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Abstract. Combustion instabilities occur when a great amaoinénergy is concentrated in one or more frequesci
generating pressure peaks much stronger than tiekgraund combustion noise. Liquid rocket enginesloa affected
by low and high frequency instabilities. The lati®related to the interaction of chamber acoustigh combustion
process or with propellant injection flow oscillatis. Combustion instabilities had been presenhéndevelopment of
liquid rocket engines since the infancy of thishtestogy in the World War Il. It can affect the retk propulsion
system performance even resulting in catastrogilare and still remains a major design concernmntgoresearchers
pointed out that the combustion does not affecredywthe acoustic behavior of a combustion chanblogits acoustic
eigenfrequencies (at room temperature) are muétgplby a constant dependent of the operational tesiye. In this
work the eigenfrequencies of some acoustic modadiagdid rocket chamber are calculated for roondasperational
conditions by using analytical methods and thedieiement method. A harmonic response analysisdsperformed.
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1. INTRODUCTION

Over the last years, many rocket motors have expeed the so called phenomenon of the combustgiakility
[Blomshield, 2001]. This phenomenon severely inpdire operation of both the engine and the velsigtem, and
considerable effort has been directed towards sglinstability problems. Combustion instabilitytise interaction of
the engine’s inherent pressure/velocity oscillatmgdes with the combustion and/or fluid dynamicoesses inside the
combustion chamber. Through this coupling, the asstibn process delivers energy to pressure andcitglo
oscillations in the combustion chamber. Accordimddtomshield, 2001, if only a small amount of theitable energy
(less than one percent) is diverted to an acoustide, combustion instability can be generateddiigl ballistic
pressure changes and coupling with other comporsercts as guidance or thrust vector control andhénworst case,
cause catastrophic failure. However, combustioniabibty, although present, sometimes does not easstem
problems and can be tolerated in an engine, Istitlimust be characterized and understood.

Most instability can be classified as being of asfetwo fundamental types: acoustic-high-frequencylaw-
frequency. Sometimes, intermediate-frequency, lowpl#gude instabilities are distinguished as a thiyde, to which
the term "buzz" has been applied. Buzz instabdliiee feed-system combustion and are charactdriz@thve motion
in the chamber at a frequency below that expeaear acoustic chamber mode. As mentioned by HarélHuang,
1992, this activity is detected during transiesiszh as engine start, when chamber acoustic conglitire not well-
defined. Figure 1 illustrates an example of detkctambustion instabilities.
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Figure 1: Combustion instabilities (Blomshield, 200 Figure 2: L75 LRPE [Almeida and Pagliuco, 2014]
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Acoustic instability is determined by the variousastic gains and losses in the system. Acousfitsgaclude
coupling between acoustic pressure oscillations @mbustion processes, coupling between acoustarite and
combustion, coupling with burning metal particlesag from the propellant surface and flow field natetions
(phenomenon like vortex coupling with the motor @stas). Acoustic loss mechanisms include nozzlmpag
(acoustic energy lost out through the nozzle),igartdamping (for systems with particulates thetipkas remove
acoustic energy), acoustic flow losses (sometinadled flow turning or boundary layer losses), stoual damping, and
wall losses. Nearly all research in the area oftmastion instability is involved in understandings$le gains and losses.
Elected as a significant issue for the engine'sgdeghe high-frequency or acoustic instability dies must be
conducted and the first steps towards these studigsbe done by characterizing the internal accsistf the engine's
combustion chamber.

