538 % 4 8 1) M= N FH Vol.38 No. 8
2023 4F 8 H Journal of Aerospace Power Aug. 2023

S E 4 E: 1000-8055(2023)08-1984-11 doi: 10.13224/j.cnki jasp.20210637

ST EEEIN R EE REHRSE
221 Y 3L 5%

RMWEE, £ O, KOE', KEMN, FFE, & H'
(1. PEAE Tk R2= s 1 588U~ BE, VE4 710072;
2. LT K2R BEVE B A aS s ) R Gkl 22 8 S SE I =, PA4E 710129)

i Oy TR R U P S T B ) T AR A AR R R Y S, A MR T MR R AR v, SRR
B -t AL WS VE A% BRORLRI AL R 4 51 O 20 RS SR R AT B0 50% I RS R SEIR RO T AU ) I 4
JBE KT i P R R AL WS R AL B R MR e o 25 SR 7EOR R AR IR AR L T, R S B TE e M R
WY R E AL R, T WA B AR E R | JR 0 Mk IR 3% R AR Jo S PR i 3 3 RS s A S0 P iR 3 R A Y 2 LY L B
& R BR B BB B I BT, EL AR )6 R Rk R . R B AR R B R 3 A R
R MR R ASLAS M LY, 78 I AN IR 95 45525 vy, MR 058 e 190 1 49 4 47 ok 8 R A A1 L A7 7 35 K i) o B U8 B

X BB IR BEREE; FUERIPRAETIRS; (RARRGE,; (LIEEEE; 2R

FESES: V2312 HARERD: A

Experiment on propagation characteristics of rotating detonation waves in
different oxidizer inlet slots
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Abstract: To investigate the propagation characteristics of rotating detonation waves in different
oxidizer inlet slots, experimental study was performed in a cavity-based annular combustor. The slot-
orifice impinging injection scheme was utilized. Ethylene and oxygen-enriched air with an oxygen volume
fraction of 50% were used as fuel and oxidizer, respectively. The propagation modes and characteristics of
the rotating detonation wave were discussed. Experimental results indicated that the rotating detonation
waves can propagate steadily, and three propagation modes, i.e., stable detonation mode, periodic
oscillation mode, and aperiodic oscillation mode, were observed in different oxidizer inlet slots. The
equivalence ratio range of the periodic oscillation mode was expanded as the width of the oxidizer inlet
slot increased, and each oscillation cycle included three processes, i.e., decoupling of detonation waves,

acceleration of deflagration waves, and regeneration of detonation waves. The average velocity of the
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combustion waves in the two oscillation modes was significantly lower than that in the stable detonation

mode, and there existed significant velocity variations.

Keywords: rotating detonation; oxidizer inlet slot width; propagation mode;

propagation velocity; ethylene
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Fig.2 Schematic diagram of the rotating detonation chamber
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Fig. 4 Pressure profiles measured at the stable detonation mode
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at the stable detonation mode
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TEAR JE PR PR 2 2 o, T e 1 e SRS 0 i
FERYJE S BOE AL 15 s o ol LUR Y, BRBE %N
FEAE—A KK 301.01 ms AYZE AR Be B, 11 TH) A&
ST e HR AR U, HE— IR W] I AR N Y SR
T8 5 i A T Be AL R AR AR AL g . B
REMRIRE N HEAT , JR8 25 A IR JSE S B vy, 4
(LRI S Sz I 49y A 2 SR 3% PR AR g, B 2R A Y
TR T AR IR, BEAACHE ST ] 755 2% 303.32 ms,

4

[ P
3F —=— Do
o L
& 2 At
L 4 N
% [ < 4l
5 I
E 0 :_J Ao S SBsssemmmmssmsmsszozzzzzozzasszoscoas
Ny
Ly
_2 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 70 140 210 280 350
Time/ms

