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Abstract. Combustion instability is recognized as one of the major problems frequently faced by engineers during the devel opment
of either liquid or solid propellant rocket engines. The performance of the engine can be highly affected by these high frequencies
instabilities, possibly leading the rocket to an explosion. The main goal while studying combustion chambers instability, either by
means of baffles or acoustic absorbers, is to achieve the stability needed using the simplest possible manner. This paper has the
purpose of studying combustion chambers instabilities, as well as the design of acoustic absorbers capable of reducing their
eigenfrequencies. Damping systems act on the chamber el genfrequency, which hasto be, therefore, previously known
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1. Introduction

Combustion ingability is recognized as one of the mgor problems frequently faced by engineers during the
devdopment of ether liquid or solid propelant rocket engines. The performance of these engines can be highly affected
by high frequenciesingabilities, possibly leading the rocket to an explosion.

Although the problem has been unceasingly dudied for the past four decades, no theoretical generd rules have yet
been edablished for dedgning dable combustor sysems. Therefore, concens on combudtion indabilities are il
present in every chamber dedgn; the sooner this problem is detected during the devdopment phase the smdler are the
additiond expenses with delaysin the project.

Combustion ingtability results from a coupling of the combustion process and the fluid dynamics of the engine
system. By this coupling, the combustion process ddivers energy to pressure and velocity oscillations in the
combustion chamber. So, combustion ingtability can be severdly mitigated or even diminated by reducing the coupling
of these ostillations, or dso, by increasing the engine system damping. This can be achieved by means of the use of
baffles or acoudtic dbsorbers. Baffles are bdieved to reduce coupling, while acoudtic aisorbers are assumed to increase
damping.

The main god while studying combustion chambers ingability, either by means of baffles or acoudic absorbers, is
to achieve the stability needed using the smplest possible manner (Culick, 1995 and Flandro, 2002).

With the purpose of sudying combustion chambers ingabilities, this paper presents the design of acoudtic
absorbers, which act on the chamber as damping systems, reducing the amplitude of a given egenfrequency and, for
that reason, resonant frequencies must be known previoudy.

Since the discussion of acoudic absorbers (and baffles as wdl) will make frequent references to the acoudtic of
combugtion chamber, a short discusson of classcad acoudtics & the next section will be proven hdpful in
understanding subsequent experimenta procedures and results.

2. Theoretical Introduction

Acoudtic resonators and  baffles are damping devices successfully used to reduce or even eiminate oscillations
causd by combudion ingtability. Resonators are narrowband absorbers that must be tuned accuratdly to discrete
acoudic eigenfrequencies of the combudion chamber. Thus, these frequencies should be known a the beginning of
laying out resonating cavities, and they may be determined using cold-test results, for example.
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Baffles can afect dradticdly configuration of an existing engine The use of them necessitates discontinuities in
injection patterns, which produces irregularities in the combudionproduct flow fidd and therefore produce poor
performance. That isthe reason why baffles interact directly with injector and chamber design.

Acoudtic absorbers, on the other hand, are assumed to increase the damping in the engine sysem. The acoudtic
liners, series of acoudic dsorbers one besdde another sharing the same resonator volume, have a damping effect
because they dlow a norma veocity a the wal which has a component in phase with the pressure oscillation; this
means that work is done over each cycle in moving the fluid back and forth at the boundary. This work is equd to the
energy dissipated dueto friction.

2.1. Resonant Frequencies

Resonant  frequencies or eigenfrequencies of a vibraing object are those frequencies for which dationary waves are
present indde the object. Stationary waves result from the inteference of two different waves in opposite directions;
stationary waves that correspond to eigenfrequencies are the ones that persist for longer times.

Acoudtic tests with modeds have shown that the combustion chamber and nozzle configuration must be treated
theoreticaly as a closad/closed sysem. Therefore, the eigenfrequencies for a cylindrical chamber closed a both sdes
can be calculated with Eq. (2):
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b,, - transversd eigenvaug;
g — longitudind egenvalue
D, - chamber diameter;

L, - chamber length
C - velocity of sound.

