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Detailed computational simulations are used to compare the effect of backstep height on the stability
characteristics of an axisymmetric dump combustor fed by separate fuel and oxidizer streams. Companion
experiments demonstrate a dramatic increase in the amplitude of pressure oscillations for the smaller backstep due to
combustion instability. The goal of the present simulations is to ascertain whether computations can predict
combustion instability for this configuration and the degree to which they can replicate this experimental trend. Two
different oxidizer-inlet boundary conditions were used: a subsonic inlet and a choked inlet. Both predicted stronger
oscillations for the smaller backstep, although the disturbances in the uniform inlet case decayed to relatively low
levels. The oscillations in the choked-inlet case were sustained but were still somewhat smaller than in the experiment.
The simulations suggest the effect of backstep height arises because of stronger wall/vortex impingement in the
smaller-step-height combustor. The instantaneous pressure and heat release are more strongly in phase for the
smaller-step-height simulations, resulting in larger Rayleigh indices. Power spectral density results likewise show
larger peaks for the smaller step. The sensitivity to upstream conditions suggests that care should be taken in

designing both simulations and experiments.

I. Introduction

NSTABILITY often occurs in combustors when the dynamic heat

release from combustion couples with the natural acoustic modes
of the geometry. This coupling causes growth of pressure perturb-
ations that can potentially develop into large amplitude fluctuations.
Such fluctuations can introduce large thermal and mechanical
stresses in the combustor, resulting in decreased performance,
unacceptable vibrations or even engine failure. Our focus in the
present paper is on instability in high-pressure choked combustors
with nonpremixed fuel and oxidizer streams such as those employed
in rocket engines. In such applications the energy release rates are
very high and combustor volumes are often nearly acoustically
closed, such that small perturbations can grow to destructive
amplitudes very quickly. This potential for strong coupling has made
combustor design more difficult and expensive for liquid rocket
engines because of the uncertainty and extensive testing required to
verify stable combustion [1-5]. Precautionary elements such as
resonant cavities and baffles are often added to the design in an effort
to avoid instabilities.

Various levels of modeling have been employed to deal with
combustion instability. Engineering level models based upon wave
equations and transfer functions representing the boundary
conditions and unsteady heat release have proven the most popular
for predicting relative growth rates of acoustic modes [6-9]. Such
approaches allow for rapid parametric studies but have limitations in
incorporating the complexities of both physics and geometry. In
particular, such analyses must incorporate the all-important unsteady
heat release by means of a phenomenological model. Computational
fluid dynamics (CFD) procedures promise capability for more
detailed analyses in which the unsteady heat release is computed as a
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part of the solution. The most detailed (and presumably the most
desirable) level of CFD analyses is direct Navier-Stokes solutions,
but CPU requirements for direct numerical simulation for
combustion instability are far beyond the realm of practicality and
will continue to be so for the foreseeable future. Large-eddy
simulations (LES) represent the next logical subset of CFD analyses
and, while still requiring large amounts of resources in conjunc-
tion with carefully designed subgrid models, they are starting to be
applied to instability applications in some fields [10-12]. Less
computationally intensive CFD analyses can be obtained by using
the unsteady Reynolds-averaged Navier—Stokes (RANS) equations
for modeling turbulence, but here more of the unsteady heat release
must be modeled. Other modeling approaches that lie between the
CFD and engineering level models also exist in which the acoustics
of the system and the dynamic heat release are taken into account in
different manners [8,9,13-18]. Nevertheless, even with the highest
levels of modeling, validation against experimental data is still
necessary to ensure that the instability of the system is accurately
characterized.

Detailed computational analyses of the instability characteristics
of solid rocket engines and ramjet combustors have been available
for anumber of years but are relatively new in gas turbine combustors
and liquid rocket engines. Combustion instability in solid rockets is
routinely modeled by RANS-based computational approaches that
are generally accepted as being predictive, although the unsteady
heat release from the burning solid must be empirically modeled
for each propellant formulation. Analyses of premixed dump
combustors representative of those used in ramjets were first reported
by Menon and Jou [11], who used a two-dimensional version of an
LES formulation. Although these early computations were forced to
use relatively coarse grids, they were able to predict disturbance
growth.

Initial applications of LES predictions in gas turbine combustors
are just being reported. Martin et al.’s [12] recent simulations focus
on the distinction between reflective and nonreflective downstream
boundary conditions and the manner in which they lead to
disturbance growth. Huang et al. [19] have reported a pioneering look
at flame dynamics in gas turbine combustors as modeled by
computational methods. Relatively early CFD simulations [17,20] of
liquid rocket engine instability focused on pertinent formulations and
global behavior, but did not predict unsteady heat release and were
limited in grid resolution. More recent analyses have used LES
methods to investigate short-duration predictions of forced
oscillations in a rectangular combustor [21]. Detailed LES and


http://dx.doi.org/10.2514/1.40385

1858

RANS analyses of the unsteady dynamics in model rocket
combustors have recently been reported by Tucker et al. [22], whose
focus was on predicting time-averaged wall heat flux measurements
rather than combustion instability.

Instability in liquid rockets is still poorly understood, with
considerable argument as to the mechanisms that lead to disturbance
growth and/or sustained oscillations. One of the most challenging
issues confronting early analyses of rocket engine combustion
instability was finding a mechanism that would drive instability [1].
Mechanistic analytical models require an appropriate lag between
the heat release and the acoustic environment to realize growth and
the first models predicted absolute stability. Chemical-reaction times
were too rapid to generate instability and mixing modeled in a time-
averaged sense failed to give an appropriate phase lag. Eventually, it
was shown that the time lag that included internal heating of liquid
droplets was sufficient to provide growth in an analytical model,
but again, the unsteady heat release had to be incorporated by
mechanistic models.