15 AR IR RS R A R R I BOE
Fig. 15 Pressure profiles of the initiation process measured at

the aperiodic oscillation mode

I T HA T A,
22 mEFBRENAESYE

FE 3 T A AL R PR 50 B, Bl Y 6 LY 1
T, KR BE S KUK HE B RR E MR RS L SR M R
D B AR S B IR G A, W&l 16 FiR . AT LA
F il A A AE 58 B R 0.5 mm B, B2 B AR
B 24 L B 0.27~0.85, E M R H R
0.916 BRIIT, 15 52 ik LA JA A PE 3R 3 B A L 1 5 X 4R
PR FR4E B JE R 0.7 mm B, e MR R AR A A 2
ARl 4 0.27~0.85, JEIEAHR A S i LS
K, H0.87~0.97; FE AN PAEETEREIG N Z 0.9 mm
B, o R A A 1 2 i LY BRI /N, AR 0.28~
0.65, 1 J& J1 P 4R 32 B 285 114 24 i Ly Bl ik — 25 9
K, N 0.74~1.02, 1L, 38 fin S Ak 700 PR 4% 58 8 A
FIF R PE IR G A5 BT I, X e 5% e AR R e ==
AR TAEW R A FISZM . SR AR T, B 3R 4
T s e AT A ) S ek, A IV 1 3 7 o R
R A, AR 1) B2 Bk 1 BB 0 R B, AN B A
WG 5 b, 52 S AR IE 7 2 () 5 ], A
BRI AL B IR ORI, AR I T e e
VLI R AL



1992 o= 3

VAN S 1

38 %

e Stable detonation mode
A Periodic oscillation mode

* Aperiodic oscillation mode
09 ©¢ o o e e A A A A * %

=)
£
=
5
'§0,7-0 e o o o o ®A A A X K H
)
17}
05F e e o e o o o Ax x * *

1 1
0.2 0.4 0.6 0.8 1.0 1.2

Equivalence ratio

K16 AR TAREH
Fig. 16 Operating ranges of different propagation modes

il N B 58 R W B, S Ak 3R R AR 25 11 s )
5 IRI5% 5 5 e 1) LA 2 5 W) e 2 4% 7 5 PO A 1
P, B SCBRBHBE R R L R, o F1 S AR 3R 8 7 1K EE
R, o, W (4) FI(5) BT -

Rp’rf= ﬁ (4)

C

Ry.=2 (5)

C

Kb pe MR E E IR, pe MR EHIE S 5 T, p,
R ATV HE L T o W e L B > L Y AR Ak
WE 17 FiR. wTLAE B, BRI R Rl Y L
B LG I JREAE T, L AL
FUFRRL ) S BE L5 TR i DRSS, B Y i LU
e 2 ] R 2 L 25 T 2 A RRE, ORI 3 T
JIMREYE I, AER— M a AT, U A AR
PG B B X RIS T 1) 5 M 48 /0, BIVIR R I 72 P
LU RURH A5 o SR, B4 TE 8 1Y oA A X SR Ak 7R
VETE L sg i AR, Bl UG PR 48 9 B2 0.5 mm
B INE] 0.9 mm, WEE R A R ) BT REARE] 3.5
FEA, 33X IE 2 JR P R 3 A Y o L R AR b
AR . FEFREE TE N 0.5 mm B, S8 AR 7 mE
FE ik 7, BRI 45 10 g 0 & TR R =
IR o M, TS HR AR Dk A T R e = ] I AL 1
AL I v e RS2 I, 7 AR A R wE DA g ARt
SN, Iz SRR R B A% BE B 0, AR 0.5 mm,
i — 2 T R T AR5 e ARG A MERE . DRt
THRE 2 i 7 % S AR R 9 B AR S M R /N, R R U A
RS AT E . W PREETE R A3 fin, AL
HEZE i He 07 B MR, T i o i e A 4 1oF 7 A Y
AR e By 5 i AR AR TR B ST DB/ T R
Py 1) SEL 7 B [ o A5 4 27 PR IS ] R 14 o, R
TR T T A R U O A, S R R U A A
R RWRUE o TR FE TN, B ek S ) AT L

