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Introduction of Numerical Simulation Techniques for
High-Frequency Combustion Instabilities

Seong-Ku Kim*" - Miok Joh* - Sanghoon Han* - Hwan-Seok Choi*

ABSTRACT

High-frequency combustion instability results from a feedback coupling between the unsteady heat
release rate and the acoustic waves formed resonantly in the combustion chamber. It can be modeled
as thermoacoustic problems with various degrees of the assumptions and simplifications. This paper
presents numerical analysis of self-excited combustion instabilities in a variable-length lean-premixed
combustor and designs of passive control devices such as baffle and acoustic resonators in a
framework of 3-D FEM Helmholtz solver. Nonlinear behaviors such as steep-fronted shock waves and

a finite amplitude limit cycle are also investigated with a compressible flow simulation technique.

= =
159 AdaBErdE AL FHe dUES A5 A4 URdA FREE S0 s A%
o2 IAsE Ao EAE, oS sy A2yl EAg B =R T dYdA A
F2 7HE 3 AA A o]28 o] &3 3x9Y FEM Helmholtz solver?d] 7H& Al S 273t ow, 71
HAdo] gk g AAv|e A ALERJM dFH FEAAVIFEE, SFFIIN AAEA A
A= AASHADE. T AZE FYGoA AZAA o2& 0|8 AdFA fF dHI=E T, 1IF
dE ATl o3l obl=EE HAdE 53 54 A E S EAE AT

Key Words: Combustion Instability(%124~%<?F4), Thermoacoustic System(€@-w3% Al 2-®l), Helmholtz
Solver(2 &&= 3lI'H), Time-Lag(A17tA4), Steep-fronted shock wave(Z 2 I})

=271 2 —

LM B HAste B STt stdd 9% dWE&
AEol s Agstd 343 474 2F A
IFy AAERGLS dAH YR Fo= E WEste ddolg1]. E2A A 7t=HY,
BAET 2o el QA sHoA Bt
2 AEe oaﬂ}\Eli‘:%%o:lod:—ry s

P o AFA AR AE, £ L A
+t WAIA A}, E-mail: kimsk@kari.re kr Aegs side. 53 AQARACNZE oy~



)
bt
_\‘I_,
2
e b
o

o o of
o

B

=

re

P

M

rO

2

e

o,

o
filo

[
2
)
2
i)
—_
\O
[N}
(e

>
{r
1>

A
ot Rl

2 Ho
SO - -1
EJ

i Ao

o R

2 yo

5T

o

L

P rlo
2
N

S

A7 WA
A el 1o
[2,3]. 7F2=EIWe] H
A8 7rAA

3

R I
FLU_&

N

Hir
rlo
a m o
of K ﬂ!y
ol
:(l:’i:“,
1=
0 2
g 8o
P
i
ol

L
k
0
)
(o
=

12
=2
>
LS
ol
o
ol
b
re
> b
N

)
2
o rlr
Egl;
2
o

rlo

2 R oy o X oo (R
o
1o
do lot
1o

P
e
rO
o2l
2
e
10
p#
(d
fu
N
b £
4
ol
o Mg
o
off
2

o2
i
k
-
o

>,
ol
[T
o
to
2 A
ok
3
-0,
L
oE X
2
P
fo
Mox
rlr
=
o =

r {
il
2
fo
-
il

Bt
i
A/ LeS

€ g

AN oy
Moo
, s
2

e
2
=r
oy
-+

(driving mechanism)”}
Aol AsEol o] BT FHol
d8y olgAore S¥EN dWEs HdEe
Fazrgel o8 Aste A EAE & F
Ron, =S AFd dg mdyo] s

AAAQJA M & FLsA A2+ UTh
ALEHY AVl =84 HEE B
w3 A= mdy dolxo we} theke H
Wrjol EAEH, iAW BRek AEHS
FAZF[L,5,6]0 AAS] AHE YTk

# o LES(Large Eddy Simulation) 71"-&
o] &3k A A7rr s WPHI glom,
daEMYE Ao ¥ F A= H
ot A= THES HoF1 J78]. L
T3 AAZre]l a7E T O AA AATOoR
= d3E dA&EQXAC g AFA AEgE Al
ANE F glof AA 2A A HEsrod+=
AL EATH. 53] AARAAN] 45, =
A FE z=doA BAsE A FIA ]
FhL B2EdEe opdE g A7 9% &
ofo]t}

