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Combustion Zone—Acoustic Cavity Interactions
in Rocket Combustors

Thomas L. Acker* and Charles E. Mitchellt
Colorado State University, Fort Collins, Colorado 80523

Analytical and numerical models are employed to assess the stabilizing impact of acoustic absorbers on liquid
propellant rocket engine intrinsic stability. The tuning and stability behavior of cavities in which two-dimensional
flow and temperature variations exist are predicted through the application of an iterative-integral, Green's
function method of analysis. Results of stability calculations performed for a variety of cavity geometries and
temperature gradients indicate that adding a large open area absorber to a combustion chamber significantly
alters the spatial shape of the oscillation. This alteration consequently affects the driving and damping mech-
anisms in the chamber. Because of this interaction, the maximal stabilizing effect of a cavity with a given open
area does not in general occur for a design tuned in the acoustic sense to the frequency of the oscillation, but
rather for a design that is not tuned but which tends to maximize the influence of the damping mechanisms in
the chamber relative to the driving mechanisms. Additionally, absorbers with large backing cavities are shown
to perform better over a wider range of operating conditions than absorbers with small backing cavities.
Calculations also reveal that large temperature gradients in an absorber tend to reduce its broadband effec-
tiveness.

Nomenclature
F = nonhomogeneous part of main chamber governing

equation
/ = nonhomogeneous part of acoustic absorber

governing equation
/ = V—1, imaginary unit
L = main chamber length
LA = total acoustic absorber length
Lc = acoustic absorber backing cavity length
/ = integer
la = acoustic absorber aperture length
ME = mean flow Mach number
m = integer
N = complex combustion response factor
n = integer or interaction index
n = outward unit normal vector
P = spatial component of main chamber pressure
p = spatial component of absorber pressure
R — acoustic absorber resistance
r = radial chamber dimension
rc = main chamber radius
S = surface area
T = temperature
Tm = average temperature
/ = time
u = mean axial main chamber velocity
V = volume
V = spatial part of main chamber velocity vector
v = spatial part of acoustic absorber velocity vector
Wc = acoustic absorber backing cavity width
wa = acoustic absorber aperture width
X = acoustic absorber reactance
jc, y — Cartesian coordinates used in the acoustic absorber

analysis
Zc = axial location where combustion is completed
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z = axial chamber dimension
j8 = admittance function
F = empirical absorber resistance coefficient
y = ratio of specific heats
8 = slope of linear temperature gradient
77 = acoustic eigenvalue
0 = tangential chamber dimension
A = imaginary part of o>, oscillatory decay/growth rate
JJL = absorber backing cavity or main chamber

coefficient matrix
p = mass density
0 = velocity potential
^ = velocity due to vorticity
U == acoustic eigenfunction
a> = complex oscillatory frequency
o)R = real part of w, actual oscillatory frequency

Superscripts
c = correction term
0 = lowest-order solution
' = time dependent oscillatory component

I. Introduction

A COUSTIC absorbers have been successfully employed
in liquid-propellant rocket combustors to damp out

acoustic instabilities.1-2 Generally, it is accepted that acoustic
resonators should operate close to their tuning frequencies in
order to perform effectively.3"6 For simple absorber geome-
tries with no gas temperature variation, such as the quarter-
wave tube and Helmholtz resonator, the acoustic tuning for-
mulas are well understood. Predicting the overall stability
enhancement caused by these devices, however, has been
attained with only limited success.7 This is due in part to
previous analytical models not including all the chamber
mechanisms influencing stability and their mutual interactions
(i.e., mean flow, nozzle interactions, combustion, and ab-
sorbers). Furthermore, hardware considerations often require
the construction of unconventional cavities such as the L-
shape and T-shape absorbers (see Fig. 1), in which the flow
is inherently two-dimensional (although Helmholtz resonators
can be L- or T-shaped, many designs are not well modeled
by the traditional mass-spring-damper analog employed in
traditional Helmholtz resonator analysis). Also, since ab-
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Fig. 1 Typical acoustic absorber geometries.

sorbers are located in the cooled chamber walls, large tem-
perature profiles can exist in the gas filling the cavity.8 Thus,
a versatile and accurate model to predict cavity performance
should include temperature variation for an arbitrary absorber
geometry. Finally, to assess accurately the stabilizing impact
of one of these devices, it is necessary to consider the influence
of all the chamber mechanisms on stability.

The importance of stable rocket operation accompanied by
high costs and lengthy development periods provides incen-
tive to devise a predictive stability model to aid in the design
of rocket combustors. Recent effort in stability modeling has
resulted in computer codes capable of predicting the per-
formance of acoustic absorbers used as stabilization devices.9
Two main goals were accomplished in this work. An "open-
loop" model to tune acoustically an absorber of arbitrary
geometry with temperature variation was developed. The tun-
ing model is referred to as open-loop because although the
acoustic behavior of an absorber is determined, its impact on
intrinsic chamber stability is not. This model was then in-
cluded in a "closed-loop," linear stability model used to pre-
dict the stabilizing impact of an absorber considering com-
bustion, mean flow, nozzle, and absorber interactions tied
together in a feedback loop. The analytical approach em-
ployed in both the open-loop and closed-loop models involves
the solution of a nonhomogeneous, linear wave equation by
applying an iterative-integral, Green's function technique,
subject to linear and nonlinear boundary conditions. Calcu-
lations were performed using the resultant stability code, final
distributed oscillatory rocket combustion (FDORC). Specif-
ically, the following questions were addressed:

1) How significantly will interaction among the chamber
stability mechanisms affect the performance of an acoustic
absorber?