ARG N, MR B IR N B e T A
ZRAIR I T $B 2 PSS Y B, A 38 IR 1l 1 Sl 40
PEIR GBS . 5 248, 7EIR4E ST — E I, AR
S K AR (Y SR W T EE L L LA P RS 25
o R PO FE AR E RS T, BRBE A N IR A
A RR AL T, BLIE T AL B S TE, i 314
W I 2, AN BT T LU o 7R iR v A
A, BRBE PN R IR S SR S B, H
U0 PG R T T R A D X R 4 R ) 5 )
B, LRE KT, AR I FURER

8

L RN
o w=0.5 mm o @
7L o w=0.7 mm oo 8e
o [ 2~ w=0.9 mm SR
g 6fF 5 = °
5y r . a
f r A Q
z sk a
= o
= L
T:) 4r L
=T a
3 o
[ &
2 I T S S T S S S S S S S S S S
0.2 0.4 0.6 0.8 1.0 1.2
Equivalence ratio
(a) HRBHBLE R 1L
9 -
-2 8 oo " o ° q
g I ° og
e 7r ow=0.5mm @ g
2 Lo w=0.7 mm
© gF 2w=0.9mm
2 OF
g [
2 5r
5 °F
2
© 4: VNN A A
3 I T S SR S -
0.2 0.4 0.6 0.8 1.0 1.2
Equivalence ratio
(b) S AFIEE R L

B 17 W LR S e ARk

Fig. 17 Injection pressure ratio with equivalent ratio

HR R I 1) - 249 % 7 3 i Y L B A2k
K18 s o AT LA th, 7EA8 E MR A, -1
et T o > 2 L P S S el N R A
TE 2440 U 0.7 B I % 6 o B2 fee i, EL T RIS
C-J B JE o 3% ] e 5 Jay i 24 ik H AT 5%, A8 5 i s
TEA B, S P07 FORE A TR & IO AN BRAR, 7
AR YR 0.7 I, SEBRZ 5 R R BE B R A
HE A RERGE T 1, S B o X IR A]
R 5 5 Y- 45 £ 7% S8 RE AN PG C-) B2 X L v
FHENERIE, 76 24 5 Lol 0.7 B, P 351545 3 3 $2 50
8 I A T R ENE C-I . fER— Y i
FE, SR TR RS B 55 X0 14 7% 802 1Y 52 6 S DI A



LB 0t 25 SR ) PR AR G B8 X T8 B o o 7 408 A3 M il ) 52 3 1993

5 8 1]
2900
L o w=0.5 mm a2 w=0.7mm
2600 +
F = w=09mm —e— C-Jvelocity
- 2300 - 77777777777777 ) ~ Stable detonation mode
g b A 2 . e—
< F ° AT . e
2 2000 F: e
8 : ‘ . - > ". L ] A
° L _ " o
> 1700F " " g gas
| & L P A u n
[ m A !
1400 | - o
[ Periodic oscillation mode and
1100 [ aperiodic oscillationmode
0.2 0.4 0.6 0.8 1.0 1.2

Equivalence ratio

18 3 P I - L 3G

Fig. 18 Average propagation velocities of three modes

Horr, B 4% 55 B 9 0.5 mm A1 0.7 mm I A 12 72 0%
FE4 R L PR 5% 95 N 0.9 mm B9 &5 . AT RE ()
JEU R AE T, B 4% 96 5 o0 0.9 mm B, LI BE4A 15
TR, 1R B 2 it J5 75 28 28 5 A B ], G ik
RN A R BBk N . R Ik, N 4 1 35
F0 B TR A T, AN R T ARG R AR TR G
TR 2 AL 4 R BE BRI . AR 2 1 AR S
P S R AR AL A I Ry T i 3 LA I, R b Ui 7
AL R R R REAR . I TAEIRG S, A
I8 2 N R R U RN R R A, 2 R IR 1 A 48 o
BAR, CREAR T I R R B . TEAR e MR R A
rh, B R B T AR B R R R T
C-JME., JFHTET, — i, &Y & A S PR
Z 5B R Y i A — 22 5, ik
JH A4 JRy 25 i be R A 4 R ) S S B O, B
AR MR2E; I —J7 T, MR AP iy il R 25
TR R U A R, BUE A% I A I A Y
PR PR A = o AR, FE PR IR G AL S, 4R
R U Y R 5 R R N, &3k 26.9%, i —
AF 33 98 P A 85 1 3k A