This work focuses only on the acoustic or high-ficy instability, describing the procedures torabierize the
internal acoustics of the L75 Liquid Propellant RetcEngine (LPRE) combustion chamber, seen in EigBeing
developed at Instituto de Aerondutica e Espaco YJAES5 Liquid Propellant Rocket Engine (LPRE) i tfirst
Brazilian open-cycle liquid rocket engine pressediby turbo pump and designed to deliver 75 kNhofdt in vacuum
as a cryogenic upper stage engine using liquid exy@d.ox) and ethanol (Almeida and Pagliuco, 20Hjstly, the
chamber's ambient or cold-gas acoustic frequerariesanalytically calculated, considering a simpge@ation of the
acoustic theory (Natanzon and Culick, 1999, Kingeral.,, 2000 and Laudien et al., 1994). As a seécstep, the
Lox/fuel burning process environment is taken iafrount and the inherent resonances of the L75 gstioin
chamber are also determined. The theoretical phlysarameters of the burning mix (Lox/ethanol) @sed to calculate
the sound speed at hot-gas condition and, as @&goesce, a scale factor is determined, which isidened to obtain
the chamber analytical resonant frequencies spifiirhot-gas conditions.

Finite element numerical calculations are also dan&hich finite element models are built aimirtgdatermining
the inherent L75 combustion chamber acoustic behafihe same physical parameters considered iratiagytical
calculations (for ambient- and hot-gasses condi)i@ne considered to calculate the inner acoustidatnparameters of
the chamber. Numerical vs. analytical results aragared, showing reasonable agreement.

Afterwards, harmonic Frequency Response Analyz8AJFare done up to 2,000 Hz and 6,860 Hz, for timbiant-
and hot-gasses conditions, respectively. The FEefsoale submitted to a harmonic excitatamd five observation
points were generated, on which calculated eitheréom and hot-gas conditions inner chamber alcoestponses.

Finally, the road map of this research project described, including the acoustic device treatments
attenuate/suppress pressure oscillations as wtlleasold-gas and hot-gas conditions experime@talpaigns, planned
to be done in the close future.

2. ANALYTICAL AND NUMERICAL ACOUSTIC OSCILLATIONSINA  COMBUSTION CHAMBER

The general features of “vibrations maintained bwth (as they were called) were firstly understégydthe mid-
1800s. Rayleigh recognized the crucial phase osisliip between the communication of heat and theation in a
resonator. The classical demonstration consistedhyfdrogen flame burning inside an open tube.sRresvariations in
the tube cause the flow of gas, and therefore ¢tla¢ felease, volume expansion, and backpressuteaorzzle to vary
during the vibration. This phenomenon is referrecas$ the "singing flame", which states that if thetuating heat
release is more in phase than out of phase witkibitation in a resonator, conditions are rightdorerting energy into
the vibration. Singing flames are analogous to mtmere familiar, self-excited vibrations in whitte vibrating system
extracts its sustaining energy from another systesually a flowing stream. In a singing flame, castion provides
the energy to sustain gas vibrations inside thebemtion chamber.

A steady state is called stable if in a given systny small deviations of the variables from tletgady values
vanish in the course of the time. In this cases &ssumed that the factors which caused the dmvieease to act after
disturbance. On the other side, if in the cours¢heftime the small deviations of the variablesirdef) the system
increase spontaneously from their steady values, tie state is called unstable. In such case¢snftitions for loss of
stability are referred. Alternatively, hard condits of the loss of stability apply for sufficienthrge disturbances.