2) How do temperature gradients affect the tuning and
overall stability predictions of an absorber?

3) Do cavity gas temperature variations affect large-back-
ing-cavity and small-backing-cavity absorbers equivalently?

II. Analysis
The same basic analytical technique is used to model the

acoustic flowfield inside both the main chamber and the acoustic
absorbers. The equations of motion are written down, non-

dimensionalized, and combined to form a single governing
partial differential equation. Harmonic time dependency is
assumed and the governing PDE is linearized. Applying an
iterative-integral, Green's function technique to the particular
geometry of interest, a solution is obtained. The main features
of these solutions are presented in what follows.

A. Acoustic Absorber Modeling
The basic equations that apply to the acoustic flowfield are

the conservation of mass, momentum, energy, and equations
of state for a calorically perfect gas. Nondimensionalization
of the equations is accomplished through division of the var-
iables by the appropriate mean main chamber quantities eval-
uated at the location of the absorber entrance. All lengths
are nondimensionalized by the main chamber radius; the main
chamber mean sound speed is used to nondimensionalize ve-
locity; the mean chamber pressure nondimensionalizes the
absorber pressure; etc.

After nondimensionalization, the flow and state variables
are separated into mean and oscillatory components. The
basic equations are combined and a linearization is performed
by assuming small amplitude oscillations and dropping all
higher-order terms. Time dependency of the dependent var-
iables is assumed to be harmonic, taking the exponential form
ei(0t. For example, P' = peiatt, where/? = p(x, y) is the spatially-
dependent part of the oscillatory pressure (refer to Fig. 1 for
directions of x and y). After some manipulation, the following
governing partial differential equation is obtained (see Ref.
10 for a detailed derivation):

V2p + —p = - — — —IdTdp— — —Tdx dx (1)

where T is the local mean nondimensional value of T at a
given cross section in the cavity. This mean temperature T is
assumed to vary in an arbitrary way in the x direction. Thus,
large temperature drops of up to 80% of the main chamber
temperature can occur in the absorber. Velocity and pressure
are related through the momentum equation by

v = — Vp (2)

Equation (1) is subject to the boundary condition that the
normal velocity be zero at the walls of the absorber.

To solve the governing partial differential equation (PDE),
Eq. (1), a successive approximation, iterative-integral tech-
nique is employed. Absorber geometry is broken into two
parts: 1) the aperture and 2) the backing cavity (see Fig. 1).
Equation (1) is first solved considering two-dimensional flow
in the backing cavity. Next, it is solved assuming one-dimen-
sional flow in the aperture with the requirement that the
velocity and pressure match at the aperture-cavity interface.
A two-dimensional solution for the aperture as well has been
performed in Ref. 10. For most geometries the impact of two-
dimensional aperture effects was found to be small.

Due to the linearity of Eq. (1), the solution for/? is broken
into the sum of a lowest-order uniform-temperature solution
plus a higher-order correction series to account for variable
temperature effects. That is

p = P° u = p"
where £lmn is the normalized eigenfunction of the region of
interest (aperture or backing cavity), and i*,mn is the matrix
of correction coefficients.

For the uniform-temperature solution, the right side of Eq.
(1) becomes identically zero, and the lowest-order solution,
p°, is obtained via an eigenfunction expansion. Solution for
the higher-order temperature correction term /?c, in both the
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aperture and the backing cavity, is accomplished using a Green's
function represented as an eigenfunction expansion. The re-
sulting expression defining the correction coefficients is

I

velocity *P are related to the oscillatory velocity potential
by expressions of the form

where/(p, T) is the right side of Eq. (1) and r\mn is the acoustic
eigenvalue. Notice that to calculate ju,m/l, a functional form of
the pressure p is required. To lowest-order, p is represented
by p°. Once the fimn coefficients are determined, they are
used to calculate the pressure correction term pc. A new ap-
proximation of the pressure is then obtained using p = p° +
pc. Next, calculation of fjimn is repeated with the current ap-
proximation of p. This process is repeated continually until
successive computations of/? are sufficiently invariant.