Sy it — 2 A R e I B AL R R, R (6)
THE IR AL RS A AR 22

n

2
g (Vi = Vaye)
i=1

n—1
U n A BRGR H S A% IS py BOUREL, Ve
KRR P AL R URE o Oyl BE AL IR 22, X
20 ms A A BRI AR D A AR, A 3 R o oA 2
SIATANEE 19 Fras o T LA HY, PRAE U0 X SRR
16 T S M B/, BREZEAE 30 m/s 2 AT o TR
7 2 98 A5 245 X i@ 7 90 A% 40 B 38 1) 52 I R

(6)

Horr, FoE MR R A AR ME 250 28.43 s, SR
PR S BB 220 271.37 m/s, AR R BIPEIR
B IFRAE R K 7943 /s, JEATE T, X THa
PR, MR P RO AR, HRE B BN
0T I P e 95 A8, B 2 U R 0% MR U A B B
R U B AR AR R IR G A B E N
B RR % U B 3B AR e, ELABR AR I AR I O 58
BB, RN BRI T D BAIR, AR SN .

1850
o w=0.5mm ¢ w=0.7mm » w=0.9 mm
1700 I o
2 [ o
£ L feif
> B
%» 1550 ¢ % Friy
]
2 I
1400 -
[ s=35.75m/s i s=28.43m/s | s=25.18 m/s
250b————t L
0 20 40 60 30
Time/ms
(a) NIFIFRAE FERE (Y L 0.27)
3500
[ o Stable detonation mode
3000 L * Aperiodic oscillation mode
e Periodic oscillation mode
2500 F
£ 2000
ES L 3 S A;’""‘, N
2 isoof i o |
1000 F .
[ s=28.43m/s | s=271.37m/si s=79.43 m/s
500 1 1 1 1 1 1 1 1 1 n 1 1 1 1 1
0 20 40 60 80
Time/ms
(b) NIFEARERLA (w=0.7 mm)
B 19 fERE s B R UEZE A3 A1
Fig. 19 Standard deviations distribution of the
propagation velocity
A
A\
3 &

R ZIGEARE SRR 50% & F R, 7
AL R 24 S B I B R (198.545) gfs, i &
Feoh 0.27~ 117 WSS &0 T, 36 F MR Y jie %
PR RS, WFIE T 3 Fh S Ak 57 30 4k 5 B o 1R 2
WA AR B AL R AR, A5 3 L T 4548

1) 76 3 FPEALFIIRGE ST T, Sl 52 B 1 i
SRR R E AL R, LSRR 3 P LIRS, B
FoE MR RS | T UL 5 A2 A A S O B 5
RS o WO S 7R TR 9 3 X e B o AR D A
T o S R FE R AN



1994 IR RO R S 55 38 %
2) JAIUIPE AR v A5 25 ) 2 A L Y R B AL 1601-1611.

FRPRGE GEBE BT K . AE 2 o 0.93 1,
AR 1 9% 35 JE 191°A 2 898 Hz, H &> 35 J& 91

TR RS, £

BETIRE T MR

GRRBNE MR W 3 N id e
SERERRLAS T, 2 SR LR, 3 FhER
I X 1 f B X Y L 3

3) R

T 22 S 38 T s e/ B E A 2 H O 0.7 B
Pl B i o SRS E MRS AT LE, £ PR IR

{%*%/LL\EF" ’Jﬁ‘\

8 U 1) Y 45 1 i T JRE AW e A L A7

TERA M L D 5
S % 3k -

(1]

(2]

[31]

[4]

[5]

[6]

(7]

(9]

[10]

(11]

X ZAS . 7 S e i R AR U A5 h | AR RS I A R WL 5T
[D]. K Vb [ B B 57 K 2, 2012,

LIU Shijie. Investigations on the structure, rotating mode and last-
ing mechanism of continuous rotating detonation wave[D]. Chang-
sha: National University of Defense Technology, 2012. (in Chi-
nese)

FA, BEAAMAT . 3
2 A, 2018,
ANDRUS I Q, POLANKA M D, KING P I, et al. Experimentation
of premixed rotating detonation engine using variable slot feed
plenum[J]. Journal of Propulsion and Power, 2017, 33(6): 1448-
1458.

