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Numerical investigation on formation mechanism of
low-frequency detonation instability
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Abstract: In recent years, rotating detonation engine (RDE) has been wisely studied in the world due to its inherent
advantages. In the process of the application of RDE, the stable and reliable performance of the engine is always what
researchers pursue. In the process of the research on RDE, a phenomenon called Low Frequency Instability (LFI) has been
widely found. But so far, the exact mechanism behind LFI hasn’t been really revealed yet. In this paper, a numerical
investigation of LFI was performed. In the numerical study, Euler equation with source terms was chosen as the governing
equation, ignoring viscosity, thermal conduction, and mass diffusion. The Strang’s operator splitting method, the fifth order
weighted essentially non-oscillatory scheme (WENO) and the second order total variation diminishing (TVD) Runge-Kutta
method were used. With the methods mentioned above, the mechanism behind LFI and the whole detailed process of shock
waves causing this phenomenon were finally revealed. It is shown that near the inlet wall there exist some reverse shock waves
(propagating in the opposite direction to the rotating detonation waves), which will interact with the inlet wall and therefore
generate some injet blocking point (IBP) in the fresh gas layer which will make the fresh gas layer periodically irregularly
distributed. The irregular fresh gas layer will cause the distribute of the pressure on the detonation front changes periodically.
With the positions where the IBPs are generated moving slowly along the inlet wall, the distance between the sampling point
and the last IBP will gradually changes, and this will lead to that every time the rotating detonation wave meet the sampling
point, the pressure of the place where the detonation front contacts with the inlet wall (and so contacts with the sampling point)

is different from the last time. Therefore, the peak pressure at the sampling point oscillates at a low frequency and in another
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word, a so called low frequency instability is formed.

Keywords: rotating detonation engine; low frequency instability; reverse shock wave; injet blocking point
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092101-4



5 41 45 KA, G AR AT T LR A BB AU 5 %59 4

2 ZER5{T

16 3R I G B SR A S A R 7
ST T — MR A R B2 8 0 kb 6
S CHETT - SRR A5 1 T 38 1] 745 44, 78 5
) p-t 2L, WAl 4(a) B € 4(b) 27 Anand 552! s 4
(19 H/Air SRR % FTHLSC I 45, 3 R R 5 =
6,y U B 16 49 75 19 3 A 30 AL 619 T 7 I Rl i
L. BRI S 5 S0 45 T A, 2
W 44 5L 0 M R B . : Il U
WA LR % £y (22 Bk Be s R 0 500 1000 1500 2000
SPERZIR) VR 1R 5 M foge , BB 285 flus
Sy BN fo ~ 30 kHz Flfoe ~ 1.5 kHz, Fi 2 Ik (@) Numerical result
Foel foo ~ 0,053 Anand ()5 %o 55 5 197 % 43 511 25 Sy o AM dircctionality
2 kHz 1 150 Hz, B & 2 1. T LLE 5, BUE £ O.ZW
SRS AN LA, ZE IR — bR .. ,
I, — A R Gk AU 2 R b “005 010 015 020 025 030
21 BEFELEEENEAHMETR (b) Experimental i/essult of Anand et al®!

h PR G 3% Tl AT A0 2 AN R 7 AR Y o § X
o BORPIRGE S PRSI H Fe fi  B A T Fig. 4 Tllj_il :res::ifr\riifiigﬁ s)aﬂip}fhii-iziif the points
Jto K509 340~402 ps HEURE T L 5 K 9 (H where the sensors are placed)
Bt FsF [] R 28 Ak . AT DA, R SCOBETHT - 9 B K
SRAL B T AR IR R . EPCR (BB ZAE N (374~385 us) BY—JA 19, AN be =
WHITE o &1 6 S idk BE 1] ARSI Sk PEAR R 28 S A B AL ik A, JHC by 3 iy 28 iy 4 fk ] B, BV 24K <
SRR 73 e (PR G 1 8 it 2 5 o A=ORE T 22 ) B R B B IR 2 ) o BT 7 Ry i B (] 4 2 ik Y
JFES S 9 B o 549 23 A7 155 0, A T A3 Bl 1) ) RS Rl QAR O B RS B SR kBRGS0 AR Rl T
T, — Ay s i 4.5 MPa S5

80

=374 ps
of Raiil e O

! 1

ol : ' =376 pus g i \\\
1 1

50 ¢ i i =378 ps ’ S
1

=
£
)
f<+)

