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Effect of Equivalent Ratio on Auto-initiation Propagation Characteristics

of Rotating Detonation of Hydrogen-rich Gas

GAO Wenjia,BAI Qiaodong ™ ,HAN Jiaxiang ,QIU Han,LIU Zhuyong, WENG Chunsheng
(National Key Laboratory of Transient Physics, Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract; In order to deeply study the auto-initiation phenomenon of rotating detonation of high-
temperature hydrogen-rich gas,the experimental study was carried out. The influence of equivalent ratio
on the propagation characteristics of high-temperature hydrogen-rich gas rotational-detonation-wave was
explored by analyzing the typical characteristic-parameters, and the equivalence-ratio range of the
successful auto-initiation of high-temperature hydrogen-rich gas to form a rotational detonation wave was
obtained ,and the influence of equivalence ratio on the self-initiation delay time was analyzed. The results
show that the intensity of the initial rotational detonation wave formed by auto-initiation is weak ,and the
propagation direction and propagation mode will change. However, through the self-adjustment of the
rotational detonation, the stable self-sustaining propagation of the rotational detonation can be realized
finally. While the flow rate of pre-fired oxygen is about 8 g/s and the air flow-rate is 270 g/s,within the
equivalence-ratio range of 0.85-1.98,the high-temperature hydrogen-rich gas can form a stable rotational
detonation wave through self-detonation. When the equivalence ratio is greater than 1.52, the rotational
detonation wave is in a single-wave mode,and with the decrease of the equivalence ratio, it changes to a
mixed mode, that is, under the same working condition, the single-wave, dual-wave mode and single/

double-wave transition mode appear irregularly alternately. When the equivalence-ratio decreases to about
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0.96, the rotational detonation wave presents a stable two-wave mode, and with the increase of the

equivalence ratio, the auto-initiation delay time decreases from 138 ms to 106 ms. The propagation

velocity of the rotational detonation wave increases first and then decreases with the increase of the

equivalence ratio. The maximum value of the wave velocity occurs when the equivalence ratio is 1.33, and

the wave velocity is 1 278 m/s.

Key words: high-temperature hydrogen-rich gas; rotating detonation; auto-initiation; propagation

characteristics ; equivalence ratio
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of rotating detonation
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Fig.9 Pressure gradient analysis

3 BRBEBESSN

TE RS I, e IR A TE 8 /s
Ik, S50 E N 270 ¢/s oA, SRR i
7.7 g/s BEINZE 17.4 g/s, AHRN 255 FE A 0.8 B8
2 1.98, SLE TR 1 7R, 10 U S > ot
o, EZILLT 3 Fhve SR ANE e 1 2 1 AL F
A RS DU SR A, Y L YE

B RLAS B A — AR U AR R e & A iE
FEALE . YRR T 111 0, 23 S U R A . X
WAL A 2 MR R AR = NI A1 . 4
WA 111~ 1.37 YE RN, S 2RSS,
TRA RS 2 AR 2 R U AR =2 1) A o RS
NSRS T O 2, T80 6 A1 T80 10 XA [FAR S
LR R SRR AT BT
£1 XBIRSH

Table 1 Parameters of experimental conditions

g MGG E
/(ges™)  /(gesT)  /(gesT)
1 7.7 8+5 2705 0.80 P
2 7.9 8+5 2705 0.85  RUPhHE
3 8.8 8+5 27045 0.95 XU xHE
4 8.6 8+5 2705 0.96 WU X
5 9.6 8+5 2705 L1 REES
6 10.8 8+5 2705 1.24  EAHRSES
7 12 8+5 2705 1.33  RAEZE
8 12.3 8+5 2705 137  REKS
9 13.5 8+5 2705 1.51  BAPAREs
10 17.4 8+5 27045 1.98  PAERIZS