Combustion chamber designers have been devotiimgsthieies on suppression/attenuation of pressse#lations,
applying different techniques as baffles, Helmho#tgonators and quarter-wave filters, which prodymed results in
stabilizing combustion oscillations due to well idefl chamber acoustic resonance frequencies. Bdfiwe been
successfully used to prevent transverse acoustaemof combustion instability and have any effattf@ed-system-
coupled modes or longitudinal acoustic modes dfalmifity. The transverse modes (tangential andalador which
baffles have been found effective are charactetigedscillatory pressure waves and gas-particléangiarallel to the
propellant injector face. Pressure waves and gdammaffect the combustion processes in a manngr that transient
addition to each wave exceeds that wave's enegpek The simplest and most widely used approadhdaesign of
baffles is to place them near the gas velocitynakes of the appropriate chamber acoustic reson@ntehe other
side, acoustic absorbers as Helmholz resonatorsgaader-wave filters have shown to be effectivesuppressing
acoustic modes of combustion instability in a vgrief LRPE (Combs, L. P. et al., 1974). In fact aurrently used
either alone or as a supplement to baffles to raminétable combustion in several engines. A Heltzhasonator
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consists of a small passage when the connectitimea$mall cavity volume (the cavity dimensions smeall compared
with the wavelength) connecting the combustion demnto a resonator cavity, while a quarter-waverfils a closed
slot or tube (usually straight) with a uniform csasectional area. This resonator is similar to &mHeltz resonator
except that the cavity dimensions are not compuaiigil a wavelength. In general, these are reacthastic devices,
where the principle is based on the wave reflectidre traveling waves find an impedance variatimo (big or too
small) and a small part of the energy is propag#ieaugh the silencer, while the other part of éimergy is reflected
towards the source (Kinsler et al., 2000). Howevegny of the attenuation devices is to be appliedacoustic
chambers, the design procedure requires the kngelefl the chamber's resonance characteristics hvwdrie usually
estimated from the inner acoustics of a combusti@mber.

2.1 Analytical analysis background

The analysis of the acoustics of a closed unbaffleimber corresponding to the combustion chambleassd on
solving the wave equation with appropriate boundamditions to the chamber configuration. Accordind-audien et
al., 1994, the combustion chamber and nozzle cordtgn are treated as a closed/closed systemitelébp nozzle is
not actually closed. For conventional cylindrichhmbers, solutions for simple right cavities witittbends closed and
with no through-flow are commonly used. The resorieaguency and locations of maximum amplitude gues and
velocities vary with the acoustic mode. In this walye tangential and radial (transver$®), eigenvalues, the
longitudinal eigenvalueg, as well as the chamber's geometrical paramegimes the oscillation frequendyin Hz, in a
cylindrical chamber as in Eq. (1) (Natanzon and¢kutl 999, Kinsler et al., 2000 and Laudien et H94):

2
2] 42
@.

f: oscillation frequency

c: speed of sound

m, n tangential and radial mode numbers (0, 1, 2, ...)

g: longitudinal eigenvalues (longitudinal mode numbe =1, 2, 3, ...
®c: chamber diameter

Lc: chamber length (replaced bg)
Bm.n: tangential and radial roots of the Bessel fumctierivative

1)

According to Laudien et al., 1994, the concept fééative length may be adopted in rocket combustbamber
calculations. Therefore, the chamber length must be replaced by the effective acoustic ler(g) aiming at
correcting the convergence length of the nozzleahrsince Eq.(1) is formulated for closed cyligdtivolumes
(Blevins, 1995).

Aiming at calculating the speed of sound to be imred in equations (1), two configurations for twave
propagation inside the acoustic chamber are assuffiestly, the ambient (cold-gas condition) tempera was
accounted to calculate natural frequencies of twmustic cavity. Afterwards, the fuel burning prosesnvironment
inside the chamber was considered and the inhezeahances of this cavity were determined. In lastapndition, the
global oxidant to fuel ratio (O/F), geometrical stiaints and chamber operational pressure aredsmesi to determine
the characteristics of the engendered gas dueotidustion process. The L75 engine injection headtiva different
injection zones as: i) outer or peripheral zone r@tthe injectors have lower O/F ratio to reduceghs temperature
close to the engine walls and ii) inner zone oeaghere the injectors have higher O/F ratio. Duthéorequired lower
temperatures close to the walls, the total chamizess flow changes from one zone to another, whki£e injectors
are responsible by 80% of the flow, while 30 peeih injectors are responsible by the remaining 20%he mass
flow. Figure 3 illustrates a schematic drawinghad tnjection zones distribution, separated by ited line.