The performance of the absorber relative to the chamber
oscillation is represented by the impedance which is defined
as p'lu' evaluated at the absorber entrance plane. Since the
velocity and pressure need not be in phase, the impedance is
represented using complex notation, p'lu' = K = R + iX.
The real part of the impedance is the resistance R, which is
nonlinear as it accounts for the frictional dissipation of acous-
tic energy by gas jet formation at the cavity-chamber interface.
The empirical formulation of the nonlinear resistance adopted
in this analysis is R = Tpu (nondimensional).9 The imaginary
part of the impedance is the reactance X, and is an indication
of the phasing between the velocity and the pressure. Reac-
tance is calculated by evaluating the ratio plu at the absorber
entrance [where p and u are the spatially-dependent parts of
the oscillatory pressure and velocity as determined by solution
of Eqs. (1) and (2)]. A detailed development of this analysis
is presented by Dodd,10 and also by Mitchell.9'11

B. Chamber Stability Model
Essentially the same basic equations are written down and

nondimensionalized for the main chamber analysis as for the
acoustic absorber analysis with the important difference that
gas phase sources of mass, momentum, and energy must be
included. The velocity field is separated into an irrotational
part described through 0, and a rotational field ^, which
appears because of the vorticity generated by the combustion
sources, thus

V(r, 0, z) = V0(r, 6, z) r, 6, z) (3)

Again, the dependent variables are represented as the sum
of a mean and oscillatory component, and harmonic time
dependency is assumed. The ratio of the local oscillatory mass
generation rate m' to mean generation rate m is represented
by the product of the combustion response factor N with the
local oscillatory pressure, rh'lm = NP'. The Crocco sensitive
time lag theory12 can be used to relate the combustion re-
sponse factor to the complex frequency as follows:

N = n(l - e'ioir)

where n is the interaction index relating the sensitivity of the
combustion process to the pressure, and ris the time lag which
represents the delay time before the combustion process feels
a pressure perturbation. The quantities «, r (and thus N) are
taken to be independent of location and time.

After combining the basic equations and applying the as-
sumptions listed above, the partial differential equation for
(f> takes the following form:

V2<t> - F d<t>
-, u, «, y, (4)

dd> dii
-

(5)

This equation is derived in Ref. 13, where the expression for
F is given in detail. The oscillatory pressure and rotational

Solving Eq. (4) subject to the boundary conditions imposed
on the chamber, determines </>. Knowing (/>, the oscillatory
velocity and pressure fields are then given by Eqs. (3) and
(5).

For a given mode of oscillation, Eq. (4) must satisfy oscil-
latory boundary conditions. The normal oscillatory velocity
at the chamber walls is zero, V-n = 0. At the chamber-
absorber and chamber-nozzle interfaces, the normal oscilla-
tory velocity will in general differ from zero, and is given by

V-n = j8P

In this expression, the admittance function /3 is defined as the
ratio of oscillatory velocity to oscillatory pressure. To predict
nozzle admittance, the analytical model developed by Bell
and Zinn14 is used, while the absorber admittance is predicted
using the model given earlier.

Solution of the governing partial differential equation is
once again obtained by using a successive approximation,
Green's function technique. Transformation of Eq. (4) using
Green's functions gives the following integral equation:

(6)

In this expression, </> is represented by a series summation of
normalized eigenf unctions:

</> = E S E MwAi/n

where ^mln is a matrix of correction coefficients, and £lmln is
the normalized eigenfunctions with indices m, /, n. The ei-
genfunctions are found by solution of Eq. (4) for a closed
cylindrical chamber (F = 0, V</>-n = 0). flK, is the complex
conjugate of the normalized eigenfunctions. The index K' =
m'l'ri indicates the specific harmonic component being an-
alyzed in Eq. (6). Both standing and spinning tangential waves
are possible along with radial and longitudinal modes and all
forms of mixed modes. An iterative solution technique similar
to the one described in the absorber analysis is used to solve
for either the complex frequency or the combustion response.
Note that the influences of the absorber and the nozzle on
the chamber oscillation are accounted for in the surface in-
tegral shown in Eq. (5). During each iteration of the succes-
sive approximation solution technique, admittances are cal-
culated at the current value of the main chamber frequency
through implementation of the absorber and nozzle admit-
tance models. Further details of the chamber stability analysis
are given by Ho well15 and Mitchell.9

III. Results of Calculations
Though the number of possible acoustic absorber geometries

is nearly limitless, two main groups can be identified as being
typical practical designs: 1) absorbers with small backing cavities
and 2) absorbers with large backing cavities. The quarterwave
and L-shaped resonators shown in Fig. 1 are examples of small-
backing-cavity absorbers, whereas the T-shaped absorber rep-
resents a large-backing-cavity absorber. In order to elucidate
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the performance differences between the two groups of absorb-
ers, both will be analyzed by performing open-loop reactance
and closed-loop stability calculations.

A. Open-Loop Tuning Results
Generally, acoustic resonators are designed to remove a

particular mode of oscillation. An absorber is considered tuned
when its reactance is zero (i.e., at resonance). Knowing the
mode (frequency) of oscillation, the reactance for an absorber
of known geometry and gas conditions can be computed using
the open-loop model described earlier. By varying either ab-
sorber geometry, gas conditions, or incident oscillatory fre-
quency, while holding the other two fixed, a tuning curve can
be generated which describes the sensitivity of the absorber
to design or operation conditions. The effects on absorber
reactance caused by mean temperature variations and changes
in the incident frequency will be demonstrated by generating
such tuning curves.