3.1 BEEE
TG 10 R A 4 D R A il 4R A PCB e
JEJanE 10 BroR ., He Jy e 2 i i BB A B
A I, ELAR B PCB1 Al PCB2 (XA X)o7 &, 7]
LT 1 be & N AAF — T8 36 B T ) E e 1Y) B
W 1) R (2) 430 T T e S Y
FERBIR [ MEREHEE v, , X PCB1 WA Pk 5 15 3
THRE 2P B 2 D ) W (R g, R SCARH B T A TR T g
AfIE] 2250 At
f=1/At (1)
v, =mdf, (2)
K d NI IR IR E AME i A I T
V) % 4D I B B30 1S e 2 98 552 10k A% 4906 g — 1 30 7y 3k
., ZTHRERBT (2 650~2 800 ms) HIE#ESI
K ARINE 11 Frs, R IE S N 3% S1 e 6 1 25 0%
LRGN R A 3 289 ~4 132 Hz Z ], (L 4EH AN T
1 136~1 428 m/s Z ], FIEREHE R 1 311 m/s,
X450 5 CEA B 7 I35 10 B0 1% 4% o
(20353 m/s) 1 — 2 5, B 5 i 35.58%,
JE PR« 55 3 3 e = — e, P B T 1) A 2R R
% 5 R TH [ 230 %) 5 M), 01 e 2 A8 25 D A7 R I
5%~10% .



CERE ] FOCHE, A R O R SR IR R A R AL R R B ) 15
1,00 1.0
08k 3824 Hz
0.75
i
X 061
£ 0.50 - $m
% ® 04t
0.25F E 7791 Hz
ok 0.2 11 630 Hz
-0.25 : : : : : : : 0 3000 6000 9000 12000 15000
2706 2707 2708 2709 2710 2711 2712 2713 1 522
W/ He
t/ms (a) FFT
E 10 TR 10 THAENEERH L% . 5
IRE | i TR T Lo
Fig. 10 Local curve of high frequency pressure in Case 10 12 000 ‘w%ﬁﬁr‘%ﬁ,{%‘lﬂﬁ;,ﬂ
4500 9 600 PR et e 5 i
£.=3828 Hz . R SR g
LR S AT e T 7200F -W. ‘ :!]':Wu'.
« 4000 i e R ,
i .ﬂ R 4800 gl Ca R
© 3200 5 200k ‘w‘:“.ﬁi‘ﬁf?"ﬂ"';ﬂf‘* :‘ ! :
0 | | | | ] Vv i ; !
0 b i ———
2600 2650 2 700/ 2750 2800 2850 755 270 2385 3.00 315 330
/ms GiEN
B 11 TR 10 THEEBRES 6 (b)STFT

Fig. 11 Peak pressure distribution in Case 10

XT T4 10 H PCB2 I3 F& 7 B4 43 ) e 4 4
LR (FFT) 55 56 i B A8 48 (STFT) , A&l 12
JI7R o R R s AR v T 2 s U AR T 00 g i 3
A% L T FFT 4552345 3 063 Hz AF7E, £
R B J W e 2 M 55 AR AL R W B, s e A%
FENRARFE RS, Db B T e A% 22 U 1 5 9 0 R
FFT 25 vy 000,

XF FFT BT 4307, — B 0000 3 824 Hz, 51%
TR 411 (3 828 Hz) AR 2L N 0.09%,
FER 22 FUVF R A, A ) 23803 9 32 U (1 X0 g 1)
AU K 7 791 Hz 11 630 Hz, 3 5il2— B 45
3824 Hz 192 1.3 1. FFT 45 B F13155 45 5 22 0
e 2 o 5 e S AR AR R IR A A X R

TR R R B B AR R U (v, ) B
HEZ s, BRRE u, , 85 R EAEE 5 408 1Y B L
FREE, P f M A B gl A A R R AR e Pk it
FASEGRE bR IE2Eh 31.38 m/s, B RECH
2.02% , F WL TO0 T B S E th s, 15
N

3 G, - 0.)
e (3)

uw,=— (4)

B 12 TR 10 THEHREASHT
Fig. 12 High frequency pressure analysis of Case 10

3.2 XiEXHE

DL 2 R, 1B 13 SHTE 2 755 ~2 762 ms Bif[H]
BN R 155 R R OR ] A NG 88 AL s
AT, mUE T 5 S B — 2 W R, T 2 %
WA AERETT AR S, B TTAR AR 280 0 e 3 i 23 5
AR TR YA 1L