2.2. Baffles

Injector-face beffles, as depicted on Fig. (1), are intended for working as damping devices & high frequency modes
of ingtahility as the transverse modes. These modes of instability are characterized by oscillations pardld to the injector
face. The stabilization effects identified with regard to the transverse mode instability by injector-face bafflesare:

(i) the modification of the acoustic properties of the combustion chamber;

(i) redriction of the oscillatory flow patterns between baffle blades, thus protecting the senstive pre-combustion
processes;

(iiif) damping of the oscillations by vortex generation, separaion or frictiona effects.

One of mgor concern in the design of an effective baffle is the location of the blades and hubs relative to particle
paths, since the baffle congtitutes an obstruction to particle motion.
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Figure 1. Combustion Chamber with a baffle

Unfortunately, the state-of-the-art of baffle design is such that no argument can be presented to prove conclusively
that only one dominant mechaniam exids Hence, in the design of an efective blade arangement the sdection of
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compartment size, blade length, number, postion and degree of symmetry may follow different paths of logic. Refer to
Harrje and Reardon for detailed information on this matter.

2.3. Acoustic Cavities

One type of exidting acoudtic cavities is a Hedmholtz resonaor, Fig. (2). The theory of Helmholtz resonators was
first trested mathematicaly by Helmholtz in 1860 and was afterwards smplified by Lord Rdeigh. Since then, they have
been extensvely used as sound filters noise suppression, in the suppresson of combustion instabilities and nowadays,
as damping devices for ungable liquid-propelant rocket engines. Badcdly, it condsts of a smal passage connecting
the combustion chamber to a resonator cavity; the cavity dimensions are large compared with the passage width, but
smal compared with awaveength.

y/\/

Figure 2. Helmholtz resonator

If the dimensions of the various resonator dements are smal in comparison to the wavdength of the oscillaion, the
gas motion behavior in the resonator is andogous to a mass-spring-dashpot system. From the geomericd dimensions,
the undamped resonant frequency may be caculated by Eq. (2) asit follows.
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S— orificeares;

V — cavity volume,

Dl - length correction (about 0.85d for lower noise levels);
C - velocity of sound.

To dudy the acoudtic behavior of the resonators, their acoustic impedance Z must be determined. The acoudtic
impedance of a volume is a complex unit condgting of the sum of an acoudtic resstance (R) ad an acoustic reactance
(X). For a resonaor, the acoudtic impedance can be separated between the cavity and the gperture impedance, resulting
inEq. (3), asit follows:

Z=27+Z,=(R+R)+i(X.+X,). ®
For aHelmholtz resonator, it follows that:

Z= RA+i(XA+ Xc)
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V. - volume of cavity;

g, - ratio of specific heats of gasin the gperture;

W - angular frequency of oscillation;

A, - cross-sectiondl areaof aperture;

I, - time-averaged gas density in the resonator open end;

l]A-pedweIocityamplitudeintheopenmd;

G- coefficient that varies with resonator type. For Helmholtz resonator, (_‘,:0,37/(;12 .

|- effective aperture length, given by |,=1+d, i.e, the addition of the physica length (l) to the length end
correction (d ), given by d =0,96 A}_\’Z(O,S- 0,7 Ja_)for low area ratios resonaiors (a = aperture area / resonator
areq).
Acoudtic absorber may be comprised of ether a large number of resonators distributed dong the thrust chamber
wal from injector to the beginning of nozzle convergence or, conversdy, a limited number of resonator used over a
limited portion of the chamber, usudly dong the injector plate, as it is shown on Fig. (3). Acoudtic liners are important
damping devices energy is disspated on account of the jet formation in the flow through the liner orifices. In liner

design, various factors must be conddered which incdude environmentd factars szing of the resonators and the number
and placement of these resonators.
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Figure 3. Postion of Helmholtz resonators and acoustic liner dong combustion chamber
As previoudy dated, in order to study the acoustic behavior of the resonators, their acoustic impedance Z must be
determined, what can be done using the eguations given above, from Eq. (3) through (7). These vaues are used in the
evdudion of the absorption and conductance coefficients, which are employed in the analyses of the acoudtic behavior
of resonators.
2.4, Absor ption Coefficient

It is one of the most widdy used measures of full-length liner effectiveness. It is defined as the fraction of the
oscillatory energy incident on awall that is absorbed a thewall, asit follows:
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€ - fraction of surface with acoustic impedance Z;
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I - time-averaged gas dengity in chamber;
C - sound speed in chamber.