Figure 3: Injection head; outer (or peripheral) amkr (or core) zones
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The mass balance from all injectocsnsidering the mixture of the combustion procg&dds a mean O/F ratio of
1.60 for the L75 combustion chamber (Kessaev, J.1997), which is the input data to calculate tlas ghemical
equilibrium at hot-gas condition by using the NASA&A software (Gordon and McBride, 1994, McBride @wafrdon,
1996), described in Table 1 (cold-gas conditiorapaaters are described as well). These values acui@ied into the
calculation of the speed of sound inside the L7®lmastion chamber, at cold- and hot-gas conditigh&n in Eq. (2)
(Kinsler et al., 2000).

c=(RT)" @
where:
v: ratio of specific heatxp/cy) [no units]
R: specific gas constant [J/(Kg.K)]
T: gas temperature [°K]
Table 1: Parameters for speed of sound calculations

Parameter/Configuration Cold-gas (air) Hot-gas (LOxXEthanol)
Temperature Celsius [Kelvin] 20.00 [293.00] 3,029[3,372.87]
Mass density [kg/m’] 1.225 4.77
Molecular mass [g/mol] 28.97 22.88
Specific gas constai [J/Kg.K] 287.00 363.40
Specific heating at constant presscpdJ/Kg.K] 1,004 5,498
Ratio of specific heatp/cy 1.4 1.13
Speed of sound [m/s] 343.11 1,176.87

A few transverse values of the first tangential aadial roots of the Bessel function derivativetlod Eq. (1) are
given in Tab. 2, which are enough to calculate thember natural frequencies up to a significantratmmal range
(Natanzon and Culick, 1999 and Blevins, 1995).

Table 2: First transverse roots of the Bessel dé¥ig

; n (radial)
m (tangential) 0 1 5 3
0 0 3.831° 7.015¢ 10.173(
1 1.841: 5.331¢ 8.536! 11.706(
2 3.054: 6.706: 9.969¢ 13.170¢
3 4.201: 8.015: 11.345¢ 14.585¢
4 5.317¢ 9.282: 12.681¢ 15.964:
5 6.415¢ 10.519¢ 13.987. 17.312¢

2.2 Finite element analysis background

The FEM (see e.g. Zienkiewicz, 1977, Bathe, 1982 ldnghes, 1987) is the most used numerical teceniqu
solving engineering problems, which consists oflifiig the distribution of one (or several) field idle(s) in a
continuum domain, governed by an appropriate §eiantial differential equation(s) and boundaryditions.

FEM is based on two concepts:

* transformation of the original problem into anuéglent integral formulation (weighted residual or
variational);

* approximation of the field variable distributioasd the geometry of the continuum domain in teofre set
of shape functions, which are locally defined witlsimall sub domains (finite elements) of the cantin
domain.

Through the application of the element conceptatfiginal problem of determining field variable tlibutions in a
continuum domain is approximately transformed iat@roblem of determining the field variables at sodiscrete
(nodal) positions within each element. This transiation results in a set of algebraic equationswiich numerical
solution procedures are readily available.

The most commonly used finite element implementata time-harmonic acoustic problems is based owodal
approximation of the pressure field. The fluid dam¥ is discretized into a number of finite elementd awdes are
defined at some particular locations in each elemesually at the element corner positions. Praditleat the finite
element discretization (‘mesh’) of the fluid domaincontains a total of nodes, the acoustic pressure fiplih the
domainV is approximated as:
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p() = YN, (F).pr =[N I{pi}. G
i=1

Each functionN; in the (1xn) matrix [N]] is a nodal shape function, associated with nole= 1.n). Such a nodal
shape function is zero at all node locations infthite element mesh, except at the location ofeigdvhere it has a
unit value. In the domains of those elements, tickvimodei belongs, the nodal functiod has a predefined shape,
usually based on (low-order) polynomial functiolmsthe domains of the elements, to which nodeesn’t belong, the
nodal shape function is identically zero. With tlsisape function definition, thénx1) vector {p} comprises the
unknown pressure values at each of the node lowatio

Based on a weighted residual or variational fortotaof the Helmholtz equation (Kinsler et al., 2)0a finite
element model in the unknown nodal pressure vgluissobtained,

([Ka]"' j“’[Ca]_wz[M a]){pl}:{Fa}- (4)

