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Fig. 3 Schematic of the two-dimensional flowfiled in the RDE chamber
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m, = ;(Pl'lnw'h'vm'a&‘) = n‘PI'5c( cos 0‘{“ )C (31)

$328(30), B AR (23) AT 15 IR AW E v
B FRiAX A

a
== _
m.g hev,, g
nep;8, '8
cos 8, o
(32)
b1 1%
cosadﬂ‘(J ' (PUZZ tp- Po)dl)
0
Isp = & & (33)
Py, 8 I

Feg = (25),(33) , AT LIAE 2 A A T2
RA Wik 05 ST UM R, 26 W {1k
PR BE 3 BT B AU AE T 2 P RS . R, R AR
ZEE W LA R R SR L SRR T 2 RS
THRBEE B N 2 A8 R R U RHEE RS
I 45 18] 1 AR ELAVE R SE Ry 52 A, 4% A 8 R IR 1 R 55 8
FEAEZE 5 I 2 B RS TT 1 0 3 AS T A0 h B 30 B S
Y T PRS0, AR AL Al B 22 DL AS T B 4 2 M RE 1 D
B KT PGS . Tsuboi 2587 % (8 0 55 P 45 1,
RDE (1) B B 400 v i A28 B9 TR & ) L o L LI
B 10%

2.5 1RIEVIGIE
2.5.1 WA EE T L

BRBE ZAE T S 1 G5 R DR T R BE 43 A AR A
FEHA S O AR RESE, TR RS 45
A E RS A B A A R A M PE . R 2 AT
1590 5 45 F 0 R AE AR RE S A B 5 B 9 X L 4
LR, o AR NP Y 5, B, R Bk 5 K2k
WIS, 8, I B LR 5K P-4y Je fl . SCHR[38 1 Y
B Ry S Ik 45 AL, SOk [ 24 v i B Al A R A Ak
BEAE AL, SCHR 29 ] b (9 B0 S BRO(E T 8 45 2R (Ff B2 AR
it = I A 2] ) o X BT A ] AR AR A 45 R 5 Sk

Table 2 Comparison of the characteristics of the flowfield calculated by the simplified model and the results of previous studies

No. Fuel/oxidizer @ B,/(7) 8,/(°) 0,./C°)
Ref. [ 38] 5716 29+15 14+9
1 H,/air 1.26
This model 61.2 43.6 5.3
Ref. [24] 62.2 40.7 6.9
2 H,/air 1.0
This model 60.5 43.0 53
Ref. [29] 61.0 37.0 7.0
3 H,/0, 1.0
This model 61.0 43.4 4.9
Ref. [29] 65.6 44.9 10.0
4 C,H /air 1.0
This model 61.7 44.0 4.9
Ref. [29] 70.0 49.8 7.5
5 C,H,/0, 1.0
This model 67.4 47.2 3.9

2208055-7



Fask K2 i

/N 2024 4F

(29 JRISCHR [ 24 JEHE A Bz o PRS2 50 kA B A7 7
R BRUG E S Z AF 7 — 2 R 2 (AR i
SCHR (38 1 BT 15 H i ) R 25 T
252 MERRAE BTG

Zhang % SR R A 0.5 MPa, 75 16 O #
RIS F IR T Hy/air B RDE = 4EHUEMF 5T, 158 T
RDE #f gEPERERE 2 O BRI 251k . 6 45 ih T 1k
B AL Al B 45 R 5 OB A LSS R X L. AT LAE
A R 5 R B SR TR P 7 At B B R L —
0, S5 B E A 0 T o T RS, LR I A K D 2
H3.9% , 45 KW BAF

8x10°

sk 00000000 RS Zhang et al '}
1o ——— This model
6x10°

300 350 400 450 500 550 600
Temperature/K

Fig. 6 Specific impulses obtained by the current model and

the numerical study of Zhang et al"”

P 7 g LA H,fair SRy SN0 A 1R REASE BLAG S 45 2R 5
SR O A RIS R AR LY o S A 420 = Y Fo-
tia 25000 52 B 45 B 2 B, RDE Y Ik #' 5 Schauer
SFOIPDE S 25 R LA AR R — 8O, P Y S
EIRNE T iR . BEAh, B TR 45 T Shepherd 2612
L 10 VO b P A A SRS AR 4 L R AL A (HE ) BE AR
AU FAE A B (il Ui 75 OB AL ), A AR W) 2% 1 T Y M RE
fhSAAE A . MAT4s 1 B8 B Y F 3R Fotia %5 (1) 52 56
GERM2E 10% . 5 0 A T RERE AL 45 2% e nT A1, $2