2.5. Conductance

The conductance (red part of the resonator admittance) is evauated as shown in Eq. (9). It is known as the power
loss factor and thus, should be considered together with the absorption coefficient when optimizing the system’s
damping.
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3. Method

As described by Laudien et a, acoudics tests were caried out usng a full-scde combugion chamber modd, as
shown in FHg. (4). This sudy had the purpose of andyzing one particular configuration of combustion chamber,
obtainingits eigenfrequencies, aswell as any other possible critica frequencies, which could be present.
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Figure 4. Experimenta setup

The modd chamber was equipped with smdl loudspeskers in the injector faceplate. A microphone mounted on a
rod was atached to a tube, making it possible to reach different postions within the chamber. Random noise was used
as the source for the loudspeskers. Resonant frequencies in the chamber were identified by registering microphone
sgnds throughout the chamber. Once the frequencies were known, a sine generaior was used to activate only one
paticular mode. The shape pattern of the mode was then determined by scanning the chamber in azimutd and/or radia
and axid directions for nodd lines These lines of minimum pressure can be found, firg, by observing the amplitude
and, second, by locating any phase shift in the chamber. The latter is accomplished by comparing the phase between the
meesured signd and a reference sgnd taken directly from the loudspesker. Each time the microphone moves through a
noddl line, the acoustic pressure will be a aminimum and the phase will shift by 180 deg.

The spectrum of the test performed in air under ambient conditions used in the following discussions is presented in
Fig. (5) and corresponds to the longitudina and transverse modes. The configuration of the chamber used in these tests
isshownin Fig. (6).

Figure (5) represents the spectrum of an acoudtic test, which the “white noisg’ was generated by sgnd generator
and the microphone was a given position insde chamber (X, , ).
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Microphone at Position of x =100 mm, r =70 mm, q=0°
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Fgure 5. Frequency spectrum measured in acombustion chamber mode under cold-gas condition.
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Figure 6. Configuration of the combustion chamber (lengthsin mm) and possible positions of microphone (X, r, Q)

The main study was based in the highet SPL (Sound Pressure Level) noticed during the experiments, namely, 500
Hz. Initidly, a Hemholtz resonator was designed as to be effective againgt this particular egenfrequency, through a
compromise among its volume, aperture length and diameter, according to Eg. (2). The resonaor s0 designed was put
together with others of the same naure as to form liners, containing severa rows, each with an average of 60 apertures.
The absorption coefficient (Eg. (8)), when evaluated for combustion chambers equipped with different numbers of rows
intheliner, alows conclusions over the damping efficiency of the system.

Another study, which carried out, refers to the bandwidth in which the resonator is effective. Designing a specific
type of resonator for a configuration with an unknown eigenfrequency is not advissble In these cases, the increase of
the bandwidth as a result of the presence of a larger number of resonators may be desirable in order to increase the
system’ sdamping.

Evaduaion of the absorption coefficient involves the cdculation of the acoudtic impedance through Eq. (3). Then,
considering the acoudic tests carried out in combugtion chamber full-scde modds as the one in Fg. (5), the
agenfrequency is determined and later used in Eq. (2), dong with given gperture length and diameter, to determine the
cavity volume. This volume is then multiplied according to the number of apertures that are conddered (number of
rows within a liner times 60, which is the number of apertures in each row, as previoudy staed) and used in Eq. (3) to

(7) dong with flow (air) properties with the purpose of evaluating a (absorption coefficient) and x (conductance).