0.8

7% — PCBI
W) @ — PCB2
0.6 1 = 2
r 3 oo
| ! I !
g %4 | | |
s | | I !
s oz T

0 ,a‘:‘utu“,wwhui.mn}.u“\"‘ulwkul )

_0.2 Il Il Il Il Il Il J
2755 2756 2757 2758 2759 2760 2761 2762
t/ms

13 TR2 TEMENSER L
Fig. 13 High frequency pressure local curve in Case 2

RO ZAE 1.2 200 PE U T RS 5T 3005
210°BH3T . 150° 5 330° I (49 PCB I £ FRAE, LLXT
$E AT 15005 330° BFIT i by 1], Xof 7 14l 458 5 B
AT A 5 18 O o 48 A RS 257 T PR B e A 7
JRFR IR 43 53 N P 14 FNPE 15 Bis, SRIBRRBE
R P B 1o A 1 R S D M TR P ) 2R




16 G|

¥

o537 4

X, MR M N AR P S XHE S 2 B 0 B
W e, IV JER 3% I 0 A% 3% 7 1) Ak S5 3% |
AIRR A SRR SEIE A B S BDE m o WK BN
IR M N P FRIR R SRR M
NS48 J5 T8 a8 Sl m o', SRR RN T £ 1
R M N TE P SXHE JEARER

PCBI1
M

E14 FUEXEEERSTEE
Fig. 14 Schematic diagram of propagation modality

of two counter-rotating waves mode

081 — pcBI
06 L — PCB2
’ AL AL AL
g 04r
2
02
0 -
—02 | | | ]
2759.2 2759.6 2760.0 27604 2760.8

t/ms
B 15 XHE S A S 35UE 1 R AT i
Fig. 15 Local curve of high frequency pressure near

the collision point in Case 10

15 o PCB1 i 40 77 il 4 22 80 10 RS R/
ANFEAYE 7 W AE 7 51 A, B, PCB2 Ab Ay I I8 5 1iF 2
I, MXHE S PIE AR E T PCB2 £ IRA%n, B
SN n 75 S AR USRI NG RE R PCB2 M T
T, F0Ar R REE D R B R, R T A,
TR 5 TR 22 I X J28 5 10 38 S 0 m/ 16 4% 2 PCB2
(1R B 5 T 3T, AL P . g 0 s ) [ B o A o oA
Foor KRR AL U S A N O (B,
A, X A A B AR R R AR, A
e —E B WS TE AR SR B RO X G AR v, A
— AN JE T, AR 2 NI e R T B B 1
SRIEMFIE—E 2R, RABARY S50 4i, S5
B E ARG SRR EGERE BRYSIBEEA

), MR R A o ok R o o B S — B AR 1 R A 22
iSRS S O C O B R VA N[ F
PCB1 J&J7 & i AN WA 7 51 45 1 1Y JE 19 1)
B — 3, 7 SOh— A SR AT, , 153 A R X S
109 N B A 2 e T AL R TR
v:Ld (5)
"TAT,
PR ) B8 8 a7 AR 4 (FFT) R
A E 7 AR e (STET) FIr s, AniEl 16 FroR, 13
FEREARHN 3 172 Ha, FIEHREHE 1 096.1 m/s, H
TAE—AN TR N T2 15 U i A= P O, g 10T
JEEAR 2 i BRI F TRk, T8 A o 2 U0 ) R R R R A
TEAREE R, S B IR R T T T
FEIE C-J MR E (1 890.4 m/s) , AF THaE T
Yo G BRI AR X — W B4 1R 1) Je K (H
1 167.5 m/s f/IME 1 047.1 m/s FRiE 39.9 m/s,
A 2K 3.66%

6000 ll‘I“ f-F..|
ﬂ L ol
4800 F
i.
T 3600 f ,
= 2400
1200 - |1" a4
0 L e
255 272 289 306 323
M 1E]/s
(a)FFT
1.0
3172 Hz
0.8
=
% 061
P
= 0.4
02F
0 3000 6 000
$H*% /Hz
(b)STFT

16 T2 THEMENSH
Fig. 16 High frequency pressure analysis of Case 2

33 RAEES

TSR 111 ~ 1.37 S P, e 15 25 ik
IRAEA, BB e 1 2 i AE R — 00 R, SR s
A BUH AR A BB/ RO L PR s B B, B 17
KT 6 FAEAEEA S AR i<k, /| 18 &1 19 4