ZHONG Yepan, WU Yun, JIN Di, et al. Effect of channel and oxi-
dizer injection slot width on the rotating detonation fueled by pre-
combustion cracked kerosene[J]. Acta Astronautica, 2019, 165: 365-
372.

ZHOU Shengbing, MA Hu, LI Shuai, et al. Experimental study of a
hydrogen-air rotating detonation engine with variable air-inlet slot
[J]. International Journal of Hydrogen Energy, 2018, 43(24): 11253-
11262.

FOTIA M, HOKE J, SCHAUER F. Experimental ignition charac-
teristics of a rotating detonation engine under backpressured condi-
tions[R]. ATAA 2015-0632, 2015.

MA Zhuang, ZHANG Shujie, LUAN Mingyi, et al. Experimental

research on ignition, quenching, reinitiation and the stabilization

SRR R SR S R M) JL s B

process in rotating detonation engine[J]. International Journal of
Hydrogen Energy, 2018, 43(39): 18521-18529.

PENG Lei, WANG Dong, WU Xiaosong, et al. Ignition experi-
ment with automotive spark on rotating detonation engine[J]. Inter-
national Journal of Hydrogen Energy, 2015, 40(26): 8465-8474.
LIN Wei, ZHOU Jin, LIU Shijie, et al. An experimental study on
CH,/O, continuously rotating detonation wave in a hollow combus-
tion chamber[J]. Experimental Thermal and Fluid Science, 2015, 62:
122-130.

TANG Xinmeng, WANG Jianping, SHAO Yetao. Three-dimen-
sional numerical investigations of the rotating detonation engine
with a hollow combustor[J]. Combustion and Flame, 2015, 162(4):
997-1008.

R, VPHI, &R, AR R e & il AR A R X R
R TP A A e A 1 R (0], A0 B 2, 2020, 35(8):

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

LI Baoxing, XU Guiyang, SHU Huiming, et al. Influence of axial
and circumferential lengths of combustion chamber on gas-liquid
two-phase Journal of
Aecrospace Power, 2020, 35(8): 1601-1611. (in Chinese)

PENG Haoyang, LTU Weidong, LIU Shijie, et al. The effect of cav-

ity on ethylene-air continuous rotating detonation in the annular

rotating detonation characteristics[J].

combustor[J]. International Journal of Hydrogen Energy, 2019,
44(26): 14032-14043.

SCHWER D A, BROPHY C M, KELSO R H. Pressure characteris-
tics of an aerospike nozzle in a rotating detonation engine[R].
ATAA 2018-4968, 2018.

SHAO Yetao, LIU Meng, WANG Jianping. Continuous detonation
engine and effects of different types of nozzle on its propulsion per-
formance[J]. Chinese Journal of Aeronautics, 2010, 23(6): 647-652.
ZHU Yiyuan, WANG Ke, WANG Zhicheng, et al. Study on the
performance of a rotating detonation chamber with different aer-
ospike nozzles[J]. Aerospace Science and Technology, 2020, 107:
106338.1-106338.10.

WANG Yuhui, LE Jialing. Rotating detonation engines with two
fuel orifice schemes[J]. Acta Astronautica, 2019, 161: 262-275.
FROLOV S M, AKSENOV V S, IVANOV V §, et al. Large-scale
hydrogen-air continuous detonation combustor[J].
Journal of Hydrogen Energy, 2015, 40(3): 1616-1623.
BLUEMNER R, BOHON M D, NGUYEN H Q, et al. Influence of
reactant injection parameters on RDC mode of operation[R]. Re-
ston, US: AIAA Scitech Forum, 2019.