5.5
5.0
4.5
< 4.0
& : ' » 35
g 40+ TTT== =380 pus -“\\ 3.0
Y ’ N ] 2.5
30+ 209 11« . 2.0
‘t7382 us s
20¢ =384 us (l)g
10 - - - - - —
340 350 360 370 380 390 400 0 0.02 0.04 0.06
t/us Y/m
Bl 5 BESREM bin KHs SR [H] 72 1L K6 374~384 us HERICK AL RO
Fig. 5 Track of the peak pressure on the inlet wall Fig. 6 Propagation of detonation front between 374—384 ps

MIE 6 FIE 7 AT LU B, f i Sk b i oA 7 I 18] b IR — 2, 27— L ] FE < BE Tz 3 Y
e X o 78 374 s I, SR Sk A e e DX IR A5 ORE TR fioh (121 6), PR IH sk P i B T e K 5 1K ) e
KRAG (N 5) o A5 374~378 s 22 [], a8 52 0 0 i 37 e A J= 1) 11 (LA K 2 A Ol 2 U BEL A48 (imjet

092101-5



941 %

KA, G AR AT T LR A BB AU 5

594

blocking point, IBP), 7£ 2.3 7 Hh 2> il R J5L DA ), I8 il 008 e A4 2 1) 5 B )

A5G (K 6), MET, fEMEED

S 5 i S C AR LA M7 77 A T —IE R RN o XN IR AT LU EDULHI BT 7 377~379 us
FR 0 S s oA i 26 B o BEJR, STE SR R AR 7 A A PR B A AR Bk B A — A RR X, X
A v DX 1) R OBE Tz By, SR SORE TR 8 (A0 18T 7 s ) DTS A 0k ACORE T Y i O T iR {RE AR AR A2
Ao H TR R IE  E CRELA AR, RSl Sk b o i o 23 ) U A, DT R B THT ) e
R SR A 1 R AR

p/MPa

p/MPa

p/MPa

p/MPa

L S I N V. e SN |
T T T

=374 us

p/MPa

L A VS T SNV e N |
T T T

p/MPa

— N W R N2
T T T

L R S R SNV, e N |
T T T T T

=381 s

p/MPa
—_— N W kA B N

p/MPa

X/mm

Bl 7 374~385 ps BEEE Ik Y SR R 43 AR

Fig. 7 Axial distribution of the pressure on the detonation front between 374—385 pus

p/MPa

p/MPa

p/MPa

p/MPa

i BV I SNV e SN
T T T T

=376 us

L\ VS B S e
T T T T

i BV I SNV SN
T T T T o T

PBOX Bl k 7 AR R R B G, HA 2 H AR IS A A B Hishida 5527 7EALATTAY RAE

FE R 8 22 e B 2R B BRI F R T T 0K 4 A IR R AT T WIS, DA DA % 5 1B i S i A = L Ay 1M
A I S AR B AR R TR AL 22 FE R IR T, T2 R MR K . RilT, Athmanathan 252

092101-6



5 41 45 KA, G AR AT T LR A BB AU 5 %59 4

TE TV (1) 3% B4 e sh LT AL S0 ol ¢ 31, B Sk EARAE TR s R IX, HIX SE R G X 23 [n]
WRBEE KR 1015 50 o AATIA N X Fh B G I T 58 ISk miHT e A0 AAR 2 v B2 1 281 2 30
22 RINBHEAREMFERNIE

&1 8 2 340~402 ps Z B RE T I KR R (35 I Sk 5 F SORE TR AH A2 A 19 i) i 722 Ak, €8
SR N 2 U Sk 2o s A RELV RO I 2 S R Uk 0 A WA 0 AL A 2 TR0 8 R DS A A, R I8 1
A BELVE A IR A 3 B Ol Ao, MR DR D W 1 . el LA SE AT LU B, SRR T AR SR AN HE S
REL VS 5 1] (4 BE B8 Ax FEAS— S H AR AN AR, DR R 565 U 28 5k W 1 2 A< BHL I A ] B9 B 8] Ar = Ax/ DAL AR fE
FE, X — S ] DIAR EDW DAL 8 it o RT LA B, e 5 0k B 28 A R 4 %) A 2 A BEL Y ) B ]
B P ACRE T L R KR 3 4 T R AR — S, AR 5 R R U 4 1 B AR