400 —————————— :
—— H-air

B0 F e s H,-0,
— C_H,-air

300 F s
_____ C2H4_02 -

~F 250} R —

200F T ]

150 ﬂ

100

03 06 09 12 15 18 21 24 27 30
Equivalence ratio

(a) Mixture-based specific impulse

LT — —————r
1.2x10° ——Hzar
----- H-O
1.0x10° | e C22H4—2air
e 80x100L N\ T CH,0,
= 6.0x10° |

9 P BE Al 5 A58 TR 3R A5 1 KA KL LL 55 Shepherd 45 1 462
B BELHE AT . 5 S B X TR, T 0.8
I AR B R g IR 22N 8% . JRINTE T,
T A S PR AR I A B % 0 B 2R i, A A
SR ST AR IR BB B LR B 2w T BRI A
PeAN ot 4 AR FAR I K DR AR AR R B
% M o R 2 Sy 26 B S5 0 i T A B P RE AV B R
BT AL S RDE #fE 3E P RE Ay b R, HAS 5 45 R i T 52
L% i QIE R

8x10°
| © RDE-exp (Fotia et al)
7x10% | A RDE-exp (Schauer et al) T
. ~== Model A (Shepherd et al)
6x10° + - - Model B (Shepherd et al) 1
5x10° aa “\+. — This model

%)
~

o 92% of this model
Fax10 \
3x10° ¢
2x10° ¢

1x10° }

O L L L 1 1 1 L
00 04 08 12 16 20 24 28 32

Equivalence ratio
Fig. 7 Comparison between the estimations and the

experimental and estimated results in previous studies

3 EEFEER

KETRLSTE RN R W ) R 0.5 MPa, W
SRR 300 KB, AN [R] R RE/ AL TR A TR A W B b R
FRREEL ol B 2 L AR I R 8 BT AR o LAV R
BHEE VR G 9 L b Y B 5 > 5 L A 3G 0 i 3 {8 it
LR R BN o UL R BEREB  AF A f fE Y i
LU AT VR A L ol ks B e R < AU AR R O 23 AR R R
TR A L ohoXst B 1) 24 0 LR 1.6 5 S8 AR 5 R SRR, B
TR A0 L ohoGE 1 1 24 i LA 2.4, A E I X

] 2 N 1) 24 LS 1.0, I R TR 300 K, AN

4.0x10% PO

20x10° b

03 06 09 12 1.5 18 21 24 27 30
Equivalence ratio

(b) Fuel-based specific impulse

Fig. 8 Specific impulses obtained at different equivalence ratios

2208055-8



HasE: 2

i@ e H 2 K 7 A S LA P BE S0 AT

2024 4F

[F) b 2 52 02 490 1) TR 5 40 L ek R RRRE L e B S 3 R
ML I 9 Frzs . vl A, BEAE W SR T
RA YL FORL L oh 2 R . IRINAE T,
0 R W TR R TR T 8 R D 0 O, AT e R
Fi e il R, RO R I BE s . A A
R TE BT L ol il 2 i RE AR AR B I R
Thm  RERB W/ o SR, R B W B A
R b, R 5 EARE AN S AL AR W TR KB TR R R
HRDE B9 A2 82 v 52 0 ) 0 W58 32 451 2% b SR A7 T
B R AR BRI (RACR B IR BHE S A M T
&= RDE M4 dEPERE

400
360+ H,-air
_____ 1.6

20— C:H;air
| a0,
~7 240 ]

200 1 o BEeEEEEERERe

160 //,~

120 //’/’p

80 s
02 03 04 05 06 0708 09 1.0 1.1 12
Inlet total pressure/MPa

(a) Mixture-based specific impulse

7x10°
6x10° b
— H,-air
Q0¥ 7 e H-O,
@ 4x10% | — C2H4-air
o C,H,-0,
3x10°

[ E BEORE RS AE R Y 2 R L 10, BE T SR
0.5 MPa, JLA 52 i 9 09 18 G ) bE o FRORL L ol il 58
FE BV A AR AL I B 10 fT R o BE B S A R R T
RA Y Lo AR e o 38 S R A . B 2527
A, %A A $ 5 Zhang 251 4 B E 0F 57 45 R —
LIRS Mizener % i 1 AU Al 5 45 L AHAF o R 7E
T, BN P  RE  E E AR R U S AR Y R e R
PO B BEAR THEE R RE . DL, RDE TAERE A,
R 1) I B 4 X S 1 ™ Y A 2R S HE— 2B R AR
WEVEMEfE . %8 L FR IR, RDEBREE & 3F O 52 W W /Y
Tk 3k v AN R AR A A e 1 A e

