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Identification of attenuation coefficient for thermoacoustic
oscillation in combustion chamber based on

variational mode decomposition
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Abstract Based on the pressure oscillation signal of the stable combustion stage of the liquid rocket en-
gine combustion chamber, extracting the thermoacoustic resonant mode frequency and its amplitude, and
establishing the theoretical model of thermoacoustic oscillation of different complexity to identify and ob-
tain the attenuation coefficients of each mode, is an important means to evaluate the combustion stability
margin of the combustion chamber in current experiments. A theoretical model of thermoacoustic oscilla-
tion with a second-order stochastic oscillator is established, and the thermoacoustic resonant mode of the
pressure oscillation signal is extracted by the steep maximum variational mode decomposition algorithm,
and then the mode extraction algorithm and the time/frequency domain identification method are verified.
In addition, it is applied to the combustion stability margin evaluation and analysis of a needle-bolt gas

oxygen/ethanol model engine. The results show that compared with the traditional bandpass filtering algo-
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rithm, the steep maximum variational mode algorithm effectively improves the extraction accuracy and

convenience of thermoacoustic resonant mode.
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width ; variational mode decomposition
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Fig.1 Numerical analog signal and spectrograms



$49 & 5 ) BG4 B TR RS il A bR A AP AR Tl AR IR 27

P 2 gty 188 OB AR R W, 2 T
e 58 RE VIO O AR Y 20 %I, 228 38 % I
OB, Al DS H R O 1.0 ~ 1.2 kHz,
ST 1 R G R R A [ S 3 FE T 5 7 1%
HEREERIEIBN, IR J5 8 TS 3 B9 P i 5 4K
{E(=0.05) , R BRI , 77 i 25 AH S I A AL 4L
R RO R R o, 07 V6 S B2 A
2 AMAHIEAEZR (0.9 kHz 1. 0 kHz) Z [A] )R B .

0.001
-0.05} e
~0.10f '\%\// =

=&

= —0.15

i
-0.20F

—— [} Ja;
-0.25F —— P
B9
_0.30 1 1 1 1
1.00 1.05 1.10 1.15 1.20

FRUL Rk Hz

B2 AR REHIRERZ0
Fig.2 Effect of domain frequency on attenuation

coefficient identification

FET 3 Syt 308 Y08 I o B X AU 5 I TR 4 SR
W), FT LR s v B TR G SR S 1y R s, B R TS
FAAE—RE DR 28, U7 5 HHR S R — H R E .
10X DR g IS5 95 52 D 0 9 B 2 W R, AR 400 D
YERERBUIN, B2 2 (1.0 kHz) HAT #8435 Bt 47 Bt
P b PIREES 1(0. 9 kHz) 5125 2(1. 0 kHz) P
DRI, DB V0 B R R 2B 2 1 YRR S A
PEREER b d 5 B A B 0 00 R Ak 2 ok, RS 3
(1.2 kHz) tsZma 5 HHRZER . B0 B HHR S R4
S PR RO R AN B T BE R M R FE RN

TEAE GRS IOTT Y v, AU 1 0 et A 5
PR B B A A, PR 12 D) 5 53 ) v AT R
0.67
0.4t
0.2}

0.0

{E/MPa

&

-0.2

-0.4f

—0.60

4 6
it 8]/

SUEUETERE o SR AESRBE RS By B, ke 2= 15 1 3%
Bk LA A A%k A B SE AR IR 7 , R e s B B
FIRERLIE S X FREE R AT B R . PRI, 6 AT
S RS R IO T VAT B 1 P R T
B WA B B DAL & A S E B

0.001
—— I
~0.02F T —— 4,

N\ LAY
-0.04

#

- —0.06

i

R

-0.08F

~0.10F ° \

~0.12} \/

_0.14 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

8V TERE/%

B3 BEEEXNRFEFHRALERZMN
Fig.3 Effect of filter width on attenuation

=

coefficient identification

I 4 A VMD Bk A BRAY S5, Ab B VMD
OIS BN SR AN 2 P, W] WL VMD Hn] DL
BT BRI DR SRS, IR B s 20
I/ WU T 12 B U 540 0 8 A SRR 22 B/, W]
DA FH R T Ui 32 i R 4 748 3 5285 i B0 12 b B
TGS, S U8 P T A L, A8 3 LA 4y figg mT LA
A SRR 0 R K5 5, JO Se s i B i

&2 VMD 575@iRiE A EPHRER
Tab. 2 Identification results of VMD and bandpass
filtering method

PERTTIE T U BN A
A 5 -0.089
5 -0.102

VMD HriR &R
-0.094
-0.095

0.9 kHz

IR {5/(GPa + Hz™)