CERFACSE FAloz 3 Zagx AFIFL
FEE gk AFZAAE RAF3 Yl Nicoud
S[6]2 AVSPEt= 3% FEM Helmholtz solver
N2k, LES solver(AVBP)Q] |43z

it

2ol stEsHEdHd dAFste] Ao &
A 2Ed g B AqFE 5T F 3
= AEE WHES AAMSHAH. °]F AVSP =
EE o83 LYFHE 9 Jt=EE dav)
AP dad HH WAL g gksr)ek Bl
o d2% /ETY FF AFe EARE] 4
g =2dy A91011] §< 3 Helmholtz

solver®] #&&oke} &84S &
o} =3 Silva S[12]2 HlA4d Y 3
312st7] 93 FDF(Flame Describing Function)
o] 2HANE AVSP IEo| Hgson, 4
PollA Yehd A AClE AFS dSsHAn

Helmholtz solver®] = T-E AMHZE, o|go}
ATAEL 48 FEM AZEg 0]l COMSOL
MultiphysicsE ©]-&3+ Nicoud 59 34
[6]& F@stHRoH[13], ¥AHE 3d SH 2F
of o Ak =k E7](bifurcation) V&
A3 TH14].

7h2=ER A4T] o) AtEA Y SdstAlE g A
A=A A&7 dLEMA 9

1 =

o H2 =
Zo| Helmholtz solvergs &&3l8]l= ATFE0]
oI5 FPE b ATHs,15].

g -FATd el FeA) daT"
2 AAHoRE 15 ALENAHIY AHA @)
A71es MEstaA =g frh16-19]. £ =
TAAE AF7A Y AL A Afsta, F
T AT BFE ZASATH

S AAxr|Ee AVSP ZES MY AHEE
AA Ao Z 329 FEM Helmholtz
solver?] ASCI3DZE /i3l thH16,17].

AYgstd sEigae Fag JdodA o
7} 22 Helmholtz WAl oz W]

o - Coy—1 -

—p = z 1
'Ypop " Py Q( ) ( )

o (1 ap
9z \ py 0;




o714 W 99 715 A& Fourier W3E B
< e

& oms, AR 0s Az

= b

. 2305 AAge Al t@ el 4

52 ofes} ol ehdth,

s S
B whA BAE AT 1 A9 A A
e 78 4 9l

NEAA S5

254 %
A3tA|E, Ao EEAS Hoy) HSH

[e]

=

MAsA T $4 FEM 3f

. Read mesh & input files
Pre-processing
k=1

Post-processing

1 o, Do

Aol o] AFEA 24vE AHESE AVSP i
o] wa, ASCI3DE 47}A FH 9| 34(&%
A, zelF, d2gvE, FHAE S}t AHE
& W7 WEl, B fdstar 28370 4
A FAel Abssth m=E dFR RAH BA
A4S sl AVSP ZE=9 FUSHAl ARPACK
golB 32 [20]8 A H oY, standard RE
21BN Oﬂ shift-invert RE=& A &3] /X 7
o] FHEAE wole A B4 ] &%
EE—E—”P Ao At 4 A A o
Al shift-invert REoA IfFX o TS FE
PH 2 o] Eo]H (singularity)o] F7Fste] A3}
= FA3 oEEes S5 9l MUMPS
(Multi-frontal Massively Parallel Solver)[21]&
ol &% AYHoer HA qPF ANS F
skl

ASCI3D =9 HAA T4 Fig. 13 Zom,
| 7221 s 72 2= HS A3
=< FaEdA[1617]0 AAS AAE AT

oo

X

D (wn) =0

‘ o
HhprEs / G e o D () O / — 0,082
Jo e Ox, Ox Jo T

1

Aups Bas, Con -/-;51, i (%) aleadl where z= sz‘.«.{‘i’%

AP +uBP+.°C,P=0
» A'x =uwB*'x where

B, -A,
Al =
1 0

Shift-invert mode: (A* —7B*) ' B'x = i X
------- > Multi-frontal direct solver Solve (A" —0oB)z=y o =z
(complex version of MUMPS)

Frequeney & growth rate, acoustic pressure & velocity field

Absorption coefficient & conductance at resonator interface (if any)

Fig. 1 Solution procedure for the Helmholtz solver ASCI3D.