Computational simulations, in principle, provide the ability to
model at least the larger scales of unsteady mixing and the ensuing
unsteady heat release. However, there is no assurance that such
analyses will provide disturbance growth. A challenging issue with
any computational analysis is that even unstable combustors have
regions of stability (depending on parameters such as the pressure
level, oxidizer-to-fuel ratio and propellant characteristics) and some
guidelines must be available for identifying regions of stability and
instability. In the present paper, we use recent experimental measure-
ments in a model rocket combustor [13,23-25] to distinguish stable
and unstable regimes and use computational techniques to ascertain
if similar trends can be observed.

The goal of the present paper is to use detailed computational
analyses to simulate both the unsteady heat release and the resulting
combustion dynamics in a model rocket engine and to compare the
predicted trends with recently reported experimental measurements
[23-26]. A question of specific importance is whether the unsteady
heat release can be simulated in a manner that is sufficiently realistic
to allow self-sustained oscillations. This question is addressed by
adopting a formulation that tracks the large-scale mixing dynamics
directly, and subgrid-scale events and boundary-layer details are
modeled by means of an unsteady RANS model in an approach that is
philosophically analogous to detached-eddy simulation (DES) [27].
The method differs from DES analyses in that a two-dimensional
(axisymmetric) formulation is used. This appears to be the simplest
analysis that has capability for direct prediction of the unsteady heat
release. The two-dimensional formulation allows much finer grid
resolution than is practical with a three-dimensional representation
and enables much longer simulation times while still allowing
important parametric studies of the nature needed to understand
trends. The present computations have employed grids of nominally
350,000 cells (similar resolution in three dimensions would be
approximately 250 million cells) and have been run out to 100 ms,
with approximately 10 simulations being conducted. This grid
resolution, temporal duration, and number of simulations are not
practical for three-dimensional computations on current computers.

Fuel Injector
Manifold @

Highly Instrumented
Chamber Section

Oxidizer
Post

Oxidizer

Manifold @ Discretely Variable

Magnitude [kPaZ/Hz]

SMITH ET AL.

Finally, it is also useful to document the global characteristics that
can be expected from two-dimensional simulations and their utility
as a diagnostic tool. The dominance of boundary layers and wall
effects in the near-injector mixing and flame-holding regions [22]
favors DES over LES models which are more difficult to implement
in near-wall regions.

The model liquid rocket combustor experiments that are mimicked
in the present simulations introduce the oxidizer through a
cylindrical channel, with the fuel being introduced in a concentric
annulus. The configuration features a sudden expansion just down-
stream of the fuel injection location, a configuration somewhat
analogous to the ramjet configuration cited previously [11], except
that the ramjet operates in premixed mode, whereas the rocket
involves nonpremixed combustion at much higher pressures. The
experiments have shown that a 30% reduction in the backstep height
of this sudden expansion leads to over an order of magnitude increase
in oscillation amplitudes. The present analyses mimic the geometry
and flow conditions of these experiments, with a view to discerning
whether computational simulations can replicate these observed
experimental trends. To the authors’ knowledge, this represents the
first reported attempt at using CFD simulations to predict observed
instability trends in a model liquid rocket combustor.

The paper is structured in the following manner. First, a synopsis
of the experimental configuration and the resulting unsteady pressure
response is given. Next, the computational model is described briefly.
The final section presents the results of a number of cases and
compares predictions for the two chamber step heights. A special
feature of these comparisons is an assessment of different types of
upstream boundary conditions and the manner in which the upstream
disturbances they introduce impacts downstream disturbance
growth.

II. Experimental Configuration and Computational

Model Formulation
A. Experimental Configuration

The specific geometry considered is modeled after experimental
tests performed by Miller et al. [23,24] and Sisco [25] to study
longitudinal combustion instability in a choked, high-pressure
combustion chamber. In the experiments, the fuel and oxidizer were
introduced into the combustion chamber by means of a coaxial
injector configuration followed by a backstep into a dump
combustor. The oxidizer was decomposed hydrogen peroxide
(H,0,), and JP-8 was used as the fuel. A generic schematic of the
experimental configuration is given in Fig. 1 along with a close-up
view of the oxidizer and fuel manifolds in Fig. 2. The oxidizer was
injected radially into the central oxidizer post through holes near its
midpoint, and the fuel was injected tangentially with swirl through an
annulus just ahead of the combustor. Note that the far left end of the
oxidizer post was closed in an attempt to provide the most reflective
upstream condition for promoting instability. To choke the exhaust
flow and control the chamber pressure, a short converging nozzle was
placed at the end of the combustor.

Frequency [Hz]
Fig. 1 Configuration of the original 25.4 cm (10 in.) combustor experiment (left) and PSD plot showing a classically stable response (right) [24].
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Fig. 2 Close-up schematic of the experimental injector configuration [24].

The first set of experiments [23] included tests of a series of
combustor lengths ranging from 25.4-88.9 cm, with the combustor
step height unchanged. The schematic in Fig. 1 is for the 25.4 cm
chamber. The longer combustor lengths produced unstable operation
with peak-to-peak pressure oscillations greater than 25%, while the
254 cm combustor produced oscillations with peak-to-peak
amplitudes of approximately 2%. The corresponding power spectral
density (PSD) plot for the 25.4 cm combustor is shown in Fig. 1.
Whereas measurements [23] for other combustor lengths showed
magnitudes above 10° kPa?/Hz, the 25.4 cm combustor showed
peak magnitudes around only 10 kPa?/Hz The dominant unstable
frequency for the 25.4 cm combustor occurs at 1905 Hz, which
corresponds to its 1L mode. The mean pressure was around
2.38 MPa.