----- When detonation front meets IBPs
At At At At

p/MPa

I
1
1
1
!
1
4t :
1
1
1
1

1340 350 360 3&0 3é0 350 460
t/us
8 EABE iR IR b (B E RS R

Fig. 8 Track of the peak pressure on the inlet wall (numerical result)
N 9(a) JT 7, RS Ak T A OB A5 (L0 8 5 BRAL ) 22 [ A A7 B, R0 S Sk g 1A

HEACBEHE AL BN n A RYBEES 1o MG, B P B 280 585 n A E RIS C 230 T ¢ = [/ DRI
(), T2 S I ASOBE T b 9 e ISR B A IET 9(b) FIT7R i (nAr+ 1) 15 20 P A0 JE 2 I i8 75 19 52

= [BPs = SPs
0.04 »
] At !
0.03 ‘E 4’5
. -~ w N ’
£ 0.02 p : : D
‘ , '
| J !
-~ :
0 . : :
0 0.02 0.04 0.06 nlt (n+1)Ar  Time
Y/m
(a) Moment when detonation front is | away from IBP (b) Track of the peak pressure on the inlet wall

9 RAERUESRIRG T L
Fig. 9 The schematic diagram of mechanism of the pressure oscillation at the sampling point
7 W s 8 25 10 S 1E 5 o ASOBE 1T I 1% SR BE 45, (sampling point, SP, [l 9(a) H A FA € Jr He i ) A, W)
1M 22 SR A 5 TS B T R 30 P i e P, EL 32T S A (L 1) /N 18T 9(b) FIT 7S B4 mAe + 1 I 200 P8 €5 1 £ T 4
ANH TR IR o EE— 2D BB b e B, 3ok S8 g SO REL A 50 A L B s A 1 ASORE D L 3 (B R O 1) 208 R B,

092101-7



5 41 45 KA, G AR AT T LR A BB AU 5 %59 4

W 10 fras, Hob w(H,) 24 H, B9 BR8]

M 0 R T T 5 1 SRR ki, R U [ U | )
U AT I, A I AR X T L — A —_— o
WO L SRR L X T B E | D M | |
WO<I<Ax), #BREWB AL K] 9(b) LA — X N Y J , 0.016
R, MV 35 B A R M P A P R I R | | 0012
PLITESRIE (. BEF | I Ax B/ I, SRR o
SR R R (R 58 1 T — LT R . S il

0 BELTAE 57 722 2 1 (00 8 RS Bh B v AR 0 002 0.06
/b, BTBCRAF 9 P36 25 L R38R 1O 10 4 TP A Ak O
jﬁ%ﬁﬁ% f=v/Ax ’@,)j’jﬁﬁfﬁ, Mﬁ#iTﬁﬁ‘}% Fig. 10 The position of IBP in every two cycles
E"J {EE}/FE ‘k%%;ﬁ ﬁ'%‘ﬁ o of detonation wave rotation
23 FAHNMFESEBRARK

DN LR A5 AT DLE B, B AR 2 A S DU 43 A 6 AR AR S AN R M R A A A G E
A5 )R AS R I 3 i A 2 T i A

ESI N W/ R W T i W 2 i = Waba o W 51 & R 0 o el <3 D N S I B B SR D B S T
391~393 ps Z[0], FFBET L Y=0.03 m FfFE A0 3 0w BT, 32 DX 38l ) 19 320 <0349 e Tz Xy gk <, L
H0.029 m Ak B R LT IRl B K o A3 SIFE ¥=0.027, 0.029, 0.032 m Kb % B RAE &, 10 SE0ES i B
AR B RS AR R, K 2 5 AR B HEAIE BLUEA T XS He, A 12 Firs . i AORE T R SR AT EARUR R (41
A ELR, 500 kPa) B\ Ry ST LAME AR BE =

w(H,) w(H,)
=392 ps

0.028 0.028
0.024 0.024
0.020 0.020
0.016 0.016
0.012 0.012

0.008 0.008
\ 0.004 0.004

0.024 0.026  0.028 0.030 0.032 0.034 0.024  0.026 0.028 0.030 0.032 0.034
Y/m Y/m

w(H,)
0.028
0.024
0.020
0.016

- 0.012

0.027 m SP2 SP3 0.008

\'\0079 - e 0.004

0.024  0.026 0.028 0.030 0.032 0.034
Y/m

IO i b N (e
Fig. 11  Generation of injet blocking points

=393 pus

092101-8



5 41 45 TR, A AR AT E T LR A B E IR F o

370 375 380 385 390 395 400 370 375 380 385 390 395 400

t/us t/us
1.2 1.2
Stable intake
1.0+ 1.0}
£ 08 £ 0.8
2 2
S Y
0.6 0.6
0.4 04+
1 1 1 1 1 I—— 1 1 1
370 375 380 385 390 395 400 2380 2400 2420 2 440
t/us t/us
P12 BESCRBH I A R 20 A A — e L ASUBEL TR a7 A B ) R B A AR R A T