— 70



22 7o) o &F Aar)e] A

ASCI3D =9 o 95 AFsH7] 98,
Kim &[22]o] A48% o3 2d AdA7E S
Astdn. A&7 AA FAHL Fig. 2@ 22
H, diH R T’k FAFolAn, A3l o%

AEF st 54 A & vt

AbstA AAH AT B (transverse)
TA ool oflER, Ao &&
Fig. 2(b)et #o] dF WFo=w 45°
Mggor dAsAth AP Hd
Fao ETIVE JAEZ AEIHOH,
HA7veFol wet st Fxo] Wske} s
248 FAEATH22]. o] FolA
A7 ol 0%(Flame HO00)™ 45% (Flame
H45)% F 714 3t =1& sfA sttt

Eq. 12 Foz 5% &AE Hdste= d
Ael, =F sl de
dstes Aol /M Fast
Uulzr o 7

|

i

L
2
Y
)
X

In %

©
o
= r

il
Ir

kgrii

Lo

Bt B [y 12 o %
o
>
i

4o 4 X o2 ox do (T (T

0l

olm oS G AYA s FAre FHE
A, Aeld =4 Fig. .

Fig. 4014 HEo], dxde] dolg WA
e AaAE e SRS %

0 worgol WASHo FAE AW 3
[e)
[<]

H, d&d iR B8 ATEAY L 1L =
=4 FH B dHol A

3
A= AL & 5 Aok

(@) Experimental setup [22]

(b) Computational mesh

Fig. 2 Swirl-stabilized lean—premixed combustor.

(a) Gain

(b) Phase

Fig. 3 Global flame transfer functions measured for
two different flame conditions [22].



simae wm A sde Aol
455 ABAd = steuig el Fhg
7 REsed 2 JEe WAL 2

Eputth = a4

AHEE Fol7] AL ¢
/ET AANAY & AAZA, Axd el
& BE, 393 AzY e EAsE 24
Aol magel el /A APt BaF

1500

e —————— Prediciton (i, <0)
= Prediciton (u,>0)
AL ®  Measurement (sell-excited)
o 1000 p~. o,
= S
g g e
3 T T
5 - — ]
& 500 ==
. 1L —_—
0000000 —— |
0 YA ST SUPEE TR VNT LV G TIEY SNV Ceett |
08 08 10 11 12 13 14 15 16 17 18 189 20
Combustion chamber length (m)
)
(@) 100% natural gas
Al alance (fe "
1500
e Preiiciton (1, <0)
= Prediciton {m,>0)
3L ° Measurement (sell-excited)
= 1000 P~ s -
= = T
= — T
g T 2L —
o =~ ——
5 —o —
L 500 fme ——
— B
Soadiee —

o i L i i i i L i L i L
08 08 10 11 12 13 14 15 18 17 18 19 20
Combustion chamber length (m)

(b) 55% natural gas + 45% hydrogen

Fig. 4 Prediction of self-excited instabiliies with
varying the chamber length.

3. FSH07 |7+ AA|fsHA

3.1 Helmholtz solverE ©]-83+ =slsll4] vhH

ALt E AT FEAVFE IdwrE o
2 W EF SFFI77F AHEET FEA 7T
o HAE falMe 2F EH4S AFHoE H
7t darvt glomw, o] HHOo=E HdA
o] FIPHo] fr}[23]. E AFdAE=

S AS7] ¢ Helmholtz solverE ©] &3+
AP Aes FdsIReH, A A9}
Hluste] o & =5 AS3HATH18].

A4 ZH0|BE Eq. 19 $¥del 99
& AFe AgAH(g=0), IZo] A FHY
FHl(w,=0)E 7HA38E B4& AFaes Ae
o FRAFAERts T A (w=2nf). =
FADH FABIA FRHANA wA FZ9]
g XFs Jieta 7t F35E Y3t 9149
WollA &xFoR2 F7AA 7t ZFEAHE
TS TH18]. wEtA 2™ AAE AFXH A
g AE Favt glor, Foix JHxlFa4
A EBq. 1o dg f3d8s AY¥HFAS AH
Axbsle] BAgdte p(z) S slE @A 9o
HaFEe FFE FASHE &5 Hse 4™
Ase g B3l ALT 4 I