514

R OCHE, A5 L R SR U AR R A F R P 1 52 ) 17

ST 3k — i AR rp LA RS DU AR S 1
T Sy th 28,2 491 ms I 20 AR , e 425 ik N
PABAIBOR 2 30 i B ) A4 (SRR AME 1), 7E
2 493 ~2 496 ms Z[H] , JiE e 1k 2 W AE MR S R = N
LI S P MU o A (SR R AR AE 3) SR R A
HE 2 1 4 43 551 35 B F 5 I AR 2 5 000 =2 [ 1 ot
T B HEAR 1 Bt b ELAT BLAVRRAE 1) 7 i, 3o g
() SRR A A N ] 18 AL 19 Fz . TEE ;1
LR DML TAERE] Ar 20K H B AR A AR i A
JCHA R, B R RS R K AR —,
TR ] R A A B A e AR A T AR AT

VOr e fhasib Bl SUHES  #95id B — PCBI

————————————————————

L

L 141 — PCB2

p/MPa

.5
2487 2490 2493 2 496 2499 2502

t/ms

B 17 WEHEHSENHL

Fig. 17 Pressure curve during mode transition

0.8

p/MPa

-0.2
2488 2489 2490 2491

t/ms
18 RS §t AR S (2 487.8~2 491.0 ms)
Fig. 18 Single wave propagating clockwise
(2 487.8-2 491.0 ms)

0.8

0.6

0.4

p/MPa

0.2

0 ),

-0.2
2493 2494 2495 2 496

t/ms
B 19 FUEXTEEZR(2 493.0~2 496.0 ms)
Fig. 19 Two counter-rotating waves mode
(2 493.0-2 496.0 ms)

B2 A0 S S B A s, MR T B
AL I ( single wave with counter-rotating
components, SWCC ) L H#EALSHLHL, SWCC H —if
L R S I N A5 1 I 1) A B 1) 0 2E R, T
P 20 Hhli A DA (bR 0 O B, R Jsz 1w 4% 7% 1) 80D
( counter-rotating components, CCs) . i i 5 4 2% %
FHT i SR X 2 KR8 J CCs 3R1G RE &, K2
2 491.5 ms FiJ5 Zeat PCB1 v & B3 540 Uk 1R 35 Dk
X )G 5 2 % 5 CCs X 5 2% K g i, A4l
ECREISCA 55 O, TN S 1 CCs W3 N5 ) 1%
o AE— DRSS RE i, 9 BB R 5, K2
2 491.9 ms 283 PCB1 i & , e & B J2 LL s 0BT f
ST BRI S BN SWCC 5285 1) XU o 12
AN IUEE IO

08 pepi
06l — PCB2
s 04
= CCs
S 02}
0 =
Il Il Il Il J

-0.2
249040 2 49095 249150 2 492.05 2 49260 2 493.15
t/ms

B 20 #EAEFELTIHNEEMLZE(2 490.8~2 492.6 ms)
Fig. 20 Local pressure curve during mode transition
(2 490.8-2 492.6 ms)

A VRO AT LA R 140 B TR PR, LA
ARG ICIELERF . RS (A ) (B e I,
21 sR IR I E0E p, 7, D)5 JR o X IAL T 9 €
AR B e nRIR TR TG A, P e e A oy
BRI

0.8

— PCBI

P

0.6 — PCB2

S 041
2
X002
O |
| | | | J

_8%95.70 2 496.15 249660 249705 249750 2 49795
t/ms
B 21 #EEFELTIHEEMLZE(2 496.0~2 497.8 ms)
Fig. 21 Local pressure curve during mode transition
(2 496.0-2 497.8 ms)



18 G|

¥ H37%

21 Bl A A % R - W HE S PCB2 4b
JE IR F 28 M SRR, 28 SO & W | i Sk
fEAE B i AT HRIR 2 DL RN i S T R R
JSUHT R 22 10 S DR R TV A Ry LB RS