The matrices K,] and M,] are denoted as, respectively, the acoustic r&#6’ matrix and the acoustic ‘mass’
matrix. The acoustic damping matri€,] results from the normal impedance boundary camdifThe excitation vector
{F4} results from the external acoustic source distiitn q and the normal velocity boundary condition. Thesgribed
pressure boundary condition does not appear ettplinithe finite element model (Desmet and Vantie@001). This
boundary condition is taken into account by a pra@signing the prescribed pressure values to ppeoariate nodal
pressure values and by eliminating these nodakpres from the vector of unknowng}

Calculation of the undamped acoustic modes

The calculation of the undamped mode shapes aftarior acoustic system, in which the entire boupdarface is
assumed to be perfectly rigid, is obtained by diiogy the damping matri*Ca] and the external excitation vector

{Fa} in the FEM. Since the stiffness and mass matr[dé§] and [Ma] are independent of frequency, the mode
shape predictions are obtained from the followiigggevalue problem (Desmet and Vandepite, 2001),

[Kal{®@m} =0f[M @} (m=1.ny )

where: eaclinx1) eigenvecton{ cDm} represents a mode shape and where the assodgaedaue corresponds to
the square of the natural frequengy of that mode.

Note that, due to the discretization of the acausgstem, which has an infinite number of degrédseedom and,
hence, an infinite number of modes, into a systetin my degrees of freedom, onhy mode shapes are obtained.

3. ACOUSTIC MODELS OF THE L75 COMBUSTION CHAMBER
3.1 Analytical Model

The L75 combustion chamber geometry, shown in jgs accounted to calculate the acoustic analytiatural
frequencies of this acoustic cavity. According tutien et al., 1994, the concept of effective lengay be adopted
for rocket combustion chambers, since the geonadtdontraction due to the nozzle throat of the demnmust be
accounted.Therefore, the chamber lengthc] must be replaced by an effective lengtle)( in Eq. (1), aiming at
correcting the convergence length of the nozzleahrThe effective length for longitudinal modess@amewhat less
than the actudlc because of the gradual contraction in the chamtiaeneter near the nozzle-throat inlet. In the adse
the L75 chamber, a first approximation far is obtained by accounting the distance betweefatte plate and nozzle
throat less approximately one-third of the convaogenozzle-throat length. In this way, this anabfticalculation takes
into account théc = 314.7 mm to obtain the effective length of thamber e = 270 mm).

Seven acoustic natural frequencies, associatdtbtadoustic modes of the L75 combustion chambecaceilated
using Eq. (1), up to 2,000 Hz and 6,860 Hz, appnately, for both environmental configurations. Metithat room
and burning environment conditions and, consequgetité both speeds of sound described in Tab.el¢camnsidered in
these calculations.
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3.2 Numerical model

The acoustic FE model of the L75 combustion chambes built by using solid elements and accountimgy t
geometry shown in Fig.(3) as well as the room aatl dnvironments parameters (Tab. 1). Aiming at Wdating
consistent modal data bases for both inner temprerabnditions, the cavity mesh was properly disoed. By using at
least 8 elements by wavelength for ambient-conglitiee can consider that modes until a frequencg080 Hz will not
be poorly described. This assumption yielded 107WdEar hexahedral elements and 108,632 nodesarfdrient-
condition. Figure 4 shows the FE model of the L'@Bnbustion chamber. The chamber acoustic cavityoirghs
condition presents much higher natural frequentias in ambient-condition due to the much biggemsbvelocity in
the hot gas. In order to properly describe modekigiier order to be used in modal superpositioverg fine mesh
should be used. However since the mode shapesiree same and the frequencies are multiplied fagi@ of 3.43,
only the cold-gas condition will be analyzed in erdo save computational effort. The internal cavitid is
characterized by the same cold- and hot-gas pHysamrameters described in Tab. 1 (mass densitidsspaeds of
sound). For both environmental configurations, nhaidéa bases of 650 modes have been calculated.