32 AiE 7=l mE ek FFRE BN 9%

Fig. 5% A< SFAE =ddA W& 2
friol W& 1T9 2T &% =9 49 4% &
IE BAET wWiZe] AFH A AL UE
of HARFE AdEol ME 78 HFdA THF
3}(longitudinalization) =] o]  EAFHA A gk
4 FHivk A8 ZaskE S & 5 ATh
olHg Fge dFd o AR 23]E T3l
Ashd & Aok =3 wjEo] FREHW EAH
oA e meo {3 IHe|rt FUt
st7] W& Y T FFgrb ast
Al €t Table 12 WlE Ao W& Fa4 ¥
ole} A AA FUHule] disl SiMH SFAIE
< Hug AiolH, i HAZE F¥ANIS
A st ol FEe d5sES YERAT



1T {5019 Hz} 2T (B10 5 Hx) n ﬂ ke o
Mic, 1 Mic. 2

reronators
Y e T bR e 05 | BY
=)= N T O/;

(a) Experimental setup [24]
(a) Unbaffled chamber

1T (@321 Hz) 2T (806.0 Hz)

(b) Baffled chamber (b) Computational mesh(left: HR-1; right: HR-2)

Fig. 5 Harmonic analysis of liquid rocket combustion Fig. 6 Impedance tube with two different Helmholtz

chambers at a cold acoustic test condition. resonators.
Table 1. Comparison of frequency shift and damping
factor ratio due to baffle installation 10— mam
) R
Frequency Damping factor ¥ oof e
shift (Hz) ratio 'g' .
1T Predicted 69.8 1.46 % 08 . o
Measured 68.0 1.63 8 orl a
o7 | Predicted 2045 2.00 ._g ¥ k .
Measured 197.2 2.68 S sl
5 -
os | Dashed Enes: Meauremant -
33 SABA/NS) S B o e A
04 - . : : :
%80]:%&7 % SH .dg]-_‘: %6‘—3‘:@-5}]% °é7] : zl:slumbern:resonalo: :
A= A 27} o] FAAA A= ok (@) Absorption coefficient
Lig= OI%Z—*.&E 529 T35 AL
;g _oil'sxz’]__ 1010]: 3]-]1" E:Z _%.S‘C}:EEQ/] YL]’ & Dashed lines: Meaurament
7&!—7{5]_0] oﬂ H]-&H —J—X 7]7]. -5-] _‘]-o]_o]:‘_]‘_ j(_)ri Solid lines: prediction
3}t o] 3t o] Z Helmholtz solver®] &f42A gr ] e =
o gk $X8 AAHES T3 SFTII 7 § ”
3 BEAHS AFHoE HE 4+ e WUHE g aof '
QFSFATHI8]. Fig. 63 o] A& o2 d4< g i
Zb= Helmholtz 231710 tis] A& -&aFs)a] < gaop o [ )t
FYPstHRon, SFAIAA24]9 HlnIHT ‘ "
Fig. 7914 HEo] My Fzs &4 0ol —F——f——————
I Mol wEt SFAFAA Ao S 74 MBI r N eOx
54 WEE A% cZan. 4 dezd (b) Acoustic: conductance
AME SEFFZ7] AT 245U & & Agd Fig. 7 Absorption coefficient and conductance for
IR HAHHAIY M AR JdEh various numbers of resonators.



o ol2fdt 2 o] Hulhe(E -rrﬂ] ‘:)7P
A10l wet DM Ete] Bl Ao} WYst
© Y 5 otk 3 Uie] Mol Ae
W54 frEshd7 ¥ (Buler solver) o2 si48l3ltt. £3
Uil ARITRe] 9 weks 7] 21og ks
wave-steepening= 33l Fg 8(a)<t o] 34 steep-
fronted shock wave)Z Ho|== Z1& ERIIHE o
TSI ot m=rh AR ePEApE AR
7tk Fg 8(b)el A% 3ot viwd ), ofe-

ST E
?_]_ Tr]f]?:x]‘_’_e‘

F BEAS YeAl H, ZF iAol Azlell wek
SAE A5 94 FY P (N-wave)S UERNA Aok
" Amplitude oo
5
-
g e
- :
g
2 2
o
&
Phase angle ]
%% 02 [ (3 o8 10 1'2‘90
Axial distance
(a) steep—fronted wave
" Amplitude oo
5
-
g e
- .
2 2
o
&
Phase angle
105 02 G'ad (3 o8 10 1'2‘900
Axial distance

(b) linear acoustic wave

Fig. 8 Mode shapes of the first longitudinal pressure
waves within a resonant pipe.