4 AESHELL BREBRFFIERN

Nz SELG B e e iR ok be = Y U S e
T RS S O B T () B e SR SR SR B[], A T
AFFE S0 0T o ) [ A B B 3R ) ] ()52 ), 2
R AR AE 8 o/s Zidy , 2 MR AE 270 g/s, &
AN 7.9 o/s HINZE 17.4 g/s, it Lk & #
NEHL N 0.85 AN ZE 1.98, K 22 A A[E T8
PCB1 BYahZSE STk, B 23 S XF 0 AY [ 5 4E iR
B a] P g 2 UM T I 28R 0,

0.6 -
£ 03r fy4y=135 ms !
2 i
SN s
~03 | | | | ]
100 110 120 130 140 150
t/ms
() @=0.96
0.9 -
g M i !
2 03 kL delay ms :
R
03 I I I I J
100 110 120 130 140 150
t/ms
(b @=121
<
[aW}
=
],
~03 | | | | ]
100 110 120 130 140 150
t/ms
(c)@=1.51
<
&
=
],
~03 | | | | ]
100 110 120 130 140 150
t/ms
(d) ®=1.58
09
£ 967 —106 ms
= 0.3 ! |
)
_O 5; | 1 | | J
100 110 120 130 140 150
t/ms
(&) @=1.98

E 22 FEHELLTBEEERRE
Fig. 22 Auto-initiation delay-time under different

equivalence ratios

150 - N
= FRARAER W E]
———— YA
ol BRI
g Ta
= 130
120 LN
110 1 1 1 1 \\\\~ |
06 0.8 1.0 1.2 1.4 1.6 1.8
D
23 BEBRERMEEIYEETUED
Fig. 23 Variation of auto-initiation delay-time

with equivalence ratio

BT DL A | B Y L R, T8 R
THRE A 2 10t 1R ) 22052 7 4 0, 5 SCAR [ 28 ] A S 5 v
Friggsie i, m K 23 nl s, BEE 2 L M 0.96
Hahn 2 1.98, A A AR AE IR B[] AN 135 ms 4l &
106 ms, JRFFZET : 28 HAg3E N, 15 5 2R
ARG R L R ATE PR LB N, Ak be R
BET SRR AR, [FIRT, & SRR R T
SHEB IR BALTE 1B 58 ) T O 5 O, B 5 A
5 DDT s A2, ST BUERE MR 22

Zot WIS | e 8 55 A 1 S A A
FE1077~1278 m/s Z[0], & 24 S0 A A 3] Y
IR A 4 25 U 0 Sk B s AT R U A AR T £ DT
HRT LU H | TS R 2 10k 1) A2 406 R B 5 Y ek L
T 2 RS T /N R B I ) B A AR
MR 1.33 AT, L TH T, 5585
13 RN RN B 22 | HAB TR AR Ay, IR MR R
WAL LR,

1300

1200 -

vi(m-s™)

1100 -

1 000 1 1 1 1 1 |
0.8 1.0 1.2 1.4 1.6 1.8 2.0

D
E 24 EFHBERREEYELTW
Fig. 24 RDW velocity varying with different

equivalence ratios
TEARIRIR B ACAE T, B 2 LRI O, B
R aE o N E e IINTRC &2 85 S 3 R EF L
BEMEIN, R Ik B AU 2 O S
U B 2R JC Ik 5 4R R SR AR R R S
Bk [ 29 ~30 ] did S50 S BRI T7 3%, WF 5T T 24



514 R OCHE, A5 L R SR U AR R A F R P 1 52 ) 19

T PR SR — SRR P ka5 D I T A A Y R
Wi, 2 SRR B 25 0 A B O, g a5 B S R
JRI/IN S, HA AT e 2L

5 HRiE

A AR S B ARG ™ A 1 B EUAR
YEMIRRE, Lhzs SO EACH] Wi s SRS E R
IRG YT RE T 1S 155 FR R 5L 08, X AR 1Y
TR s B WA R R E A TR Y, E A5 Y
TURAS MR AE 8 o/s I£4, ZRWMETE 270 /s
B, o il 5 SRR A5 38 A ) AR T e A o 22 0
(245 FLIE RN 0.85~1.98, HEMIRE T, &1
XA I AR RS A g m, Yt LR T
1.52 B}, A3 55 5 LARSOE 1 PR S AL 15, M=
W/ e R SR P A i B AR AR AR, R IR A
R M5 U/ INE 0.96 F, H XU RHE AR S

Bl it LA 0.96 352 1.98, BFE] M 135 ms
ARIH A 106 ms, €L 1 5 DAL R 2 RS
RN OF S5

S22 3Lk

[1] MAJZ,LUAN M Y,XIA Z ]J,et al. Recent progress, development
trends, and consideration of continuous detonation engines [ J .
AIAA Journal,2020,58(12) :4976-5035.