In an attempt to increase the coupling between acoustic pressure
oscillations and the combustion heat release, a later test was
performed [25] in which the backstep height adjacent to the injector
face was decreased from 1.095 to 0.76 cm. The combustor radius in
the initial experiments was constant at 2.25 cm throughout the entire
combustor length, corresponding to an area of 0.159 cm?. In the
latter test, as shown in Fig. 3, the radius near the combustor face was
at a smaller value of 1.905 cm and then was linearly increased near
the midpoint of the combustor until it reached the previous value
of 2.25 cm. This enabled the same nozzle to be used for both
experiments. The 1.905 cm radius section of the combustor
corresponds to an area of 0.114 cm?. The reason for reducing the
chamber step height was to enable vortices from the injector to
impinge on the wall at a time when they amplified flame disturbances
more strongly:, i.e., during a local compression. The experimental
configuration and the resulting power spectral density of the
measured pressure fluctuations for this modified combustor are
shown in Fig. 3.

As demonstrated by PSD results on the right side of Fig. 3, the
decrease in combustor step height resulted in much stronger
oscillations with peak-to-peak pressure amplitudes increasing from
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2% to 30-50%. The dominant mode now occurs at 2045 Hz. For this
smaller-step-height chamber, the peak power magnitude is larger
than 103 kPa?/Hz, more than two orders of magnitude greater than
the larger-step-height value (compare with Fig. 1). Reducing the step
height near the injector face by 30% caused the peak-to-peak
pressure oscillations to increase by an order of magnitude. This
dramatic change was attributed to increased coupling between the
dynamic pressure and the heat release caused by a change in the time
required for the unsteady vortices to impinge on the closer wall in the
smaller-step-height chamber [25,28]. Analyses of these two 25.4-
cm-long combustors with different step heights are explored in the
computational simulations that follow in an attempt to investigate
whether CFD models can predict similar behavior and if CFD results
agree with the experimentally observed trends.

B. Computational Model

The computations are conducted with an in-house unstructured
grid code known as the General Equation and Mesh Solver (GEMS)
code [29,30]. The GEMS code solves the Navier-Stokes equations
in conjunction with the continuity and energy equations, pertinent
species equations, and a turbulence model described below. The
numerical procedure uses a second-order approximate Riemann
solver to evaluate the spatial fluxes at cell faces. Second-order
temporal accuracy is achieved by means of an implicit dual-time
procedure that eliminates factorization errors. The computation of
high Reynolds number, high Damkohler number, two-phase reacting
flows of the present type represents a challenging computational
problem. Because of these challenges, a number of approximations
have been made, as outlined below.

The combustion process is incorporated by means of a four-
species, single-step, finite rate global reaction for C,,H,; and O, that
is given as

4C,,H,; + 710, = 46H,0 + 48CO, (1)

Magnitude [kPa’/Hz]

2000 4000 6000
Frequency [Hz]

Fig. 3 Configuration of the modified 25.4 cm (10 in.) combustor experiment (left) and PSD plot showing a highly unstable response (right) [25].
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This global expression replaces the highly complicated reaction of
JP-8 fuel. To further simplify the analysis, the fuel was modeled as a
vapor represented by the perfect gas law, thereby avoiding the need
for atomization and vaporization models. The thermodynamic
properties of both fuel and oxidizer and the equilibrium conditions
for the reaction were obtained from the CEA computer code.? These
conditions were then input into the global reaction model to
approximate the proper combustion temperature and molecular
weight.

The mixing and combustion dynamics were simulated by a DES-
like model in two dimensions that computes the large scales directly,
and the smaller scales were treated by a RANS model. The
underlying formulation for the small scales is the two equation k-
turbulence model [31]. In boundary-layer and near-wall regions the
k- model is used in unmodified form, while in regions where large
scales can exist, the dissipation term in the turbulence model is
diminished according to the ratio between the length scale obtained
from the k-w model and the local grid size [27,32]. The specific form
of the modified dissipation term is

3/2
D, = % @

where £ is the turbulence kinetic energy and [is the DES length scale.
The DES length scale is defined as

I= min(/-,,, Cpgsd) 3

where § is interpreted as the maximum grid spacing in any direction,
i.e., 6 = max(Ax, Ay, Az), and [, is the turbulence length scale in
the k- turbulence model. Cpg is the constant coefficient in the DES
model. All species are solved directly and the turbulent species
transport is modeled by the classical gradient assumption with a
constant turbulent Schmidt number for all species. Laminar reaction
is used, assuming the reaction rate plays a minor role in the high
Damkohler number flows in the present work. The computational
grid was resolved to y+ = 1 at all walls such that no extra treatment
of nonslip boundaries is necessary. All walls are assumed to be
adiabatic.

The two-dimensional representation provides a first approxima-
tion to the dynamics of the large-scale fluctuations and helps to
identify key phenomena at reasonable computational cost. Because it
is two-dimensional, however, it omits vortex-stretching effects.
There are several reasons for restricting the analysis to two
dimensions. First, the Reynolds numbers of interest are high, with
step-height Reynolds numbers on the order of 100,000. Wall
boundary layers and near-wall effects are expected to play an
important role in the analysis. Second, the recirculation regions
created by the backstep height plus the long combustor length
suggest that long simulation times will be required. Third, there
appear to be no previous attempts at predicting self-sustained
oscillations in a nonpremixed combustor of this type and there is
some uncertainty as to whether or not such oscillations will be
observed. Consequently, multiple computations are required to
identify pertinent parameters as noted below. The two-dimensional
formulation, therefore, helps to reduce computational costs and to
increase the probability of success while enabling grid resolutions
that cannot easily be duplicated in three dimensions. The grid sizes
used for the present computations are 340,000 cells, and the
corresponding simulation times have been computed for a duration
of 100 ms. All calculations were run in parallel on a commodity
cluster using nominally 50 to 100 processors.