The effect of mean temperature variations on cavity reac-
tance is displayed in Fig. 2 for the quarterwave and T-shaped
resonators shown in Fig. 1. Curve 2 displays the reactance
prediction for the quarterwave tube assuming a one-dimen-
sional linear mean temperature profile given by T(x) = (1 +
8x1 LA), where LA is the total length of the resonator (aperture
plus backing cavity la + Lc), x is the depth into the absorber,
T is the temperature nondimensionalized with respect to the
main chamber, and 8 is the slope of the temperature gradient.
Note that the reactance is zero at 8 = 0 (for the dimensions
shown in Fig. 1, each absorber is tuned to the chamber first
tangential (IT) mode, assuming the absorber gas temperature
to be equal to the main chamber gas temperature). Curve 1
shows the calculated reactance for the same quarterwave tube
as in curve 2, but assumes a constant gas temperature equal
to the mean value given by the profile equation

djc =

Note that curves 1 and 2 lie nearly on top of one another
except for large temperature variations (8 < —0.6). This re-
sult indicates that an averaged mean temperature does a good
job of predicting tuning lengths for moderate cavity gas tem-
perature reductions. Curve 3 demonstrates the sensitivity of
the large-backing-cavity T-shaped absorber to mean temper-
ature variations. As shown, the slope of curve 3 is clearly less
than that of curve 2, indicating the reactance of a quarterwave
tube is more sensitive to temperature variations than the large-
backing-cavity T-shaped absorber. In our calculations, this
conclusion was found to be valid in general when comparing
small-backing-cavity and large-backing-cavity absorbers. Sim-
ilarly, it was also found that for mean temperature profiles
different from linear, using the average cavity temperature
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did a good job of predicting tuning behavior, except for very
large mean temperature decreases.

Another type of tuning curve is presented in Fig. 3. Here,
absorber reactance is plotted vs the oscillatory frequency of
an incident pressure wave for a cavity of fixed geometry and
constant mean temperature (no variation with cavity depth).
Curve 1 shows reactance variation for the previously described
quarterwave tube tuned to the IT mode, while curve 2 is
for the large-backing-cavity T-shape tuned to the IT mode
by the two-dimensional analysis described earlier. Similar to
the temperature variation results, the reactance of the quar-
terwave tube is more sensitive to frequency changes than the
large-backing-cavity T-shaped absorber. Additional two-
dimensional calculations indicate that this conclusion holds
in general when comparing small-backing-cavity and large-
backing-cavity absorbers of arbitrary design.

B. Closed-Loop Chamber Stability Predictions
Conventional wisdom counsels that for maximum stabiliz-

ing impact on a chamber oscillation, an acoustic absorber
should be tuned to the main frequency of interest. Moreover,
increasing the open area (active area) of the absorber should
also increase the damping produced by addition of the cavity.
That this should be true for a chamber without combustion
(or any other frequency sensitive driving or damping mech-
anism) seems clear. However, the fact that the combustion
response to oscillations has been shown to be frequency sen-
sitive, and that large open area cavities can serve to shift the
frequency of the chamber oscillation, brings this simple guide-
line into question. In what follows, results of calculations are
presented in which the open-loop model just described is
combined with a chamber stability model which includes a
frequency sensitive combustion response (n, r model) in order
to predict actual cavity damping performance in situ.

1. Standard Chamber Configuration
Before beginning an analysis of acoustic absorber influence

on overall chamber intrinsic stability, it is necessary to define
a standard combustion chamber configuration to which a given
absorber will be added. Typical values for the cylindrical
chamber length and combustion distribution were selected as
L = 2.5 and (ZJL) = 1.0 (recall that all lengths are non-
dimensionalized with respect to the chamber radius). The
ratio of specific heats of the combustion gases is assumed to
be 1.2 with a mean flow Mach number of 0.2 at the convergent
nozzle entrance. In an effort to isolate the effects of the ab-
sorber geometry and temperature on stability, the nozzle ad-
mittance is set equal to zero (no influence on oscillatory growth
or decay; f$N = 0 + /O), and a uniform mean release of
combustion product mass and energy is assumed. Though
nozzle interactions, combustion distribution, and indeed, all
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the chamber parameters just specified will affect chamber
stability, the goal here is to compare the stability effects of
different absorber geometries and cavity temperature profiles
for a single simple chamber configuration. The effects of these
several chamber design parameters and their interaction with
cavity performance has been described elsewhere.15 Since the
maximum amplitude of a pressure wave in a combustor is
generally located at the injector plate, thus providing the
potential for maximum cavity interaction, each absorber in-
vestigated here will be located at the injector plate in the
radial periphery of the chamber wall and will extend around
the entire circumference of the chamber. The peak-to-peak
oscillatory pressure amplitude is assumed to be 20% of the
mean chamber pressure. Also, since the most damaging and
likely oscillations are the low-order tangential modes, the
chamber instability is assumed to be a spinning, IT oscillation
(unless otherwise stated).