[2] ANAND V, GURMARK E. Rotating detonation combustors and
their similarities to rocket instabilities[ J]. Progress in Energy and
Combustion Science,2019,73.182-234.

[3] NICHOLLS J A, CULLEN R E, RAGLAND K W. Feasibility
studies of a rotating detonation wave rocket motor[ J]. Journal of
Spacecraft and Rockets, 1966,3(6) :893-898.

[4] THOMAS L,FREDERICK S,JOHN H,et al. Buildup and operation of
a rotating detonation engine ; AIAA 2010-0602[ R]. 2010.

[5] YAO S,WANG J. Multiple ignitions and the stability of rotating
detonation waves [ J ]. Applied Thermal Engineering, 2016, 108
927-936.

[6] XIAZ,MA H,GE G,et al. Effects of ignition condition on the
initiation characteristics of rotating detonation wave in plane-radial
structure[ J]. Acta Astronautica,2020,175:79-89.

(7] #E30, S7 4, RARSC, 55, I8 T B A5 7 U R S e e %
SR BRSSP [J]. $HIE24R,2021,33(1) :1-10.
CHU Chi, WENG Chunsheng, WU Yuwen, et al. Analysis of
initiation process of continuous rotating detonation engine based on
pre-detonation ignition[ J]. Journal of Ballistics,2021,33(1):1-
10. (in Chinese)

(8] AUk, D, RIRAR , 5. H,/ Air BEHE RS K SLEL 1 52 50 0F
FE[1]. TREAYAR ,2016,37(5)  1116-1122.

YANG Chenglong, MA Hu, WU Xiaosong, et al. An experimental
study on of H,/Air

initiation  process rotating  detonation

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[19]

engine[ J]. Journal of Engineering Thermophysics,2016,37(5) :
1116-1122. (in Chinese)

TR SR WA, SRR RSP R[], FF
i EAAR R A 2019,3(2) :1-11,25.

WANG Jianping, ZHANG Shujie, YAO Songbai. Progress of
continuous  detonation engines [ J |. Astronautical
Engineering Technolog,2019,3(2) :1-11,25. (in Chinese)

RANKIN B A, FOTIA M L, NAPLES A G, et al. Overview of

Systems

performance , application, and analysis of rotating detonation engine
technologies[ J ]. Journal of Propulsion and Power,2017,33(1) :131-43.
LIU Z, BRAUN J, PANIAGUA G. Characterization of a supersonic
turbine downstream of a rotating detonation combustor[ J]. Journal of
Engineering for Gas Turbines and Power,2019,141(3) :031501.
ATHMANATHAN V, FISHER ] M, AYERS Z, et al. Turbine-
integrated high-pressure optical RDE ( THOR ) for injection and
detonation dynamics assessment: ATAA 2019-4041[ R]. 2019.
WIS, BURESE. IR EE SR SR IR J1 SRR IR [J]. BT
#%,2020,38(12) :69-84.

CHEN Min, JTA Xinhao. Progress and prospect of key technologies
for turbine based combined cycle engine [ J ]. Science &
Technology Review,2020,38(12) :69-84. (in Chinese)

FIR], Rz, 4, 5. N [ 24 T WA B e 2 R I 1
IRBTFE[J]. B ES il ,2020,40(10) : 18-28.

WANG Shunli, WU Yun, JIN Di, et al. Effects of nozzles on
different
ratios[ J]. Explosion and Shock Waves, 2020,40( 10) : 102102.
(in Chinese)

EAUEIE, o KR A M R R U e R 3R R 5 S B F
F[T]. HEHEAR ,2020,41(4) :881-888.