XN T

1x10° |

02 03 04 05 06 0708 09 1.0 1.1 12
Inlet total pressure/MPa

(b) Fuel-based specific impulse

Fig. 9 Specific impulses obtained under different inlet total pressures

600

%)

F4x10° |

8x10°

7x10° 2
6x10°
5x103

3x10°

2x10°
1x10° b

0
300 350 400 450 500

Inlet total temperature/K

550 600

(b) Fuel-based specific impulse

Fig. 10 Specific impulses obtained under different inlet total temperatures

280 T T T T T
2ol — Heair — C,H,-air
wl e i
20 00000000 TTTTSosssSn ey
] e
180
L
e ]
140
120
300 350 400 450 500 550
Inlet total temperature/K
(a) Mixture-based specific impulse
4 &

K FH U 5 43 DX SRR A 87 4k 1 4k RDE A 4%
38 1 A BT O A B B AL Z R b i U R AT
SIAN T — B 5 7= 4 B K 45 80 L) DS e B Bk e 1 <00
i RE T I A R b O 3 10 45 R R AR 0 T R R
TR A P Al AR AR AT AT A% b A B RDE Y
HEVETERE , EELSRT

(1) faf fb i) — 4k BR b = 3 3 7T T 20 RDE 4%

e A5 L ) RS A5 AL Tk R R A R A
RSk A, P A U 7 R AR S 500 S 3 B ASE AU
BERL BT 45 51— 5

(2) A 5 42 1 (A 2k Hh FOIREE S B o0 A, e T
A MOIRZS T B9 RDE MEREAE AR fE 4R 5 2
AR AR, 5 O A LIRSS R AR 22N 8%

(3) 45 1 BE Al 55 5 2Ry P 9pl 468 285 1) 22 A 25
7 730 A5 2 1 AR B b b 3 3k 5K, 3 W 12 1 [
B T2 pas .

2208055-9



Fask K2 i

#

¥N

2024 4

(4) % Ji B P8 BE Ak 550 450 50 AT 7 {3 PR3 4R 153 RDE
0 FE 2 1R BB BB, R T RE R R XS L A A T A [
SR P2 A ] 24 4 L A [l R AR R T 2k
i X RDE B4 SEPERE
B R R A AR RE S BV A QT RE ) S
T3 3T H A0 B R S e i B

5% ik

[ 1] WOLANSKI P. Detonative propulsion [J]. Proceedings
of the Combustion Institute, 2013, 34(1): 125-158.

[2] LUFK, BRAUN E M. Rotating detonation wave propul-
sion: experimental challenges, modeling, and engine
concepts[]]. Journal of Propulsion and Power, 2014, 30
(5): 1125-1142.

[3 ] ek, . #AperIM]. P94 PEAL Tk o il
JiAL, 2005.

(4] e, 1 Hi, AIER . kb & s bl 8 1 o
BEHORIM . P2 PE I8 Tl K2z At , 2005.

[ 5] RANKIN B A, FOTIA M L, NAPLES A G, et al. Over-
view of performance, application, and analysis of rotat-
ing detonation engine technologies[J]. Journal of Propul-
sion and Power, 2017, 33(1): 131-143.

(6] E L=, Bk, M5, 5. BERSHILAT TR
(D). HfEEH A, 2021, 42(4): 721-737. (WANG B,
XIE Q F, WEN H C, et al. Research progress of detona-
tion engines[]] Journal of Propulsion Technology, 2021,
42(4): 721-737.)

[ 7] YAO S, TANG X, LUAN M, et al. Numerical study of
hollow rotating detonation engine with different fuel injec-

tion area ratios[J]. Proceedings of the Combustion Insti-
tute, 2017, 36(2): 2649-2655.

(8] B &, KT, B, 5. SR> 1 X e % # 52
WA FEre e ma [, 2 8 124, 2019, 34(3):
513-520.

(9] B/, ™ 5, L 0, % BRbess 5 B ) 45 i
W P A AR R )] MEIEEOR, 2021, 42
(4): 842-850. (WANG Z C, YANY, WANG K, et al.
Effects of combustor width on propagation modes of rotat-
ing detonation waves utilizing liquid kerosene[J]. Jour-
nal of Propulsion Technology, 2021, 42(4): 842-850.)