As the first step in evaluating the impact of an acoustic
absorber on the standard chamber's stability, its intrinsic sta-
bility in the absence of stabilization devices is examined. For
neutrally stable oscillations in the ITmode the minimum value
of n required is predicted to be 0.915. The associated r value
is 1.675 (nondimensional). According to the sensitive time
lag model, n and r depend only upon the combustion process
(injector, propellant combination, etc.). Thus, any propel-
lant-injector combination supplying n = 0.915, r = 1.675
would be predicted to support neutrally stable 1T oscillations
in the standard combustor. Because it is desirable to have a
large stability margin, an absorber should be included on this
chamber to ensure stable operation (damping of the 1T os-
cillation, A > 0). Since these n, T values represent the pro-
pellant-injector combination, they are unaffected by the ad-
dition of absorption devices. Thus, by adding an absorber to
the standard chamber with n and r fixed at 0.915 and 1.675,
respectively, and determining its IT stability using FDORC,
the relative effectiveness of different absorbers can be ascer-
tained by comparing their decay rates A. Note that selection
of these n, r values is arbitrary and has been made for con-
venience in comparing the stability enhancement provided by
different absorber designs. If, for instance, the propellant-
injector combination of a combustion chamber were described
by n, T values which drove an intrinsically unstable IT oscil-
lation, all of the following results and conclusions would still
apply. Indeed, the FDORC code was created so that a de-
signer can take an intrinsically unstable chamber configura-
tion and design an absorber which will cause stable operation.

The "open area" of an absorber is an additional parameter
which is useful in comparing acoustic resonators. It is defined
as the ratio of the entrance area to the absorber (chamber
circumference multiplied by aperture width) to the area of
the injector plate. For example, if an absorber is said to have
a 10% open area, then this ratio equals 0.1. To compare fairly
two different resonators, they should each have the same open
area.

2. In Situ Acoustic Absorber Design
The primary motivation in developing our stability codes

has been to include the interactions of combustion, mean flow,
absorbers, and the nozzle in order to assess accurately the
intrinsic chamber stability. It is possible to use this model to
design the best performing absorber (providing the maximum
decay of an incident pressure wave), while considering the
absorber's interaction with the other chamber mechanisms.
This "in situ" design process in conducted as follows. First,
a general absorber geometry is decided upon which is- con-
sistent with the rocket engine configuration. Next, the reso-
nator is tuned classically (X = 0) using the open-loop model
and the acoustic frequency. This tuned absorber is then added
to the chamber and the FDORC code is used to predict the
complex oscillatory frequency, and thus the decay/growth rate
of a particular mode of oscillation. Finally, by repeatedly
varying an absorber dimension within FDORC (i.e., aperture

length, backing cavity length or width) and calculating the
associated damp rate, a design curve is traced out (damp rate
vs absorber dimension). The optimal design is found at the
peak of the curve. The following example will demonstrate
the application of this technique.

Consider the standard chamber configuration defined ear-
lier (L = 2.5, ZJL = 1.0, y = 1.2, M^ = 0.2, n = 0.915,
T = 1.675, f$N = 0 + /O). Classically tuning a 10% open area
quarterwave tube to the frequency of a neutrally stable os-
cillation (ITmode) gives the following dimensions: la = 0.8484,
wa = 0.05 (assuming the gas temperature to be uniform and
equal to the main chamber temperature). The decay rate of
an oscillation will be given here as the percent decay per cycle
of the chamber oscillation. Adding this cavity to the chamber
(radially at the injector plate) will provide a predicted decay
rate for their traveling wave of 14.4% per cycle (A = 0.0442).
Recall that without the cavity the decay rate is zero. By vary-
ing the quarterwave-tube length la, and repeating the decay
calculation, the design curve displayed as curve 1 in Fig. 4 is
created. The asterisk on this curve denotes the decay rate of
the oscillation using the tuned cavity. As shown, however, a
maximum damp rate of nearly 40% per cycle (A = 0.150) can
be attained by employing a quarterwave tube of length /„ =
0.745. Even though the tuned absorber is at resonance and
in phase with the chamber oscillation, the damp rate can be
dramatically increased by using a shorter, untuned cavity. It
is important to realize that this optimal absorber length is not
the classical tuning length corresponding to the altered cham-
ber frequency. The reactance of the optimal absorber in which
maximum damping occurs is significantly different from zero.
This behavior can be traced primarily to spatial pressure
waveform modification caused by the strong interaction be-
tween the chamber mechanisms (combustion, absorber, and
mean flow). Clearly, for this absorber, it is necessary to con-
duct an in situ analysis in order to determine optimal absorber
geometry. An open-loop tuning approach is not adequate.

Curve 2 in Fig. 4 is an in situ design curve for a 4% open
area quarterwave tube included on the standard chamber. The
behavior is similar to the 10% open area results of curve 1,
but with a reduced impact on stabilization. At the tuning
length (la = 0.8513), the decay rate is 13.7% per cycle. By
shortening la to 0.820, the damp rate is increased only slightly
to 14.3%. Since the absorber open area is small, its influence
on the pressure waveform is small, and only a modest increase
in the decay rate is realized by performing an in situ analysis.
The important conclusion to be drawn here is that for small
open area absorbers, the usual method of designing resonators
(by tuning) is adequate. However, for large open area ab-
sorbers (>5%), it is necessary to conduct an in situ analysis
to obtain the optimal cavity design. Note also that if the large
open area absorber is not designed in situ, then the damping
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it produces is only a meager one-half percent higher than for
the small open area absorber.