.0 1.5 2.0 2.5
Jii % /kHz



28 koowEo#E oF 2023 4F 10 A
0.4r 2.5
2.0
'N
& T st
p= s
b Ay
b )
= _0.1 = 1.0p
w
Eé
0.5
0.4 2 4 6 3 10 0-% 1 2 3 4 5
I i) /s (1) 2 B % /kHz
=
1.01
1.2 kHz
~0.8
'N
< jasi
& 2 0.6
<
=~ a9}
o | <)
EE _0.05f = 0.4r
g
~0.10
=02
~0.15
-0.20 . . - T 0.0 : 4 : . g
A 1) /s A%/ kHz
(OF: 5%

4 VMD HE#EEER
Fig.4 VMD separation results

2.2 KFEHESWIE

RIS & B HLR AR CBEAE R HERES, Ak
T AR K AE T IS B A B AL, W e Ry A =X
P TOLBCE N 4K (0,,300 K)o 112 g/s Ak
(BTHEA 4R 50 %I1) 7K, 300 K) R 218 g/s, %,
BREER 0. 51 5% T00 M BRBEZ N AN 1 506 K, 7
910 m/s  BEHIRBE 3 R B T T2 454, A be % A
970 mm , K JE Ry 350 mm , AR B EE R 20 mm i ik
TR 1 Bl A A WA 1. 264 kHz,2 By
1 2.528 kHz,4 Bk 5. 056 kHz, JE 15 8 %e %
— A RAES R N 125 kHz Y Kistler 6043 A B 5 4% 7%
s, VKB 20 o R M TR AR P T 15 mm,

Bl 5 ARk be = bk 8 s 7 M55 &, L 6.1 s
THERPEAT KL HE 6.2 ~ 7.2 s Z 0] N BRBE I B,
7.2 s W ZI5 1B BN EUR, BABE RS2 R 29 1.0 s,
WIER B N 12978 1.0 MPa, (R EA AL, &
IHLAE TROEMRBRAS . AR SE I 2 4, KBl
SUKAE R EAME T AT KA & R SRR AT

(& 6 R lkde s e ) D el B, T U A A R
BB Bt (6.2 ~ 7.2 s) fE1E 2 A0 M, 78 4 %
2.534 kHz 4. 814 kHz [} i B 7n SEdik B d527% , 43
XTSI AR 2 Bghia) 4 BrghIal mtbids,

1.51

1.0r

& -0.05
0.5F =

Jik 8l [E J1/MPa

0
62 6.6 7.0 7.4
5] 1]/

0.0

Wk zh & F3/MPa

-0.5f FL 2]

-1.9 2 4
5 []/s
B 5 BReEEHTEHBENE

Fig.5 Dynamic pressure of combustion chamber

1x10'

1x10°

1x107 8 12 16 20
Fi#/kHz
E6 MEEENESHRIELTEE
Fig.6 Power spectral density of combustion

chamber pressure



BEGEHG , 45 BT RS il B b A IS IR el R ORI

29

5549 & 5 ]
7 g VMD S35 568 bkl s 77 Kol ) A BES R
SR B RS K WUE Y 9, A AR 7

0. 92, HL53 85t 9 MATERIA sREL, rhC iR 4301 R
0.195 kHz.2.510 kHz.3.710 kHz.4.882 kHz.
7.421 kHz.10. 156 kHz.20.210 kHz.22. 613 kHz.
32.738 kHz, Hi A 25 2 BE S 4 19 o0 B R
(2.510 kHz 4. 882 kHz) 55228 [H 45 2 B4
I (2. 528 kHz) Fll 4 Y2\ 9% (5. 056 kHz )

(2.534 kHz 4. 814 kHz) , i] LI H VMD &3 1 #
b o B A SR PR TP A R

HETXT IMF2 1 IMF4 347 552 980 3 00, R
ZERNE 3 iR,

P 8 A T JE X 4 M e U 2R B T, i %
VT BERA NN, T2 AR BE 2 kN o T AR A A I I
B R RO BRI 30 %It Sl R B AL AR E
SN i B A R AN R ES 181 B )38 3 vk S/ A BN