Some additional approximations were also incorporated in the
simulations with regard to the manner in which the reactants were
injected into the chamber. In the experimental configuration, the
oxidizer was injected radially through four holes spaced around the
periphery of the oxidizer post at an axial location approximately
midway along the post as shown in Fig. 2. A closed end was placed at
the upstream end of the oxidizer post. This individual hole pattern

IData available online at http:/www.grc.nasa.gov/WWW/CEAWeb/
[retrieved 14 September 2007].

cannot be duplicated in an axisymmetric model (and requires
considerable grid allocation in three dimensions) but introduces
an unknown level of upstream disturbances into the flowfield. To
provide an appropriate level of upstream disturbances, four different
oxidizer inflow conditions were considered, although detailed results
for only two of these oxidizer inlets are presented.

Of the two oxidizer-inlet configurations presented in detail in the
paper, the first uses axial, subsonic inflow to represent the incoming
oxidizer. The subsonic inflow results in a smooth, uniform inlet
stream that produces a minimum of upstream disturbances and
low-level excitation in the chamber. The second oxidizer-inlet
configuration is a slotted, choked orifice plate that isolates the
combustion chamber from the upstream plenum. The flow
downstream of the choked slots first expands supersonically before
shocking to subsonic velocities to fill the full volume of the oxidizer
post. The resulting shock pattern is highly unsteady and produces a
series of disturbances that propagate into the combustor and increase
the amplitude of oscillations to levels near those observed in the
experiments. In the third inflow specification, the individual radial
holes in the experiment were replaced by injection through an
equivalent slot at the appropriate axial location in the oxidizer post.
While this inlet allows the hard-wall upstream boundary condition to
be included, the radial slot is a very poor representation of individual
hole injection, and results for this boundary condition are not
presented. The fourth inflow condition involved a choked plug
nozzle, with the oxidizer entering through the annulus between the
plug and the oxidizer-post wall. This injection condition again
allowed the oxidizer to enter in supersonic fashion, followed by a
normal shock train to subsonic conditions, and was used to
understand mechanisms acting in the slotted inlet. This configuration
resulted in the strongest upstream fluctuations, with oscillation
amplitudes larger than those in the experiments.

These approximations allow a focus on identifying how well
detailed computational models replicate observed experimental
instabilities while also providing further insight into the measure-
ments. As seen below, the predicted stability simulations provide
proper qualitative trends and identify a number of key sensitivities in
the modeling that are useful for additional studies. These results are
also helpful in enhancing our understanding of instability
mechanisms in the experiments.

III. Results

A. Computational Geometry and Initial Conditions

The computational domains for the two combustor geometries are
compared in Fig. 4. This figure corresponds to the subsonic inlet.
Details of the choked inlet are given later. The radius of the larger-
step-height (1.095 cm) chamber in the top schematic is constant,
while the radius of the smaller-step (0.76 cm) configuration in the
bottom schematic increases from 1.905 to 2.25 cm between 12.7 and
17.8 cm downstream of the backstep. It is important to note that the
computational domain includes the full oxidizer post, the fuel inlet
passage (which is visible as the thin line just before the backstep into
the combustor), the entire chamber, and enough of the nozzle to
ensure that the flow remains choked during the anticipated pressure
fluctuations. Each domain has 340,000 grid points.
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Fig. 4 Computational domains with uniform axial inlet for the larger-
step-height combustor (top) and the smaller-step-height combustor
(bottom).
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Although our interest lies with deducing the magnitude of
stationary fluctuations inside the combustor, it is important to specify
the initial condition from which the computations were obtained. All
simulations were started from quiescent conditions inside the
chamber and injector passages. The respective injector passages
were filled with fuel and oxidizer over most of their length, and a
small portion near the chamber and the chamber itself were filled
with hot, quiescent CO,. The initial pressure inside the entire domain
was set to the experimentally measured chamber pressure. At time
zero, flow was initiated by breaking a diaphragm at the exit plane
exposing the exit plane of the nozzle to a low backpressure to choke
the flow and simultaneously initiating the specified mass flow rates of
fuel and oxidizer through their respective upstream ports. The
diaphragm at the downstream end allowed an expansion wave to
enter the chamber, initiating flow through the nozzle. The incoming
mass flow at the upstream boundaries generated weak shocks that
propagated through the respective propellant passages and into the
chamber, likewise initiating flow from the upstream end. As the fuel
and oxidizer in the inlet passages were transported into the chamber
and came into contact with each other, the hot CO, provided
sufficient energy for spontaneous ignition and combustion. This
computational ignition proved to be both reliable and smooth. The
computations were continued for a sufficiently long time that the
effects of this initial condition were removed from the flowfield, and
stationary, unsteady conditions were reached. The dynamics of this
initial transient are analogous to an initial forcing of the combustor
and are interesting in themselves. Accordingly, some results during
this initial transient are also reported. In addition a grid resolution
study makes use of this initial transient.

B. Uniform Subsonic Oxidizer Inflow

The uniform subsonic inflow condition results in a smooth
incoming flow with minimal disturbances introduced at the upstream
end, apart from acoustic reflections of pressure waves generated
inside the chamber and associated weak entropy waves. With this
inlet, most of the vorticity in the flowfield is generated at the step
between the fuel and oxidizer manifolds. Nevertheless, the long-term
stationary flowfield in the combustor contains a substantial amount
of unsteadiness.