Fig. 12 Pressure track of the place where intake process is interrupted and one point on each side
when IBP is being generated, and the stable intake situation

SR N ST X L, nT LUK R, & AR A RH I B AE OL R, R e SRR S S AORE D Y 5 A B
E] L3 A3 IS, A5 — R AN S U 4 5 22 A R 9 5 TR AL 0.032 m Ak 1] 0.029 m &bz gl (& 12
a6 R B TR ) o X SR A5 H1] 0.032 m AR, 32 5 A0 R R A 8 8 TR AR R, PRI U A R i k0 T
AR LR 51 T — 2 IR, 78— @ R L A% X Sk i R 5 17— 2, (E Xt i<
BELVE 8R40 8 B 24 30 B 38 0t A5 4 51 0.029 m AR, 122 5 0 F iR WA T g B0 0 2500 F i e < A BIDH i
AR, (H S Be it 1 200K 51 T RIDRE R AY 7 R 5k e A i ZU R , I (R S A R e SRR A
AR — B ], B BT AR B 1 2 A b, HE SR AT TN, TR AE 391~393 us LA T
B 11 H0.029 m Ak Y AR 255 TR, 24 6 800 2855 0.029 m I 5| A E A0 BH# A b4, 13 (0.032 m
BT ) B SR A 2L 28 N R B E R LUR, B AT U e AR be =5 Bl S, 43X 6k Bk 2T 0.029 m (it
AR B ] BELVRT Ak ) B35 TR IE Y 0.027 m ARBS, WNHT AT IA, 2 8 R R E T R T AR R DR IR
TRIEAR, I Lk B30Ik b 5 15 7% 8 0 %) 288 o Lok 38 o 320 4 0, DR IEEAE 0.027 m AR REBILAS E < 2, 1
AR Z A RS M2 LA TSR LR R s R T —E R T, PR, X R A A S o
AR T (RIS 5 R B 30 E S0 Hs DU BICKE I G 22 S0 ) A 388 1 7 ] BT e b 380 T 3 AL o
= o

TR, ¥ T NI R 45 R ) 2 e, #8 s i SRS (R SR TR L & R S S B0l A BRI A e A
R, H G, 1 Chen 287 BYMFSE TN, 24 SOAR B0 5 1R 22 AR I, SO A% DB 100 i o 445 38 K g 34
8o B 13 4 362~393 us WAKEE LTI RES M0 L SRR . B 13(a) TPRT LUE B, MR 3R DS AR fE— 2
S8R, 50 5 ) D (B R T Sk T /R ), 3 B Ipt S DR 1) i %, EL AR R S T S O, e A U A B SRR
(371~374 ps), 76 FJEAPR R BERTTE L T — RSP X . 7F 381~384 ps Z B (1] 13(b)), X L6 pi A i (22
CF Sk T ) 5 4 25 D5 AH 38 5 R R R i, R R R T — A R IR B X (AL Sk R ) . 2

092101-9



%414 KA, G AR AT T LR A BB AU 5 %59 4

Ji, A5 385~393 ps Z ] (1] 13(c)) , X LEB 58 A8 I (R U K B0 ) [ b “CBE T3 31, A5 20 “CRE TfT A
f8, R AR o BOR SR AR A TR (R Sk 7 ) AR, A2 i A B0 53 R I ] 2485 £ 2 <
R AL, 22O R I TR TR, TR 1R e U= AR A BT 13 () I @R
Rl PN AT A 30— i ) R e e OB T Y B R 0 MRS TR 8 O 5

dp’ dp’
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 0.02 0.04 0.06
Y/m Y/m
(a) Reverse shock waves after the detonation wave (b) Reverse shock waves are strengthened

when they meet the detonation wave

0 0.02 0.04 0.06
Y/m

(c) Transverse waves meet the top of the fresh gas
layer and hinder the injet process

K13 Rbe s KAk s x 2 e

Fig. 13 Logarithmic nephogram of pressure at the head of combustor
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