HU Hongbo, YAN Yu, ZHANG Feng, et al.

investigation on rotational detonation combustion with fuel-rich

performance of rotating detonation at equivalence

Experimental

gases of kerosene [ J]. Journal of Propulsion Technology, 2020,
41(4) :881-888. (in Chinese)
e, RN, &V, WS/ R AR - ) ]
et A ,2010,31(6) :696-700.
LI Mao, GAO Yushan, JIN Ping, et al. Fire test on a gas-gas
injector with hydrogen-rich/oxygen-rich gas [ J ]. Journal of
Propulsion Technology,2010,31(6) :696—700. (in Chinese)
HU H, YAN Y, ZHANG F, et al. Experimental investigation on
rotational detonation combustion with fuel-rich gases of kerosene[]J].
Journal of Propulsion Technology,2020,41(4) :881-888.
ZHONG Y, WU Y, JIN D, et al. Effect of channel and oxidizer
injection slot width on the rotating detonation fueled by pre-
combustion cracked kerosene[ J]. Acta Astronautica, 2019, 165;
365-372.
ZHONG Y,WU Y,JIN D,et al. Effect of channel and oxidizer injection
slot width on the rotating detonation fueled by pre-combustion cracked
kerosene[ J ]. Acta Astronautica,2019,165,365-372.
YANG X, WU Y, ZHONG Y, et al. Investigation of rotating
detonation fueled by pre-combustion cracked kerosene under
different channel widths [ J ]. Proceedings of the Institution of
Mechanical Engineers Part G-Journal of Aerospace Engineering,
2021,235(9) :1023-1035.

(T4% 53 W)



514

N, 5 TR AR EMEOR ) S 5 R 3SR TT R PEmE 52 53

[13]

[14]

[15]

[16]

[17]

PEAIHTLI]. MRS, 2022,43(16) :15-20.

YUAN Yongrun,MA Guolu,CHEN Wanhua, et al. Interior ballistic
modeling and simulation analysis of a light gas gun based on
pressure loss [ J ]. Journal of Gun Launch & Control, 2022,
43(16) :15-20. (in Chinese)

FEATE SRS Seh, . o S g PR A R M R AR L ) B
WEE[J]. PRS2, 2021,41(6) 44-52.

QI Zhuchang, ZHANG Pengfei, CHAI Jin, et al. Research of in-
bore rotational speed model and simulation for guidance projec-
tile[ J]. Journal of Projectiles, Rockets, Missiles and Guidance,
2021,41(6) :44-52. (in Chinese)

HE X J, CHAO L. Study on optimization of interior ballistic
performance of cased telescoped ammunition based on improved
firefly algorithm[ J]. Propellants, Explosives, Pyrotechnics, 2023,
48(2) :202200254.

HU X L,XIA D X,ZHANG Y R, et al. Research on the interior
ballistic design of a low impact ejection explosive bolt[ J]. Journal
of Physics: Conference Series,2023,2460:012061.
SRR, TR, B, SO R e B O A (T ]
PR, 2022,39(11) : 16-21.

GUO Zhaowei, LIANG Lin, WEI jin. Simulation of whole process of
projectile firing in gun bore [ J]. Computer Simulation, 2022,
39(11) :16-21. (in Chinese)

B S BT LR RO K 2 SR T A i R A B
FJ7[)]. AR, 2021,42(7) 1381-1391.

MIU Wei, YING Qiang, QIAN Linfang. An approximate calculation
method for ejection of propellant gas during after-effect period of
artillery [ J ]. Acta Armamentarii, 2021, 42 (7); 1381 — 1391.
(in Chinese)

[19]

[20]

[21]

(22]

[23]

IHFFE[T]. ShiE2E4,2023,34(4) 45-51.

LIAO Huanhuan,ZHANG Haibo, XIONG Yong, et al. Simulation
and experimental study on interior ballistics of projectiles launched
with high-low pressure chamber[ J]. Journal of Ballistics, 2023,
34(4) :45-51. (in Chinese)

RBATAL, B RR. & S 24 o s 1 Xy 388 Sk 5625 24 R 5 1 Py 6
BESZ IR A AN J]. KHEZ%4R ,2023,46(4) :352-360.
XIONG Jiamin, LU Xin. Numerical simulation of the effect of
impact crushing of propellant grains on the combustion and internal
ballistic of the CTA [ J]. Chinese Journal of Explosives &
Propellants,2023,46(4) :352-360. (in Chinese)

TAN C,WEI S H,YAO W ], et al. Numerical simulation of motion
process of a projectile with sliding driving band in bore [ J].
Journal of Physics ; Conference Series,2023,2460:012057.
TR K. Pt BS T 2 SRR AT KR P sE M R
B SR [T] . BIE~EH,2021,33(4) :45-50.