In the current and subsequent sections, the results are presented as
follows. First the pressure fluctuations at a particular point are shown
for both the larger and smaller steps. This gives an indication of
general characteristics and trends, including any growth or decay and
the relative amplitudes of the two cases. The pressure oscillations are
then investigated further by performing PSD analysis, which gives an
indication of how much of the pressure signal coincides with
chamber acoustics. The coupling between unsteady pressure and
heat release is then compared both visually and quantitatively by
calculating the Rayleigh index. This gives an indication of whether
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the observed results correspond to combustion instability, or are
simply flow oscillations. The axial distributions of mean pressure and
mean heat release are also presented for reference.

A first insight into system operation can be gained from the global
time history of chamber pressure in Fig. 5, which shows pressure
traces for both the larger- and smaller-step-height chambers over two
time intervals. These pressure traces correspond to a location on the
combustor wall 1.27 cm downstream of the backstep, which is near a
pressure antinode of the first longitudinal mode and matches a
transducer location in the experiment. This location also corresponds
to a region where a large amount of reactants is available for
combustion and therefore a potential region of high heat release,
suggesting that it is a key location for investigating instability
phenomena. The plot on the left of Fig. 5 shows the long-term history
of the pressure fluctuations from O to 80 ms, and the one on the right
shows early time details from 2 to 16 ms.

Upon initiation, the chamber pressure in both geometries
overshoots with peak-to-peak oscillations reaching 0.7 MPa, before
settling down to levels of approximately 0.2 MPa, corresponding to
an approximate peak-to-peak fluctuation of 10% of the 2.1 MPa
mean pressure. The peak-to-peak oscillations in the larger-step-
height combustor are equal to or lower than those in the smaller-step-
height combustor. The more detailed plot on the right of Fig. 5
indicates that the disturbances in the chamber with the larger step
decay considerably more rapidly than those in the smaller-step-
height chamber (compare solutions between 5 and 10 ms), a first
indication that the step height does affect the pressure oscillations in
the simulations. Although this initial transient arises from the
numerical startup procedure, it is analogous to the decay following an
initial perturbation and the increased rate of decay in the larger-step-
height combustor is an indication of its greater stability. Again, the
plot on the left suggests that the long-term oscillations in the smaller
backstep chamber remain modestly larger at longer times, but the
disturbances are sufficiently small that a definite observation cannot
be made.

As a check on grid convergence, the number of cells for the
smaller-step-height-combustor case was halved in both directions,
resulting in a grid of 87,500 cells: approximately one-fourth of the
previous grid. The pressure fluctuations on this coarser grid are
compared with those on the original grid in Fig. 6 for times between 0
and 40 ms. The comparison shows a difference during the initial
transient but demonstrates reasonable agreement between the two
solutions at later times. Similar acoustic modes were excited in both
cases and the level of pressure fluctuations was roughly the same
suggesting that the results are reasonably independent of grid.

Returning to the fine-grid results, the PSD results are given in
Fig. 7. These provide an indication of which acoustic modes are
being excited and the magnitude of the oscillations at these
frequencies. The PSD analyses in Fig. 7 are again presented for two
different time intervals. The first interval (on the left) is taken from 2
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Fig. 5 Pressure trace from 0 to 80 ms (left) and from 2 to 16 ms (right) for the larger-step-height combustor and the smaller-step-height combustor.

Uniform subsonic inflow.
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to 12 ms which allows a maximum frequency resolution of 100 Hz.
During this early interval, the first and second longitudinal modes
(1700 and 3500 Hz) of the smaller-step-height combustor have
noticeably larger amplitudes than those of the larger-step-height
combustor, as anticipated from the pressure—time plots.

The PSD plot on the right side of Fig. 7 is taken over the interval
from 15 to 80 ms allowing a frequency resolution of 15 Hz. This
shows the first longitudinal mode occurring at about 1750 Hz. During
this time interval, there is only a small difference between the two
step-height configurations. The amplitude of the pressure fluctua-
tions observed in the experiment is clearly not captured for the sub-
sonic uniform inlet case.

A quantitative interpretation of the coupling between the unsteady
heat release and the oscillating pressure can be obtained from the
Rayleigh index, which is defined as the temporal integral of the
product of the unsteady pressure p’ and the unsteady heat release Q'
over a specified time interval, #:

A ") O -di 4

The Rayleigh index is a mathematical expression of Rayleigh’s
criterion, which states that when heat release and pressure
oscillations are in phase, the pressure will be amplified and when they
are out of phase the pressure will be damped [33,34]. The time history
of the Rayleigh index calculated over 1 ms intervals and integrated
over the entire combustor volume is plotted in Fig. 8 for the present
subsonic-inlet simulation. Although there are strong fluctuations at
the outset of the calculation, the Rayleigh indices of both step-height
combustors decay to relatively small values at later times, in
agreement with the earlier PSD evaluations that show relatively low-
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amplitude disturbances. The smaller step appears to generate larger
Rayleigh indices, although the differences are small after the first
10 ms. During the first 10 ms of the simulation, however, when
disturbances in the chamber are responding to the perturbation
caused by the initial conditions, the Rayleigh index for the smaller-
step-height combustor is decidedly larger than that for the larger step,
indicating higher coupling in the smaller-step combustor.

The axial distribution of the pressure and heat release integrated
across the cross section of the combustor and time-averaged between
15 and 80 ms is presented in Fig. 9 for both step-height chambers.
The zero location corresponds to the location of the step and the
25.4 cm location corresponds to the entrance to the nozzle. The
chamber pressures for the two cases are nearly identical and are about
12% lower than the experimental values. The mean heat release for
the smaller-step-height combustor is slightly larger than for the
larger-step-height combustor, again indicating stronger coupling
with the smaller step, but overall they are quite similar. Also note that
heat release occurs throughout the entire length of the combustor and
into the nozzle.