=4
7

N Erym] %7 2348 3R o2 N %7
i, B SEIME S5 R 2 v AT SR 30 %,
IMF1 IMF1FFT IMF2 IMF2,FFT
80 4001 30 50
60 —":350 20 —’: 40
= 40 = 300 < 10 =
S 20 =150 5 = 30
2 = g o0 s
= =100 E o Z 20
-20 & 50 m
—40 i 0 20 = 10
-60 n n ), _ n n n n ), -3 s s s
64 66 68 70 72 % 10 20 30 40 50 05 67 69 71 73 % 10 20 30 40 50
s 1)/ Bk Hz B [ /s B/ He
(a) IMF1 (b) IMF2
IMF3 IMF3,FFT IMF4 IMF4,FFT
140 30
o
jus] =
£ L 80 g 10 - 20
& £ 60 = £15
= S 40 B S 10
R B
E HE 5
- - - : -20, - v v - : - . . 0
65 67 69 7.1 13 0 10 20 30 40 50 67 69 71 13 0 10 20 30 40 50
i [/ ESIN| T Il /s JHA /K He
i (c) IMF3 H/xHa
IMF5 1‘2‘ IMF5.FFT IMF6 IMF6.FFT
- 210
=\ .
= <
= £ 6
E =
£
=0
65 67 69 7.1 13 20 10 20 30 40 50 10 20 30 40 50
18] /s #i % /kHz #i % /xHz
(e) IMF5
IMF7 IMF7,FFT IMF8,FFT
12
10 8
T
<
& 20 6
= £ 6
= = ‘
= o
E 2
L L L . 0 20 . . . . 0 .
. 67 69 71 7.3 0 10 20 30 40 50 65 67 69 7.1 13 0 10 20 30 40 50
i [/ % /kHz i [6]/s %/ kHz
(g) IMF7 (h) IMF8
IMF9 IMF9,FFT
70
|
: =3
= g
= 3l
= 2 o
= 4l
mE
=0
‘12, 69 7.1 13 “lo710 20 30 40 50
)/ %k Hz
(i) IMF9

7 VMD 5 E#EEER
Fig.7 VMD separation results



30 ko Fi

i Bt

2023 410 H

*x3 VMD #HingR
Tab.3 Identification results of VMD method

. EI R v
RIS - -
AT % WU v
2 (2. 534 kHz) -0.367 -0.349
4 By (4. 814 kHz) -0.137 -0.116
-0.05F o
-0.10f lfg:"--.,
\-'--..'“'" 480000000004 00,
_0.15k \ ) -.....::..............::::mn.....
% ~0.20F L ‘-"; = 2[%*%7&‘?%11@@%}:{
e Vo 2R
i ~025] o T ABTBESBURBER
o0y, M, o ABTRIAS I R HEN
-0.30f
~0.35¢ s
—0409 10 20 30 40 50
IR TERE %

B8 IRKIEEXREPHAL RIM
Fig.8 Effect of filter width on attenuation

coefficient identification

TN 8 45 AR AT S 0 AR B, T A4
55 VMD J5 i A8 R L ans 4 iz, b be &5 2R )
FHRIGIE 2 Brid 2 4 B 25 1) S 9 28 8, I 3007 3 B
FREERAR 22 B2/, BT U5 BT 45 45 2R 22 59 A X
R, BAARRIAE ST VMD J7 35 I8 I 5 1 s 45
B, FEORD N VMD B TS AR 58 R

*4 VMD 5H@IREAEHIRER
Tab. 4 Identification results of VMD and bandpass
filtering method

IR v
RIS A I U VMD
WO S R S ik
2/r(2.534 kHz) -0.354 -0.385 -0.367 -0.349
4 % (4.814 kHz) -0.145 -0.133 -0.137 -0.116

P 9 Dy S0 Z2 Kt I ) AR AR 18], X & sh AL AR E
#Abe o B RCs BEAT 0T U0 4 Ak BE O 8
0.20 s, ALK N 0. 01 ), X U1 F Bodls BEAT 2208
ZHOIER, Hhy AT U R BT AR SRR B B DR
T , 2 Bk I B 2SR T ALK B H B0 1 AN A2 E
o4 G R RS AE S 5 R R R A A AR E

oo BB R AE S 3 5K B B, R 5%
IR AT A KI5 i R AR E AR, BT LR fiE
IR S IR A B0 1 Sl R B R 1
S T HRIE 25 S R R A B

-0.075
~0.100
-0.125
~0.150

& _0.300

‘:é: -0.325

# -0.350
~0.375
~0.400F
~0.425]

~0.450 | | | | )
6.2 6.4 6.6 6.8 7.0 7.2

At 8] /s
B9 Z=RRHFEREEZL

Fig.9 Variation of attenuation coefficients over time

— 2B IR B (2.510 kHz)
— AB YA RS (4.882 kHz)

3 #Fig

ARSCHF R T T8 4 B 43 it 0 SR 58 & I
PR R IR R BRI 5T, B T B AR A () B E
FTGIE , I FE A A % sh ML 42 508 b 3 v
B LR 458,

1) 8 S5 A 32 9 D) 198 28 43 A2 3 e 1 LA D
ANERAT BRI b SR R B AT B A R
HRGE AR ISR ATOR S RS

2) B SR 4 T 00 AR e R b T 00,2 By
IS I R BCH - 0.35,4 B\ RS 8 £
Bk — 0. 13, [a] AR 345285 43 i 5k 55 30 0 I8 7
ARG 25 SR B AT Ry 1 T R AR A
A3 AR SR U S A T R TS

S2%5 3k

[1] POINSOT T. Prediction and control of combustion instabili-
ties in real engines| J |. Proceedings of the Combustion In-
stitute ,2017,36(1) :1-28.