To gain insight into how the interactions of the chamber
mechanisms enable a detuned cavity to provide the maximum
damping, it is helpful to examine the governing integral equa-
tion, Eq. (6). Damping provided by the absorber is accounted
for in the absorber surface integral, and is approximately
proportional to PpL real where P is the average of the space
dependent part of the oscillatory pressure (P' = Peia)t) at the
absorber-chamber interface and (3L real is the real part of the
absorber admittance (recall V </>•/* = J3P).. When an absorber
is tuned, its fiL rea, is at a maximum. Classically, this means
the absorber is dissipating acoustic energy with peak effec-
tiveness, and therefore should provide the maximum damp-
ing. Fig. 5 shows pL real for the 10% open area quarterwave
tube plotted against cavity length divided by the optimal cavity
length as determined by the in situ analysis. The peak of this
curve corresponds to the tuned quarterwave tube length and
shows j8L,rea, — 7.0. For the optimally designed quarterwave
tube which provides the maximum damping, however, fiL real
— 2.0. However, since the damping goes as Pf$L real, the damp
rates can be influenced significantly by different oscillatory
pressure wave shapes and therefore different average pres-
sures at the absorber. The axial pressure wave shapes along
the chamber wall (r = 1.0, 6 = 0 deg) for the tuned and
optimal absorber-chamber configurations are shown in Fig.
6. Since the pressure amplitude is arbitrary in this linear anal-
ysis, the curves in this figure are plotted by setting the pressure
amplitude at the injector equal to 0.1 (nondimensional), and
then calculating the pressure amplitude at all downstream
locations relative to the amplitude at the injector. Curve 1
shows the pressure wave shape for the tuned absorber con-
figuration. The influence of the tuned cavity is to drive down
the oscillatory pressure amplitude at the absorber relative to
the rest of the chamber. For the optimally designed absorber
of curve 2, the effect on the chamber wave form is opposite;
the oscillatory pressure amplitude at the absorber is large
relative to the rest of the chamber.
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Fig. 5 Relationship between the real part of absorber admittance and
optimal quarterwave tube length (10% open area).
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To compare justly how this waveform modification affects
stability between the two different chamber-absorber config-
urations, it is necessary to examine the ratio of the absorber
surface integral to the combustion—mean flow volume in-
tegral for each configuration. Since the nozzle on these cham-
bers has no effect on stability (/3N = 0), the combustion, mean
flow, and absorber are the only actors influencing the growth
or decay of an oscillation. For the chamber with the optimally
designed absorber, the ratio of the absorber surface integral
to the combustion—mean flow volume integral is always larger
than for the chamber with the tuned absorber. Physically, this
implies in the chamber—tuned absorber configuration that
though the cavity damping is high, the oscillatory pressure
waveform is modified such that a relatively large amount of
combustion driving still occurs. Antithetically, the chamber—
optimal absorber configuration alters the wave shape such
that a relatively smaller amount of combustion driving occurs,
allowing the damping provided by the detuned absorber to
dominate. Therefore, due to the complex interaction between
the chamber and resonator, it is possible for an optimally
designed, detuned absorber to provide the maximum possible
oscillatory decay rate.

As alluded to earlier, the oscillatory decay rate of a small
open area absorber can be increased only slightly by detuning
the absorber according to an in situ analysis. It was therefore
concluded that the absorber had only a small impact on the
pressure waveform. This is displayed graphically in Fig. 7.
Curve 1 shows the pressure waveform using the tuned 4%
open area quarterwave tube, while curve 2 shows the wave
shape employing the optimal resonator. As shown, the pres-
sure amplitudes do not significantly vary throughout the
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Fig. 7 IT axial pressure profile of the main chamber with a 4% open
area quarterwave tube (r = 1.0, 0 = 0.0).
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chamber, nor do the shapes of the two curves differ drastically
as in Fig. 8. This result reinforces the conclusion that an in
situ analysis offers the greatest possibility for absorber design
improvement in the case of large open area absorbers.

3. Geometrical Effects on Cavity Performance
Unlike the quarterwave tube, which for a given open area

can be tuned only by varying its length, unconventional cav-
ities such as the T-shape and L-shape offer three variable
dimensions: /fl, Lc, and Wc. Thus, when optimally designing
an absorber via the in situ analysis, any of these three di-
mensions can be varied. Figure 8 shows the in situ design
curves for the large-backing-cavity T-shaped absorber at-
tached to the standard chamber configuration. Curve 1 was
created by varying /„, while curves 2 and 3 were generated by
changing Lc and Wc, respectively. In each case, the maximum
decay achieved is around 31%, much greater than the tuned
absorber decay of 17.5%. Curves 2 and 3 are also slightly
thinner than curve 1. This is due to the larger volume change
imposed by a change in a backing-cavity dimension as opposed
to a change in the aperture length.

The results of the stability predictions just presented for
two-dimensional cavities confirm those found in the quarter-
wave tube stability analysis. That is, for large open area ab-
sorbers, the classical tuning geometry is not nearly optimal
due to the significant alteration of the chamber pressure wave-
form by the presence of the cavity. Therefore, to achieve
maximum damping by the absorber, an in situ analysis should
be performed. Also shown, for an unconventionally shaped
resonator which has three variable design dimensions (/a, Wc,
Lc), essentially the same maximum damp rate is found re-
gardless of which dimension is varied. In every case, the op-
timally designed absorber exhibits a decrease in volume from
the classical tuning point. Additional calculations performed
for a variety of cavity shapes, including geometries with small
backing volumes, have shown the same types of behavior as
the quarterwave tube and the T-shaped resonators.