C. Choked Upstream Boundary-Condition Simulations

The upstream boundary condition used in the simulations of the
previous section results in nearly uniform subsonic flow near the inlet
(the Mach number is approximately 0.3) that gives rise to relatively
low disturbances and small chamber oscillations. This boundary
condition failed to reproduce the substantial disturbances generated
by the multiple radial jet injection used in the experiments. A further
difficulty with any subsonic inlet is that accurate simulations require
modeling the complete inlet manifold to properly represent upstream
disturbance reflections. The radial inlets used in the experiments
were also subsonic, however, and would not only require detailed
three-dimensional resolution, but would also require modeling the
inlet manifold. Finally, an assessment of the sensitivity of the CFD
predictions to the upstream boundary condition was warranted.
Accordingly, a choked upstream boundary condition was chosen to
provide a clean unsteady boundary condition for simulations while
also serving as a model for future experiments designed for CFD
validation. It was also anticipated that a choked inlet would act as a
hard boundary that would reflect upstream propagating disturbances
in a manner somewhat analogous to a solid wall and would thus be
more representative of the experiment.

The first choked upstream geometry considered was a
converging—diverging nozzle. For experimental purposes, a plug
nozzle was more attractive than a conventional nozzle, and the
configuration shown in Fig. 10 was analyzed. The computational
domain extended from upstream of the first choked throat (where the
mass flow rate and a uniform stagnation temperature were specified
as boundary conditions) through a second choked nozzle down-
stream of the combustion chamber. As the results in Fig. 10 show, the
flow downstream of the choked plug nozzle is highly nonuniform,
with large axial and radial variations that were strongly unsteady in
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3000 4000 5000 6000
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Fig. 7 PSD plots from 2 to 12 ms (left) and from 15 to 80 ms (right) for the larger-step-height combustor (dashed line) and the smaller-step-height

combustor (solid line). Uniform subsonic inflow.
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character. Instead of simply acting as a choked throat when the Mach
number was unity, the flow in the divergent section initially expanded
to supersonic speeds before shocking to subsonic speeds to give the
appropriate entropy to allow simultaneous choking at the second
chamber nozzle downstream. The shock/boundary-layer interaction
accompanying this process resulted in unsteady shock fluctuations
and the divergent portion of the plug responded much like the isolator
in a hypersonic inlet, with a shock train that translated back and forth
in time in response to pressure fluctuations in the chamber. Although
the choked throat provides isolation from the upstream plenum, the
unsteady flow and entropy generation in the mixed supersonic/
subsonic flow downstream of the slots creates a complex, but readily
simulated, acoustic boundary condition at the upstream end. This is
in contrast to the general expectation that choked boundaries provide
very simple upstream boundary conditions. The pressure fluctuations
generated by the choked plug nozzle resulted in larger chamber
oscillations than seen in the experiment, giving clear proof that the
upstream boundary configuration plays an important role in
instability simulations.

The slotted choked orifice plate was chosen as a compromise
between the strong instabilities generated by the choked C-D nozzle
and the very benign (and poorly defined) upstream conditions
observed in the subsonic inlet. The geometrical configuration of the
slotted orifice plate is shown in Fig. 11 in conjunction with the
instantaneous Mach number and static pressure contours. To reduce
the level of fluctuations, four slots were used in the orifice plate to
decrease the length scale of the now expected fluctuations from the
unsteady shock patterns. The resulting decrease is clearly seen by
comparing Figs. 10 and 11. The plug-nozzle simulations clearly
demonstrate the necessity of starting upstream of the choke location.
A simple Mach 1 upstream boundary specification cannot be used.
Accordingly, the mass flow and stagnation temperature were again
specified upstream of the orifice plate. As Fig. 11 shows, the subsonic
stream was introduced radially. The sonic region, however, isolates
the inlet from downstream disturbances so the actual geometry used
in the upstream region is immaterial.
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(bottom) showing radial injection with the choked slot inlet.

The choked, slotted inlet simulations have been run for a total time
of 100 ms. The present discussion focuses on the final 30 ms of the
simulations after stationary conditions have been established.
pressure—time fluctuations between 70 and 100 ms are shown in the
left plot of Fig. 12 for both step-height chambers, and fluctuations
over the interval from 90 to 95 ms are given in the plot on the right.
For clarity, the short-term trace on the right shows results for only the
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Fig. 9 Mean pressure distribution (left) and mean heat-release distribution (right) between 15 and 80 ms for both combustors. Uniform subsonic inlet.
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Fig. 12
step configuration. Slotted inlet simulation.

smaller step height. The location of the pressure probe is again
1.27 cm downstream of the step. Comparison with Fig. 5 shows that
the choked-inlet results have substantially higher pressure fluctua-
tions. It is also clear from Fig. 12 that the fluctuations produced by
the smaller step height are noticeably larger than with the larger step
height when the slot inlet is used. The pressure trace for the smaller-
step-height case (right side of Fig. 12) shows steep-fronted waves at
the first longitudinal mode frequency.

PSD plots for the choked-inlet simulations are presented in
Fig. 13. The PSD in the left plot is based on results between 70 and
100 ms (which enables a maximum frequency resolution of 33 Hz),
and the plot on the right corresponds to the interval between 90 and
100 ms (which allows 100 Hz resolution). Note that the scale in both
plots is two orders of magnitude greater than that in Fig. 7 and the
peak magnitudes are correspondingly higher. In agreement with
the pressure plots, the magnitude of the fluctuations produced by the
smaller step is generally higher than that from the larger step. This is
especially true for the first longitudinal mode (between 1733 and
1800 Hz, depending on the resolution), in which the power
magnitude peak is almost a factor of 10 higher.