RANKIN B A, CODONIJ R, CHO K Y, et al. Investigation of the

structure of detonation waves in a non-premixed hydrogen-air rotat-

International

ing detonation engine using mid-infrared imaging[J]. Proceedings
of the Combustion Institute, 2019, 37(3): 3479-3486.

RANKIN B A, RICHARDSON D R, CASWELL A W, et al.
Chemiluminescence imaging of an optically accessible non-premix-
ed rotating detonation engine[J]. Combustion and Flame, 2017, 176:
12-22.

BYKOVSKII F A, MITROFANOV V V. Detonation combustion
of a gas mixture in a cylindrical chamber[J]. Combustion Explo-
sion and Shock Waves, 1980, 16(5): 570-578.

LIU Shijie, PENG Haoyang, LIU Weidong, et al. Effects of cavity
depth on the ethylene-air continuous rotating detonation[J]. Acta
Astronautica, 2020, 166: 1-10.

PENG Haoyang, LIU Shijie, LIU Weidong, et al. Enhancement of
ethylene-air continuous rotating detonation in the cavity-based an-
nular combustor[J]. Aerospace Science and Technology, 2021, 115:
106842.1-106842.10.

ZHANG Hailong, LIU Weidong, LIU Shijie. Experimental investi-
gations on Hy/air rotating detonation wave in the hollow chamber
International ~ Journal

with Laval nozzle[J].

Energy, 2017, 42(5): 3363-3370.

of Hydrogen

XA, BT, EECRE, AE L A kO SO s A A e G 0 R
e R R PR Y B2 [3]. T 25 2= iR, 2022, 43(1): 124870.1-
124870.12.

ZHAO Minghao, WANG Ke, WANG Zhicheng, et al. Effects of
ignition on initiation characteristics of hollow rotating detonation
combustor[J]. Acta Aeronautica et Astronautica Sinica, 2022, 43(1):
124870.1-124870.12. (in Chinese)

(3. THEE)


https://doi.org/10.2514/1.B36261
https://doi.org/10.1016/j.actaastro.2019.09.034
https://doi.org/10.1016/j.ijhydene.2018.05.033
https://doi.org/10.1016/j.ijhydene.2018.08.064
https://doi.org/10.1016/j.ijhydene.2018.08.064
https://doi.org/10.1016/j.ijhydene.2015.04.126
https://doi.org/10.1016/j.ijhydene.2015.04.126
https://doi.org/10.1016/j.expthermflusci.2014.11.017
https://doi.org/10.1016/j.combustflame.2014.09.023
https://doi.org/10.13224/j.cnki.jasp.2020.08.005
https://doi.org/10.13224/j.cnki.jasp.2020.08.005
https://doi.org/10.13224/j.cnki.jasp.2020.08.005
https://doi.org/10.1016/j.ijhydene.2019.04.017
https://doi.org/10.1016/S1000-9361(09)60266-1
https://doi.org/10.1016/j.actaastro.2019.05.035
https://doi.org/10.1016/j.ijhydene.2014.11.112
https://doi.org/10.1016/j.ijhydene.2014.11.112
https://doi.org/10.1016/j.proci.2018.09.036
https://doi.org/10.1016/j.proci.2018.09.036
https://doi.org/10.1016/j.combustflame.2016.09.020
https://doi.org/10.1016/j.actaastro.2019.09.038
https://doi.org/10.1016/j.actaastro.2019.09.038
https://doi.org/10.1016/j.ijhydene.2016.12.038
https://doi.org/10.1016/j.ijhydene.2016.12.038

	1 实验装置
	1.1 旋转爆震实验系统
	1.2 数据采集及操作时序

	2 结果分析与讨论
	2.1 旋转爆震波传播模态
	2.1.1 稳定爆震模态
	2.1.2 周期性振荡模态
	2.1.3 非周期性振荡模态

	2.2 旋转爆震波传播特性

	3 结　论
	参考文献