JIANG Junjun, LU Xin.
parameters on internal ballistic performance of gun under ablative
wear theory [ J |. Journal of Ballistics, 2021, 33 (4) ;45 - 50.
(in Chinese)

30, KGR, F B, T JOH i P I AR ) B
BEARIEAE DT[], B4R ,2023,35(1) :69-75.

WANG Ke,ZHANG Lingke, WANG Daisiyuan. Numerical simulation
of heat loss model based on gas-solid two-phase flows in a gun bore
[J]. Journal of Ballistics,2023,35(1) :69-75. (in Chinese)

HANT B, NWIUEF RS IRE[T]. BB LRk,
2023,47(4) :446-460.

ZHANG Xiaobing, XUE Tao. Developments and prospects of

Analysis  of influence of multiple

interior ballistics[ J]. Journal of Nanjing University of Science and

[18] BEWOUK, skl , AE TS , 45, R fIE 8 & S ot o 83 1 1 53t Technology ,2023,47(4) :446-460. (in Chinese)
(L#F 19 )
[21] akiife, A, s eE, . B SR SE IR S D LR At 5 [26] XIAZJ,LUANMY,LIN X Y,et al. Numerical simulation of wave

[24]

WRFIE[ 7). HEBERIAR ,2022,43(10) :327-337.

ZHANG Shijian, BAI Qiaodong, HAN Jiaxiang, et al. Experimental
study on propagation characteristics of rotating detonation wave of
hydrogen-rich gas[ J]. Journal of Propulsion Technology, 2022,
43(10) :327-337. (in Chinese)

HAN J, BAI Q, ZHANG S, et al. Experimental study on
propagation mode of rotating detonation wave with cracked
kerosene gas and ambient temperature air[ J]. Physics Fluids,
2022,34(7) :075127.

BAI Q D, HAN J X, QIU H, et al. Study on initiation
characteristics of rotating detonation by auto-initiation and pre-det-
onation method with high-temperature hydrogen gas[ J]. Interna-
tional Journal of Hydrogen Energy,2023,49:450-461.

BAL Q D,HAN J X,ZHANG S ], et. al. Experimental study on the
auto-initiation  of
hydrogen-rich gas[ J]. Physics of Fluids,2023,35(4) :045121.
ZHOU S, MA H,ZHOU C, et al. Experimental research on the

rotating  detonation with high-temperature

propagation process of rotating detonation wave with a gaseous hy-

drocarbon mixture fuel[ J|]. Acta Astronautica,2021,179:1-10.

[28]

[29]

mode transition in rotating detonation engine with OpenFOAM[]J].
International Journal of Hydrogen Energy, 2020, 45 ( 38):
19989-19995.

B, oo, G S Y O R PR E R SRR
L TARRA R SRR SE [ 1], R S ot 2021,41(11)
24-35.

GE Gaoyang, MA Yuan, HOU Shizhuo, et al. Experimental study
on the effect of equivalent ratio on working characteristics of gaso-
line fuel two-phase rotating detonation engine[ J]. Explosion and
Shock Waves,2021,41(11) :24-35. (in Chinese)

PENG L,WANG D, WU X, et al. Ignition experiment with automo-
tive spark on rotating detonation engine[ J]. International Journal
of Hydrogen Energy,2015,40(26) :8465-8474.

WANG Y H,WANG ] P. Effect of equivalence ratio on the velocity
of rotating detonation [ J ]. International Journal of Hydrogen
Energy,2015,40(25) :7949-7955.

LI B,WU Y,WENG C,et al. Influence of equivalence ratio on the
propagation characteristics of rotating detonation wave[ J ]. Experi-

mental Thermal and Fluid Science,2018,93.366-378.