The PSD plot on the right for the shorter interval shows that the
second longitudinal mode (the first higher harmonic, 3500 Hz) is also
noticeably higher for the smaller step height than for the larger step
height. These observations are consistent with the trends of the
experimental PSD plots (Fig. 3), in which the smaller-step combustor
showed higher power magnitudes than the larger-step combustor. For
both the smaller- and larger-step combustors, the highest peaks tend
to occur around the acoustic frequencies. This verifies that the
pressure fluctuations are predominately acoustic in nature and not
just noise generated by disturbances from the oxidizer post.
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Global pressure time trace between 70 and 100 ms for both combustors (left) and local fluctuations between 90 and 95 ms (right) for the smaller-

Further understanding can be gained by analyzing the coupling
between heat release and pressure oscillations. For this purpose the
heat release and pressure have been integrated over the segment of
the combustor from 1.27 to 2.54 cm downstream of the step as a
function of time. These time histories are plotted in Fig. 14 for both
chambers, with the results for the larger step on the left and the
smaller step on the right. The darker lines in both plots represent the
unsteady heat release, and the lighter lines represent the unsteady
pressure in this volume. The pressure and heat-release values have
been normalized so that they could be plotted on a common scale.

The heat release and pressure fluctuations in the smaller-step-
height combustor are mostly in phase with the peaks in heat release
largely coinciding with the peaks in pressure. For the larger step, the
heat-release peaks are more broadly distributed over time and the
pressure peaks are less steep-fronted. There still appears to be
correspondence, but it is considerably less pronounced than for the
smaller step height, again suggesting that the heat-release/pressure
coupling is stronger for the smaller-step-height combustor.

A plot of the Rayleigh index as a function of axial location,
calculated over the interval from 93 to 94 ms, is shown in Fig. 15,
with the solid line representing the smaller-step-height combustor
and the dashed line representing the larger-step-height combustor.
The 1 ms integration time in Fig. 15 corresponds to approximately 1 %
of a cycle of the first longitudinal mode (compare with Fig. 14). The
plot shows a much higher Rayleigh index for the smaller-step
combustor than for the larger-step combustor between O (the step
location) and 100 cm downstream. Note that the oscillating pressure
is high in this region due to the pressure antinode. In addition, there is
alarge concentration of unburned reactants available for combustion
in this region. This allows for potentially large unsteady pressure/
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Fig. 13 PSD plots from 70 to 100 ms (left) and from 90 to 100 ms (right) for the larger-step-height (dashed line) and the smaller-step-height (solid line)

chambers. Slotted inlet.
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Fig. 14 Plots of heat release and pressure from 0.090-0.095 s for the larger-step-height combustor (left) and the smaller-step-height combustor (right).

Slotted inlet.

heat-release coupling. The peak Rayleigh index for the smaller-step-
height combustor occurs at 0.032 m.

The time history of the axially integrated Rayleigh index for the
choked inlet is shown in Fig. 16 for the time interval between 70 and
100 ms. The Rayleigh index for the smaller-step-height combustor is
consistently higher than that for the larger step height, again
indicating larger pressure/heat-release coupling for the smaller step
height. Since the PSD plots in Fig. 13 demonstrated the acoustic
nature of the pressure oscillations, the difference in pressure
oscillations between the two step-height cases is likely due to this
difference in coupling. Thus, the pressure time traces, the PSD plots,
and the Rayleigh index all indicate a higher level of combustion
instability for the smaller step height than for the larger step height, in
agreement with the trends of the experiment. The oscillations clearly
appear to be self-sustaining as this difference has been maintained
over 30 ms, corresponding to more than 50 cycles of the first
longitudinal mode. The choked-inlet results, therefore, indicate that
the unsteady heat release can be sufficiently well simulated to
represent combustion instability behavior in CFD calculations.

Comparison of the choked-inlet results with the subsonic-inlet
results in Fig. 8 shows the integrated Rayleigh index is substantially
larger for the choked inlet than for the subsonic inlet (note that the
scales are different in Figs. 8 and 16). For the smaller backstep, the
peak amplitudes in the choked-inlet case exceed 20 x 10, while for
the later 60 ms of the subsonic-inlet case, the peaks are below
2 x 10°, more than a factor of 10 lower. For the larger backstep, the
peaks for the choked inlet reach to about 5 x 10°, and for the
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Fig. 15 Rayleigh index time-averaged over the interval from 93 to
94 ms. Larger-step-height (dashed line) and smaller-step-height (solid

line) combustors. Slotted inlet.

subsonic inlet they are approximately 1 x 10°. This suggests that
after the initial transient, the choked inlet is more unstable than the
subsonic-inlet case and that the choked inlet amplifies the effect of
the smaller backstep height on the interactions. The reasons for the
difference are because of the more reflective upstream boundary
condition with the choked inlet as well as the higher level of
excitation. The difference in stability characteristics between the
subsonic and choked inlets highlights the importance of boundary
conditions and upstream disturbances both when modeling
combustion instability and when designing laboratory experiments.

As afinal look at the flow characteristics in the choked nozzle case,
we compare in Fig. 17 the mean pressure and the mean heat-release
distributions between the downstream side of the slotted orifice plate
and the nozzle throat for the two different step heights. As for the
subsonic inlet (Fig. 9) the mean pressures in the two chambers are
very similar, with values around 2.2 MPa at the midpoint of the
combustion chamber. This is about 5% higher than for the subsonic-
inlet cases and about 7% lower than the experimental value. Note that
the mean pressure increases as the flow moves through the oxidizer
post, corresponding to deceleration of the flow.