4. Temperature Effects on Cavity Performance
The open-loop results presented earlier indicated that mean

temperature gradients in acoustic cavities significantly af-
fected their reactance. The impact of temperature variations
on the performance of acoustic cavities measured in terms of
overall decay rate produced has been assessed using the sta-
bility model. In the first series of calculations to be presented,
the effect of temperature gradients on in situ design curves
was evaluated.

Results of these calculations are shown in Fig. 9. Curve 1
in this figure is the design curve for a large-backing-volume
T-shaped absorber. The curve presents the same results as
curve 1 of Fig. 8 (uniform mean temperature), except that in
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Fig. 9 Temperature effect on in situ design curves for a large-back-
ing-cavity T-shaped absorber.

Fig. 9 the decay rate is plotted vs la divided by the aperture
length for acoustic tuning. As displayed on curve 1, a maxi-
mum damp rate of slightly more than 30% is obtained by
reducing the aperture length to less than 40% of its tuned
size. Assuming a linear decrease in absorber gas temperature
down to half of the mean chamber gas temperature, the ab-
sorber's tuned backing cavity length was found using the open-
loop model to be 21% shorter than with no temperature var-
iation (all other resonator dimensions being the same as for
no temperature variation). The result of performing an in situ
analysis of this variable temperature cavity by changing the
aperture length is shown as curve 2 of this figure. An increase
in damping per cycle from 16.5 to 31% is realized by decreas-
ing la by about 50%. For a large variation in absorber tem-
perature down to 20% of the mean chamber temperature, the
tuned backing cavity length is 25% shorter than with no tem-
perature variation. Curve 3 displays the in situ design curve
for this absorber-chamber configuration by once again varying
la. The maximum decay rate of 32% per cycle is produced
when the aperture length is reduced by just over 40%. Com-
paring the three curves, it is evident that as the absorber gas
temperature decreases, the design curves become steeper with
a slightly higher peak. The increased steepness is due to the
fact that the absorber reactance varies more rapidly with geo-
metrical changes for larger cavity gas temperature gradients.
Consequently, the change in length between the tuned cavity
and the optimal cavity becomes smaller as the reduction in
absorber gas temperature increases. Since the geometry of a
resonator designed optimally at a relatively lower temperature
is closer to its tuned geometry than an optimal cavity designed
at a relatively higher temperature, it is able to provide a
slightly higher decay rate (/3L real increases by a small amount).
These results indicate clearly that it is important to include
temperature variation when designing a large-backing-cavity
acoustic absorber for optimal stabilizing impact.

In practice, it is difficult to distinguish accurately the shape
of an absorber's gas temperature variation. A designer, there-
fore, would be interested in knowing how a given absorber
will perform under off-design temperature conditions. As will
be demonstrated, optimally designed cavities (designed using
the in situ technique) perform well over a wide temperature
range, much better than their corresponding tuned cavities
(designed using the open-loop technique). Additionally, large-
backing-cavity absorbers will be shown to operate more ef-
fectively at off-design temperatures than small-backing-cavity
absorbers. To investigate the off-design behavior, the large-
backing-cavity T-shaped absorbers optimally designed to the
ITmode on the standard chamber (see Fig. 9) were evaluated
using FDORC while varying the absorber temperature pro-
file.

The optimally designed 10% open area large-backing-cavity
T-shaped absorber with no temperature variation was found
to provide a IT damp rate of 30% per cycle. Recall that the
slope of a linear temperature gradient is characterized by 8:
f(x) = T(x = 0)[1 + 8x/LA]. Thus, by varying 8 in a fixed
absorber geometry from 0 to -0.8, the damp rate can be
calculated for linear temperature drops in the cavity from zero
(uniform temperature equal to the chamber temperature; d
= 0), down to 20% of the mean chamber temperature (8 =
-0.8). The resulting decay rates can then be plotted vs 8 to
display the temperature "bandwidth" of the resonator. Car-
rying out this procedure for the uniform temperature absorber
previously described results in curve 1 of Fig. 10. As dis-
played, the maximum damping provided by this absorber oc-
curs at the design temperature condition (5 = 0), and grad-
ually decreases with the gas temperature. The curving up at
the low temperature end of the curve is explained by referring
to open-loop tuning curve 3 in Fig. 2. The important conclu-
sion is that an optimally designed cavity will perform well at
off-design temperature conditions. Curves 2 and 3 in Fig. 10
plot the temperature bandwidths of absorbers optimally de-
signed assuming temperature gradients of 8 = —0.5 and 8
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= -0.8, respectively. Again, both of these resonators per-
form well, providing a "wide" temperature bandwidth. Taken
together, the results shown in Fig. 10 indicate that regardless
of the assumption made about the temperature profile in the
T-shaped cavity, optimally designed cavities (using the in situ
method) work very well whatever the form of the actual tem-
perature gradient.