L)

Figure 3: L75 LPRE combustion chamber geometry Figure 4. FE model for FRA calculations

The FE model was also used to obtain the interm@listic response of the combustion chamber. Infthsework,
harmonic Frequency Response Analyzes (FRA) were dprto 2,000 Hz, in steps of 1 Hz, for the ambeamtdition.
In order to simulate the noise excitation generali@ihg the combustion an unitary velocity was @apto four nodes
close to the center of the chamber faceplate. Tweevation points, which simulate measurement dious
microphones, were positioned inside the cavity ffedmodes). The modal superposition principlengsthe 650
previously calculated modal data basis, was apgliedalculate the inner combustion chamber presbataviors,
either for the room- and hot-gas environmental d@tks.

4. RESULTS AND ANALYSIS

Some analytically and numerically calculated freuties, are described in Tab. 3 either as pure todigial,
tangential and radial acoustic modes or as comhiaegential/radial acoustic modes, for the two mmnents inside
the combustion chamber (cold-gas and hot-gas).chlati Tab. 3 that the frequencies calculated aighstconditions
are scaled from the room-gas conditions at a speedund ratio of 3.43 (also assessed in Tab.igurés 5, 6, 7 and 8
show the cold-gas longitudinal, tangential, londital/ tangential and radial modes at 632.63 H4@ Hz, 1,407.8 Hz

and 2,354 Hz, respectively.
Table 3: Analytical vs. numerical comparisons

ambient-gas condition hot-gas condition
Mode description Analytical | Numerical| _. Analytical | Numerical Dif (%)
Dif (%)
Frequency (Hz) Frequency (Hz)

1% longitudinal 638.23 632.63 0.89 2,189.12 2,169.02 0.89
1°' tangential 1,117.16 1,146.00 -2.52 3,831.83 3780, -2.52
2" longitudinal 1,276,46 1,104.6( 15.56 4,378.24 8,78 15.56
2" tangential 1,853.16 1,877.20 -1.28 6,356.28 63188, -1.28
3 longitudinal 1,914.70 1,574.4( 21.61 6,567.36 6,49 21.61
1% radial 2,324.91 2353.70 -1.22 7,974.38 8,073.2 22-1.
3 tangential 2,549.11 2570.9( -0.85 8,743.37 8,818.2 -0.85

Dif=Difference
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Figure 5: Longitudinal mode (632.63 Hz) Figure 6: Tangential mode (1,146 Hz)

Figure 7: Longitudinal/Tangential mode (1,407.8 Hz) Figure 8: Radial mode (2,354 Hz)

The inner chamber acoustic responses, calculatéteiharmonic Frequency Response Analysis (FRAshosvn
in Fig.(9), for either ambient and hot internal wter conditions. The responses at the two observatoints are
calculated with (virtual) microphones positionedsgd to the center of the face plate and at theathwall,
respectively.

Pressure response [Pa]

—%— Close to the center of the faceplate
Throat wall
Chamber at room temperature 43 ‘ . ‘ I L

1 1 1 1
(200 C) 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Freq [Hz]

Chamber at operational temperature s, ‘ ‘ ‘ . . !
(3,100 C) 0 1000 2000 3000 4000 5000 6000
Freq [Hz]

Figure 9: Acoustic responses inside the combustiamber
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5. CONCLUSIONS AND ROAD MAP FOR THE FUTURE

The acoustic dynamic behavior of a combustion cleani@as analyzed analytically and numerically byhgsihe
finite element method in ambient and hot conditiofise analytical and numerical results showed gagréement for
all first seven frequencies but th&” 2nd 3 longitudinal modes. This could indicate that tleue of the assumed
equivalent length should be re-estimated.

Since the mode shapes remains the same and thralriegquencies is just shifted by the same ratithe speed of
sound in hot/ambient conditions a single run candes to produce results for both conditions.

In future works, test campaigns with ambient andnimg conditions using a L75 engine capacitive castion
chamber shall be done. The internal pressure atoill measurements results will be used to valitteenalytical and
numerical models.
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