4. Results

Three different configurations concerning the number of aperture rows in the liner placed on the firs section of the
combustion chamber were sudied under the approach of the absorption coefficient and the conductance. The first
configuration was chosen as to lead to an under damped system; then, the number of rows in the liner was increased and
the resulting absorption coefficient graphic observed. At certain point in this procedure, a paticular configuration was
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such that increesng its number of rows did not increese the system’s absorption coefficient anymore. So, this
configuration was named as the one to produce an optimized damped system. In this presentation, this configuration
was found to have seven rows of apertures (420 apertures). Then, as previoudy explained, an increese in the number of
rows within a liner led to a decrease in the absorption coefficient; however, an increase in the bandwidth of the
absorption coefficient was dso found, that is the configuration was effective over a larger amount of frequencies. A
configuration containing 20 rows of absorber gpertures was chosen to show these aspects within the following graphics.
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Figure 7. Absorption Coefficient behavior of an under-, optimized-, and overdamped system
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Figure 8. Conductance behavior of an under-, optimized-, and overdamped system.

The number of rows condgdered in the figures above were chosen as to produce the desired damping characteristics
(under-, optimized-, and over damped), as explained above Severd obsarvaions can be made concerning this behavior.
Initially, whereas the absorption coefficient has it optimum a 100% (no reflection of sound intensity at the chamber
wall), the conductance term is not limited by definition (Fig. (8)). In this example, optimizing the system’s damping by
means of the absorption coefficient would suggest a #row liner (Fig. (7)). However, the conductance term suggests the
overdamped configuration. It is also important to notice that this particular configuration increases the bandwidth.
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Conddering the bandwidth, the resonator configuration can be made as to provide the highest bandwidth instead of
providing the maximum d&bsorption for a given eigenfrequency. Consdering the main SPL pesks shown in Fig. (5),
andyze the acoustic resonators designed to damp these frequencies (considering a2-row configuration).
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Figure 9. Absorption Coefficient for different egenfrequencies.
It is clear now (Fig. (9)) that hcreasing the absorption coefficient requires the variation of the number of resonaors

(in the present dudy, this is accomplished by increesing the number of rows of resonators in a liner), as wel as
increasing the bandwidth. Therefore, consider the configurationsin Fig. (10).
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Figure 10. Absorption Coefficient Comparation

In the search for an optimized configuration, Fig. (10) points out to a configuration designed for a 129375 Hz

frequency, which does not correspond to a pesk in Fg. (5). However, one can notice tha the bandwidth is highly
increased, keeping high absorption coefficients even at larger frequencies.
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5. Conclusions

Severd experimentd  gpproaches have been made in the search for a practicd way of predicting and diminaing
ingability of combugtion chambers. The most effective of them to stahilize rocket engines have been found to be either
removing energy from the oscillation or preventing certain modes of oscillations by means of stabilization devices. The
use of resonators has been demongtrated to be most smple.

Helmholtz resonators have been extensvely used as sound filters, noise suppression, in the suppresson of
combustion instabilities and nowadays, as damping devices for unstable liquid-propel lant rocket engines.

Acoudtic liners are important damping devices energy is disspaied on account of the jet formation in the flow
through the liner orifices. In liner design, various factors must be considered which include environmenta factors szing
of the resonators and the number and placement of these resonators.

The preceding discussons leads to conclusons among which features that acoudic tests in ar under ambient
conditions with full-scde chamber models are important in the design of resonators. Also, the absorption coefficient
canot be andyzed done when it comes to the specification of the optimized resonator configuration -the conductance
teem should dso be andyzed. The maximization of this coefficient must be done by sdecting the right number of
resonators within the absorber arangement. The overdamped configuration proved itsdf to be ided for the andyzed
case, concerning both the absorption coefficient and the conductance.

This paper is bedcally a theoreticd sudy of the behavior of a combustion chamber provided with acoudtic
resonators to prevent oscillations. It is not complete, given the fact that experimental tests must be carried out in order
to confirm (or even refute) the discussons made. Therefore, this work is just an attempt to better understand the
theoretical behavior of resonators trested as acoudtic devices.
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