[10] E 8, XTAK, XA, & BT 2 e % ik
ARG AR LT]. Az 240, 2016, 37(5): 1411-
1418.

[11] VUTTHIVITHAYARAK R, BRAUN E M, LU F K. On
thermodynamic cycles for detonation engines[ C]. Heidel-
berg: 28th International Symposium on Shock Waves,
2012.

[12] NORDEEN C, SCHWER D, SCHAUER F, et al. Ener-

gy transfer in a rotating detonation engine [C]. Califor-

[13]

[15]

[17]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

2208055-10

nia: 47th ATAA/ASME/SAE/ASEE Joint Propulsion Con-
ference & Exhibit, 2011.

NORDEEN C, SCHWER D, SCHAUER F, et al. Ther-
modynamic modeling of a rotating detonation engine[C].
Florida: 49th AIAA Aerospace Sciences Meeting includ-
ing the New Horizons Forum and Aerospace Exposition,
2011.

NORDEEN C, SCHWER D, SCHAUER F, et al. Ther-
modynamic model of a rotating detonation engine[J]. Com-
bustion, Explosion, and Shock Waves, 2014, 50 (5) :
568-577.

KAEMMING T A, FOTIA M L, HOKE J, et al. Thermo-
dynamic modeling of a rotating detonation engine through
a reduced—order approach[J]. Journal of Propulsion and
Power, 2017, 33(5): 1170-1178.

KAEMMING T A, FOTIA M L, HOKE J, et al. Quantifi-
cation of the loss mechanisms of a ram rotating detonation
engine[ C]. Orlando: AIAA SciTech 2020 Forum, 2020.
BRAUN E M, LU F K, WILSON D R, et al. Airbreath-
ing rotating detonation wave engine cycle analysis [J].
Aerospace Science and Technology, 2013, 27(1): 201-
208.

BRAUN E M, LU F K, WILSON D R, et al. Detonation
engine performance comparison using first and second
law analyses [C]. Nashville: 46th ATAA/ASME/SAE/
ASEE Joint Propulsion Conference & Exhibit, 2010.
ZHANG S, MA J, WANG J. Theoretical and numerical
investigation on total pressure gain in rotating detonation
engine[]]. AIAA Journal, 2020, 58(11): 4866-4877.
SICHEL M, FOSTER J. The ground impulse generated
by a plane fuel—air explosion with side relief[ J]. Gasdy-
namics of Explosions and Reactive Systems. Acta Astro-
nautica, 1979, 6(3/4): 243-256.

SHEPHERD J E, KASAHARA J. Analytical models for
the thrust of a rotating detonation engine [R]. GALCIT
Report FM2017.001, 2017.

KAWASHIMA R, FUNAKI I, FUJII J, et al. A quasi-
one—dimensional analytic model of rotating detonation
combustors[ R]. arXiv preprint arXiv: 1712.02915, 2017.
ENDO T, KASAHARA J, MATSUO A, et al. Pressure
history at the thrust wall of a simplified pulse detonation
engine[ﬂ. AIAA Journal, 2004, 42(9): 1921-1930.
MIZENER A R, LU F K. Low-order parametric analysis
of a rotating detonation engine in rocket mode [J]. Jour-
nal of Propulsion and Power, 2017, 33(6): 1543-1554.
FIEVISOHN R T, YU K H. Method of characteristics
analysis of the internal flowfield in a rotating detonation
engine[ C]. Kissimmee: 53rd AIAA Aerospace Sciences
Meeting, 2015.

FIEVISOHN R'T, YU K H. Quasi-steady modeling of ro-



HasE: 2

i@ e H 2 K 7 A S LA P BE S0 AT

2024 4F

[28]

[29]

[31]

[32]

tating detonation engine flowfields [C]. Glasgow: 20th
ATAA International Space Planes and Hypersonic Sys-
tems and Technologies Conference, 2015.

FIEVISOHN R T, YU K H. Steady-state analysis of ro-
tating detonation engine flowfields with the method of

characteristics [J]. Journal of Propulsion and Power,

2017, 33(1): 89-99.

STECHMANN D P, HEISTER S D, HARROUN A J.
Rotating detonation engine performance model for rocket
applications [J]. Journal of Spacecraft and Rockets,
2019, 56(3): 887-898.

SCHWER D, KAILASANATH K. Fluid dynamics of ro-
tating detonation engines with hydrogen and hydrocarbon
fuels[J]. Proceedings of the Combustion Institute, 2013,
34(2): 1991-1998.