=]
o z7] NEAIFAA %Zl.jlr% —’F‘i‘l':} U
da'dAe] BT v Ao k=4 FrEA
FE=(Euler solver)oll offe} e &g ARt
Ad 2de Hste] daEdA LS AT
S AP [ )=y )] )
x p
ol n3 r= Fig. 9(a)2t Zol AT &

H
NEE AWSHES AYSHAT Fig. 9b)e] 4
Ashe 2700 HY Y P& AH FA0
As oF @Al 2o EheEon, A
P} FAR AT HPe B F AATHIL.

(a) measurement

Linear

| behavior; Nonlinearly stable(limit cycle)

v !
g 1o i ST ————

Pressure fluctuation

Time

(b) prediction

Fig. 9 Nonlinear acoustics of longitudinal combustion
instability in a gas generator.



5 ZE 202 s

B Tvt':oﬂfqb 1T AXEAR S o F3n 1. Poinsot, T. "Prediction and control of
TELAIIFE AAG] AR E=F WA combustion instabilities in real engines,"
HEY /‘]'31] AA AT 2 o]H s Proceedings of the Combustion Institute Vol.
N 7legcl Aoz A &8&57] Sl 36, Issue 1, pp. 1-28, 2017.

Ae, AA Aa7dA UYEhde d4ASEER S 2. Yang, V. and Anderson, W.E. (eds), "Liquid
Bgs mdds= Aol 7 T2% Aot Rocket Engine Combustion Instability,"
ol sl HAFIAY 1 AAFAHANA BEAF Progress in Astronautics and Aeronautics, Vol
719l &3 89 54 AFHT A= AE 169, AIAA, 1995.
7t 71gol MEEHI, 2YA dRILEEDS 3. Dranovsky, M.L., Combustion Instabilities in
SR LES sl 4 7]&e] siEidoe] FHojop & A Liquid Rocket Engines: Testing and
ojt}. o]3 A3 AFVF dFHozE FP=d Development Practices in Russia, Progress
A9, Fig. 103 22 A d=FS &3l =7 in Astronautics and Aeronautics, Vol. 221,
M SARE AAHJA AXMAS HAE 2007.
BT de Aot olHd AHrlee] FH= 4. Lieuwen, T.C. and Yang, V. (eds),
T3 AAY AAZADR Aol r|dste F "Combustion Instabilities in Gas Turbine
Alell, A 7F=EEE v Rste] ThYFd A4 Engines," Progress in Astronautics and
Az" M A= F8E F Y& FHoR Aeronautics, Vol 210, AIAA, 2005.

71t €.

Preliminary design

)

o

Pieringer, J., Sattelmayer, T. and Fassl, F,,

"Simulation of Combustion Instabilities in

FTF/ Flame response modeling (Experiment or LES)

Vi g | ©
- (n.1) J N
ASCI3D (eigenvalue solver) i s
o S——
Vo [—Vi)+ P::trrl [L (VJ:]+L Ap)] it
M ¥t H B Spontaneous
Qror rulx
qix) = ——n, (x)e™ Vpl%ee ) s Ny g
tst g (e ) s . : -
Design of passive control devices
fiot -~ - q ......................................................
(X)) = =En,(x) |1 — ™ pix)
" L J
No
@, <0 for all W > >
Target frequency
Yes
Stabilization Baffle Acoustic resonator

Fig. 10 Design strategy for combustion stabilization using the numerical simulation techniques.



with  Acoustic
Equations," Journal of
Propulsion and Power, Vol 25, No. 5, pp.
1020-1031, 20009.

Nicoud, F.,,

Poinsot, T,

Liquid Rocket

Perturbation

Engines

L., Sensiau, C. and
Modes  in
Combustors with Complex Impedances and
Flames," AIAA

Journal, Vol. 45, No. 2, pp. 426-441, 2007.

Benoit,

"Acoustic

Multidimensional Active

7. Gicquel, L.Y.M., Staffelbach, G. and Poinsot,

10.

11.

12.

T, "Large eddy simulations of gaseous

flames in gas  turbine  combustion
chambers,"  Progress in  Energy  and
Combustion Science Vol. 38, No. 6, pp.

782-817, 2012.

Urbano, A., Selle, L. Staffelbach, G.,
Cuenot, B., Schmitt, T., Ducruix, S. and
Candel, S,
instability

combustion
Eddy

Simulation of a multiple injector liquid

"Exploration of

triggering using Large

rocket engine," Combustion and Flame Vol.
169, pp. 129-140, 2016.

