AR 5 8 R o 1 51
BT AT T PN 28 AR R B, FH DR IR 98 SI B L 52 AR 7 75 S 3t 20 1) T R VR & UM O RA B, A ot b
WK — Ry HOHE, FIREEE T 00 T3 B I35 A AL BRI« 83+ X i 5 B R ] LS A2
BEHERE, {E B KM A FE A SR AL il i AN AR 1.

(2) WX ARG A T A AR BOR M 3 NI A2 A 58—l Ak AR R T R A
AN BRI SR IS 4 . 7 T Bk A A SR A B R T IR A AT B AR ML S e SR AR A
ST R LR IE BL T e A R R SAL R B NS E I AT AL B AR ST RHE
LI FOR RS, 45 W T 0N CJ RHESE M BRI A R, ROV R SR R A

(3) B — KMWmL R, B 48 IS RGE e L. B, M3 Jim B0 s 70 AR R A A58 il 488 6 . %%
2 I WA 2 T BUACTA B SR SL R AL, REBS SRAT R 15 i oA OIS R L, B RE A8 i B
PO J5 MR R B N BE ) S B, SR AR R, JF SR SR 4R R AT RAR S R B RORES. BBl R R
AR T AN R R AR, S 4, SR RN T8 B R R KR S, W LA A A
Fh, % AL AR LS SEFER B

(4) WRHABOR R FERLRF, M8 AT 4 MR A5 T8 | B P o 30 sy o P T ) A R IR A 0 R .
e R P AT A% BT AR D TR M, BRAT ) BE R IE R B8R NGO . (H O, AT S AR R
SRR AR TS O BRI <A, RV B SR B, Fir B, e R AT BOR R
FOT 25 R AR ) — 37 B i, 7 M A R SRR I BOR G136 1) S8 A RE SR I

S (R Y 3 e R ES S oA R SR G =B R N A K S ES O S =N M = B ok U B
TR A R [F] =, ARATT 00 h s AR BHE S 1 A R A R R T AR E X QAR e
(11727901, 11532014, 12072353) % BH I 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.

LR, T ERL R B T A TUT O I 0, PR R R S R AL B
WFAb R R % &, SR AL —E N E Ik MRS BE
P il 5 e A TR T B 0 S U T T AT, A2 SR S AR
FEHIUR 20 R G — HE SR TR 5 SR 50 i e B XTI AR AR AR S b T e 3l
P A 5 BOR J5 1 AR AT B 2 g, B8 IR SC TS MR (ATAA) i ik
B BEEBARKY . PR R R T E R p R

Received: 22 February 2021; accepted: 22 March 2021; online: 25 March 2021
* E-mail: zljiang@imech.ac.cn

© 2021 Advances in Mechanics.