BYKOVSKII F A, ZHDAN S A, VEDERNIKOV E F.
Continuous spin detonations [J]. Journal of Propulsion
and Power, 2006, 22(6): 1204-1216.

YOKOO R, GOTO K, KASAHARA J, et al. Experimen-
tal study of internal flow structures in cylindrical rotating
detonation engines [J]. Proceedings of the Combustion
Institute, 2021, 38(3): 3759-3768.

YAO S, LIU M, WANG J. Numerical investigation of
spontaneous formation of multiple detonation wave fronts
in rotaling detonation engine [J]. Combustion Science
and Technology, 2015, 187(12): 1867-1878.

ZHAO M, CLEARY M J, ZHANG H. Combustion mode
and wave multiplicity in rotating detonative combustion

with separate reactant injection [J]. Combustion and

[35]

[36]

[37]

[38]

[39]

[40]

2208055-11

Flame, 2021, 225: 291-304.

PENG H, LIU W, LIU S, et al. Hydrogen-air, ethyl-
ene—air, and methane—air continuous rotating detonation
in the hollow chamber[ J]. Energy, 2020, 211: 118598.
YIT H, LOU J, TURANGAN C, et al. Propulsive per-
formance of a continuously rotating detonation engine[J].
Journal of Propulsion and Power, 2011, 27 (1) : 171-
181.

R, B R, Mk, . KRN RR A
PERFsE ()], #EFEH AR, 2022, 43(11): 210605. (FAN

L Z, SHI Q, LIN W, et al. Propagation characteristics
of hydrogen/oxygen rotating detonation [J]. Journal of
Propulsion Technology, 2022, 43(11): 210605.)
TSUBOI N, ETO S, HAYASHI A K, et al. Front cellu-
lar structure and thrust performance on hydrogen—oxygen
rotating detonation engine[J]. Journal of Propulsion and
Power, 2017, 33(1): 100-111.

NAPLES A, HOKE J, KARNESKY J, et al. Flowfield

characterization of a rotating detonation engine[CJ. Tex-

as: 51st AIAA Aerospace Sciences Meeting, 2013.
FOTIA M, SCHAUER F, HOKE J. Experimental study
of performance scaling in rotating detonation engines op-
erated on hydrogen and gaseous hydrocarbon fuel [C].
Glasgow: 20th AIAA International Space Planes and Hy-
personic Systems and Technologies Conference, 2015.
SCHAUER F, STUTRUD J, BRADLEY R. Detonation
initiation studies and performance results for pulsed deto-
nation engine applications[ C]. Reno: 39th AIAA Aero-

space Sciences Meeting & Exhibit, 2001.

(%% .M BE)



Hast A2l e o R 2024 4

Propulsive performance analysis of rotating detonation
rocket engine

ZHU Yiyuan', WANG Ke??, FAN Wei’

(1. Department of Energy and Environment System Engineering, Zhejiang University of Science and Technology,
Hangzhou 310023, China;
2. School of Power and Energy, Northwestern Polytechnical University, Xi’an 710072, China;

3. Shaanxi Key Laboratory of Thermal Sciences in Aeroengine System, Northwestern Polytechnical University,

Xi’an 710129, China)

Abstract: In order to analyze the propulsive performance of the rotating detonation engine (RDE), a per-
formance analysis model has been developed and established for the operating characteristics according to the
simplified two—dimensional flowfield. The model can describe the flowfield structure in the combustion chamber
including the inclined angle of detonation wave, the angle of oblique shock wave and the angle of slip line for the
single wave mode, which takes into account the flow angle matching during the expansion process in the combus-
tion chamber. The results of the flowfield structure are consistent with previous studies. Based on the inlet and out-
let parameters of the control volume extracted in the flowfield, the propulsive performances of RDE under the ide-
al expansion state can be obtained directly. The results of the propulsive performance are in good agreement with
the estimations of previous models and the deviation to the existing experimental results is 8%. Furthermore, it is
confirmed that this model can be used for the multi-wave modes as well. The propulsive performances of the rock-
et RDE under different equivalence ratios, the inlet total pressures, and total temperatures are estimated utiliz-
ing this model. The study shows that the current model is able to reveal the characteristics of the unsteady flow-
field in the RDE chamber, which provides an effective way to estimate the RDE propulsive performance quickly
and reliably.

Key words: Rotating detonation engine; Performance analysis model; Flowfield structure; Ideal expan-

sion; Propulsive performance
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