Wolf, P., Staffelbach, G., Gicquel, L.Y.M,,
Muller, J. and Poinsot, T., "Acoustic and
large eddy simulation studies of azimuthal
modes in annular combustion chambers,"
Combustion and Flame Vol. 159, No. 11, pp.
3398-3413, 2012.

Gullaud, E. and Nicoud, F,
perforated plates on the
annular combustors," AIAA Journal, Vol. 50,
No. 12 pp. 2629-2642, 2012.

CF, Nicoud, F.

Moreau, S., "Boundary conditions for the

"Effect of

acoustics  of

Silva, Duran, I, and
computation of thermoacoustic modes in
combustion chambers," AIAA Journal, Vol.
52, No. 6, pp. 1180-1193, 2014.

Gilva, C.F., Nicoud, F., Schuller, T., Durox,
D. and Candel, S,

Helmbholtz solver with the flame describing

"Combining a

function to assess combustion instability in

13.

14.

15.

16.

17.

18.

19.

a premixed swirled combustor," Combustion
and Flame Vol. 160, No. 9, pp. 1743-1754,
2013.

Camporeale, S.M.,,

Campa, G., "A finite element method for

Fortunato, B. and

three-dimensional  analysis of thermo-
acoustic combustion instability," Journal of
Engineering for Gas Turbine and Power, Vol.
133, No. 1, 011506, 2010.
Laera, D., Campa, G.
SM.,,

weakly nonlinear

and Camporeale,
"A finite element method for a
dynamic analysis and

bifurcation tracking of thermo-acoustic

instability in longitudinal and annular
combustors," Applied Energy, Vol. 187, pp.
216-227, 2017.

Laera, D. Coclite, A., Camporeale, S.M.
and Pascazio, G, "Numerical investigation
of thermo-acoustic combustion instability of
high-pressure ~ combustion  in  rocket
engines," 22" International Symposium on
Air ISABE-2015-20206,
2015.

Kim,

Breathing  Engines,

S-K,

"Development

Choi, H.S,,
of Helmbholtz

Thermo-Acoustic

Cha,

Solver

DJ.,
for
Instability within
Combustion Devices," Journal of The Korean
Society for Aeronautical & Space Sciences,
Vol. 38, No. 5, pp. 445-455, 2010.

Kim, S.-K., Kim, D., Cha, D],

element analysis of self-excited instabilities

"Finite

in a lean premixed gas turbine combustor,"
submitted to International Journal of Heat
and Mass Transfer, 2017.

Kim, S.-K., Choi, H.S.,, Kim, H.J., Ko, Y.S,,
Sohn, CH., "Finite element analysis for
acoustic  characteristics of  combustion
stabilization devices," Aerospace Science and
Technology, Vol. 42, pp. 229-240, 2015.

Kim, S.-K.,, Choi, H.S., Park, T.S., Kim,
Y.M,, Analysis

"Numerical of Nonlinear



20.

21.

22.

Longitudinal Combustion Instability in LRE
Using Pressure-Sensitive Time-Lag
Hypothesis," Proceedings of 2005 KSPE
Spring Conference pp. 281-287, 2005.

D., ARPACK:

Scale

Lehoucq, R., Sorensen,

Solution of Large Eigenvalue
Problems with Implicitly Restarted Arnoldi
Methods, http://www.caam.rice.edu/software/
ARPACK/

MUMPS (MUltifrontal Massively Parallel
Solver), Vers.4.10.0, http:/ /mumps.enseeiht.fr/
Kim, K.T., Lee, ].G., Quay, B.D., Santavicca,
D.A., '"Spatially distributed flame transfer
combustion

functions  for  predicting

dynamics in lean premixed gas turbine

23.

24.

combustor," Combustion and Flame Vol. 157,
pp- 1718-1730, 2010.

Laudien, E., Pongratz, R., Pierro, R. and
Preclik, D,
aiding the design of acoustic
Yang, V. and Anderson, W.E. (Eds.), Liquid
Rocket Engine Combustion Instability, Progress
in Astronautics and Aeronautics, Vol. 169,
AIAA, Washington, DC, pp.377-399, 1995.
Kim, HJ., Cha, J.P., Song, J.-K. and Ko,
Y.S,

damping capacity of Helmholtz resonators

"Experimental ~ procedures

cavities,"

"Geometric and number effect on

in a model chamber," Journal of Sound and
Vibration, Vol. 329, pp. 3266-3279, 2010.