Considering the limited success in predicting tuned ab-
sorber damping in the past (i.e., absorbers designed using the
open-loop method), it is of interest to look at their perfor-
mance under off-design temperature conditions. A 10% open
area large-backing-cavity T-shaped absorber tuned consid-
ering no temperature variation will provide a IT decay rate
of about 17% per cycle. Varying the temperature in the ab-
sorber and recalculating the damp rate generates curve 1 in
Fig. 11. As displayed, the decay rate of this absorber drops
off from its tuned value as the temperature decreases. Curve
2 displays the temperature bandwidth of a similar large-back-
ing-cavity T-shape tuned with a moderate temperature gra-
dient, d = —0.5, and having an on-design damp rate of also
17% per cycle. Note that while the damp rate of this resonator
decreases for lower gas temperatures, it actually increases for
higher gas temperatures. This increase occurs because the
tuned length of the 8 = -0.5 absorber is relatively short,
and thus for higher temperatures its length becomes closer to
the optimal length (as determined by in situ calculations)
causing the damp rate to go up. As shown, if employing a
tuned absorber, the oscillatory decay provided can vary sub-
stantially depending on the gas temperature. This contrasts

with the modest dependence exhibited by optimal cavities.
Also, the decay provided will generally be much less than
provided by an optimally designed absorber.

Large-backing-cavity and small-backing-cavity absorbers of
equal open area tend to provide similar damp rates when
designed optimally. In the open-loop tuning results, however,
it was concluded that the reactance of small-backing-cavity
absorbers was more sensitive to changes in temperature than
large-backing-cavity absorbers. Thus, one might expect the
temperature bandwidth of small-backing-cavity absorbers to
be "thinner" than for large-backing-cavity absorbers (near
optimal over a smaller temperature range). This behavior is
displayed in Fig. 12. Curve 1 was generated for the 10% open
area small-backing-cavity L-shaped absorber shown in Fig. 1,
when optimally designed to the IT mode with no gas tem-
perature variation. Maximum damping is provided by the
absorber at its design temperature (8 = 0), but rapidly de-
clines as the gas temperature decreases. Curve 2 exhibits a
similar behavior for a small-backing-cavity L-shape optimally
sized assuming d = —0.5. The damping provided by this
resonator also peaks at its design temperature and quickly
decreases at off-design temperatures. Comparing the average
decay rate over the entire temperature range of the small-
backing-cavity L-shape to the large-backing-cavity T-shape,
it is evident that the large-backing-cavity T-shaped resonator
performs better at off-design temperatures. Additional cal-
culations indicate that this conclusion holds in general when
comparing large-backing-cavity and small-backing-cavity ab-
sorbers.

Several important conclusions have been drawn from these
temperature bandwidth results. Large-backing-cavity absorb-
ers designed using the in situ technique provide near optimal
damping over a very broad mean cavity temperature range.
In contrast to this, a tuned cavity designed using the open-
loop technique, regardless of its gas temperature profile, does
not maintain its damping impact at off-design temperatures.
These results suggest a method to design confidently reso-
nators that will provide near optimal damping if uncertain of
the absorber temperature profile: optimally design an ab-
sorber with a large backing cavity using the in situ technique.

5. Design Considerations at Higher Modes of Oscillation
The results previously presented addressed the effects of

temperature gradients and two-dimensional flow (unconven-
tional shapes) on acoustic absorber performance when sub-
jected to a IT traveling wave in the standard chamber con-
figuration. Several conclusions were drawn suggesting an
optimal in situ design process in order to maximize the damp-
ing provided by a given absorber. Similar results have been
obtained for other modes of oscillation (e.g., 27, 3T, I/?),
leading to the same conclusions about the interaction between
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the chamber stability mechanisms and the need for in situ
absorber design. For more details about the prediction of
cavity performance at other modes of oscillation and also at
off-design modes of oscillation, the reader is encouraged to
consult Ref. 9.

IV. Conclusions
The purpose of this study was to use a comprehensive linear

stability model to gain insight into the complex absorber-
chamber interaction found in rocket engines, and to investi-
gate the effects of two-dimensional flow and temperature
variation on acoustic absorber performance and design. The
results presented show that addition of a large open area
absorber (>5% of the injector plate area) to a chamber will
significantly alter the shape of the main chamber oscillatory
pressure wave. Due to this effect, detuned absorbers opti-
mally designed to remove a specific mode of oscillation using
an in situ analysis are found to provide the maximum damp-
ing. The optimal absorber, which exhibits a decrease in vol-
ume from the acoustically tuned absorber, provides maximum
decay rates because the chamber waveform is altered favor-
ably such that the cavity damping dominates the combustion
driving to a greater extent than is the case for an acoustically
tuned cavity. Optimally designed large open area absorbers
can provide over twice the damping of acoustically tuned
absorbers with the same open area. Additionally, large-back-
ing-cavity absorbers designed using the in situ technique main-
tain near optimal damping over a wider range of cavity gas
temperatures than small-backing-cavity absorbers. This effect
is due to the greater sensitivity of small-backing-cavity ab-
sorbers to variations in temperature and frequency, as dem-
onstrated by open-loop reactance calculations. Though best
results are achieved by optimal in situ design knowing the
exact size of the gas temperature variation, these conclusions
suggest a convenient method to design confidently an ab-
sorber that will perform well over a wide range of tempera-
tures: assume a moderate average cavity gas temperature and
conduct and optimal in situ design of a large-backing-cavity
absorber.
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