[2] #7 V,Z48 W E BRI KT R SR EYELM].
FREI P AURT R R, 2001

[3] REARDON F H. Guidelines for combustion stability specifi-
cations and verification procedures for liquid propellant
rocket engines [ EB/OL ]. https://www. researchgate. net/
publication/24372969_Guidelines_for_combustion_stability



5549 & 5 ] BG4 B TR RS il A bR A AP AR Tl AR IR 31

_specifications _and _ verification. procedures _for _liquid _
propellant_rocket_engines,1973.

[4] RS2IE. BRABEAToE PERBT SR H AR [ M. P22 . Py LT
AP K2 AL, 2017.

(5] TRk, PR E , Frd £, 55, A K &R shblsh B4k
FOETEFEBARNITE ] SIS AT RIZ EBHLA,2013(1) ¢
3841.

[6] BONCIOLINI G. Modelling of thermoacoustic dynamics in
gas turbines applications[ Z].2019.

[7] LIEUWEN T. Online combustor stability margin assessment
using dynamic pressure data[ J]. Journal of Engineering for
Gas Turbines and Power,2005,127(3) :478-482.

[8] STADLMAIR N V,HUMMEL T,SATTELMAYER T. Ther-

[—

moacoustic damping rate determination from combustion
noise using Bayesian statistics [ EB/OL ]. hitps://asmedigi-
talcollection. asme. org/GT/proceedings-abstract/ GT2017/
50848/V04AT04A025/243077,2017.

[9] YI'T X,GUTMARK E J. Online prediction of the onset of
combustion instability based on the computation of damping
ratios[ J ]. Journal of Sound and Vibration,2008,310(1/2):
442-447.

[10] NOIRAY N,SCHUERMANS B. Deterministic quantities
characterizing noise driven Hopf bifurcations in gas tur-
bine combustors [ J ]. International Journal of Non-Linear
Mechanics ,2013,50:152-163.

[11] NOIRAY N. Linear growth rate estimation from dynamics
and statistics of acoustic signal envelope in turbulent com-
bustors[ J]. Journal of Engineering for Gas Turbines and
Power,2017,139(4) :041503.

[12] BOUJO E,NOIRAY N. Robust identification of harmonic
oscillator parameters using the adjoint Fokker-Planck
equation[ J ]. Proceedings of the Royal Society A:Mathe-

matical, Physical and Engineering Sciences, 2017,

473(2200) :20160894.

[13] BONCIOLINI G, BOUJO E, NOIRAY N. Output-only
parameter identification of a colored-noise-driven Van-der-
Pol oscillator: Thermoacoustic instabilities as an
example[ J]. Physical Review E,2017,95(6) :062217.

[14] Ao, JE R, W ] s o s W R e A2 7 1k
MEEVEAG [ 1], bR A 2022 ,43 (1) 1224-230.

[15] HUANG N E,SHEN Z,LONG S R, et al. The empirical
mode decomposition and the Hilbert spectrum for nonlin-
ear and non-stationary time series analysis [ J]. Proceed-
ings of the Royal Society of London Series A : Mathemati-
cal,Physical and Engineering Sciences, 1998,454 (1971) .
903-995.

[16] DRAGOMIRETSKIY K,ZOSSO D. Variational mode de-
composition[ J ]. IEEE Transactions on Signal Processing,
2014,62(3) .531-544.

[17] SMITH J S. The local mean decomposition and its applica-
tion to EEG perception data[J]. Journal of the Royal
Society Interface,2005,2(5) :443-454.

(18] ROCHF, FAERE, iR, 55, ZE TUH LAY VMD 3 fig vh
kB8 € I i E 5 [T ], HLA A% 3y, 2018,42 (8) -
153-157.

[19] XA , Z0F  FNAC IR, 5. o e U R KT A shLAE ) &
IR ENE T[T ] K HEE,2022,48(2) :66-75.
LIU Q,LI'J X,SUN J G, et al. Analysis on combustion sta-
bility of thrust chamber in high pressure hydrogen-oxygen
rocket engine [ J]. Journal of Rocket Propulsion, 2022,
48(2) :66-75.

[20] XULLE, B JEL. HEWRAAR i e LR it S o T g ik sl
SAHTLT]. K et ,2022,48(5) :69-75.

LIU H Z,TIAN Y. Study on abnormal pressure pulsation of
gas path in a liquid rocket engine[ J]. Journal of Rocket
Propulsion,2022,48(5) :69-75.