The time-averaged heat release for the larger- and smaller-step-
height cases is also quite similar, except that the smaller-step-height
case shows a slightly higher peak heat release. The peak in the time-
averaged heat release for the choked inlet is approximately 7% larger
than for the subsonic-inlet case (again note that the scales are
different in Figs. 9 and 17), indicating a more distributed heat release
in the subsonic-inlet case. The stronger upstream disturbances in the
choked-inlet case appear to concentrate the heat release closer to the
backstep, in which it couples more strongly with the pressure
oscillations, leading to stronger amplification. Also note that some
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Fig. 16 Axially integrated Rayleigh index for the choked slot inlet for
the larger-step-height and smaller-step-height combustors. Slotted inlet.
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Fig. 17 Time-averaged pressure (left) and heat-release (right) distributions for both combustors. Choked inlet.

combustion occurs inside the oxidizer post upstream of the
combustor for the choked-inlet case. This difference in mean heat
release is attributed to the larger amount of upstream vorticity for the
choked slot case, which causes enhanced mixing and the higher peak
in the heat release.

D. Instantaneous Flowfield Patterns

The simulations have shown, in agreement with experiment, that
the smaller-step-height combustor exhibits stronger pressure
fluctuations than does the larger one. The instantaneous heat release
and pressure traces are more nearly in phase and the Rayleigh index is
larger for the smaller step, indicating that the stronger fluctuations
arise from coupling between the combustion and chamber acoustics.
Further insight into the causes of these differences can be obtained
from the instantaneous flowfields. Because the stronger instabilities
generated by the choked inlet cause the flow patterns to be more
complicated, we start with results from the subsonic inlet for which
the more uniform inflow allows vortex shedding from the step and
eventual wall impingement to be visualized more easily.

Four consecutive snapshots, each 0.1 ms apart, of the instant-
aneous oxidizer mass-fraction contours in the vicinity of the backstep
are presented in Fig. 18 for the larger-step-height chamber and
Fig. 19 for the smaller step. Instantaneous streamline contours are
shown at one time instant to provide further insight into the flow
dynamics. The field of view starts upstream of the backstep and
extends over the upstream half of the combustor.

The topmost plot in each figure shows a large vortex of high
oxidizer concentration forming near the backstep. The three
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Fig. 18 Oxidizer mass-fraction plots for the larger-step-height
combustor from 5.8-6.1 ms (only part of oxidizer passage and half of
combustor shown). Subsonic inlet. Streamlines are shown in the last plot.

succeeding plots show the fate of this vortex as it moves downstream,
mixes with fuel, reacts and releases heat. Note that near the step the
vortices behind both steps appear very similar, although their ensuing
trajectories are quite different. By the time the vortex from the larger
step height (Fig. 18) approaches the wall, it has broken up
considerably. The streamline patterns in the bottom plot show three
vortices. The vortices appear to reach the wall approximately 5 cm
(4.5 step heights) downstream of the step, after which they are
convected downstream. By contrast, the vortex from the smaller-
step-height chamber (upper plot of Fig. 19) impinges much sooner,
approximately 2 cm (2.5 step heights) downstream of the step and
exhibits a stronger interaction with the wall. The smaller step height
causes the vortex to impinge on the wall earlier, and then sub-
sequently to break up. These same nominal patterns are repeated
intermittently throughout both simulations, suggesting that vortex
impingement on the wall is important in driving the larger oscilla-
tions in the chamber with the small step. Comparisons of pressure
and heat release with snapshots of the concentration distribution
taken over a 10 ms window for the smaller-step-height combustor
confirm that each heat-release spike corresponds to a vortex
impinging on the wall. A similar visual/quantitative correspondence
was not observed for the large-step combustor.

Details of the near-step flow dynamics produced by the choked
inlet are given in Fig. 20. Again, concentration distributions are
shown for four time instants, = 74.71, 74.745, 74.78, and
74.815 ms, although here only the smaller-step results are shown. As
with the subsonic inlet, these pictures provide evidence of vortex/
wall impingement and breakup in the smaller-step-height combustor.
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Fig. 19 Oxidizer mass-fraction plots for the smaller-step-height
combustor from 5.2-5.5 ms (only part of injector and half of the
combustor is shown). Subsonic inlet. Streamlines are shown in the first
plot.
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Fig. 20 Oxidizer mass-fraction plots for the smaller-step-height combustor from 4.5-4.8 ms (only part of injector and half of the combustor is shown).

Choked inlet.

As noted above, the flow patterns generated downstream of the
choked inlet are less organized than those for the subsonic inlet, but,
in general, the increased upstream excitation and larger amplitude
disturbances appears to cause the vortices to impinge closer to the
backstep than for the subsonic inlet in Fig. 19. Comparing with
Fig. 14, this vortex impingement mechanism also explains why the
peak Rayleigh index occurs a few centimeters downstream of the
step, even though the pressure antinode occurs at the step. Vortex
impingement also occurs for the larger-step-height combustor, but
the interactions are less frequent and less intense.

As a final point, the wall/vortex interaction shown above makes it
clear that the level of instability will not continue to increase as the
step height approaches zero. A zero step will produce no vortices,
while a very large step will not allow vortex/wall interactions. Thus,
an optimum step height for maximum instability likely exists. We
have not investigated this optimum, but have restricted computa-
tional configurations to the experimentally tested step heights.

IV. Conclusions

Time-accurate simulations of the mixing and combustion in a
high-pressure combustor supplied by independent fuel and oxidizer
feed streams have been conducted to investigate the potential for
using CFD to represent high-frequency combustion instability. The
formulation is based upon an approach analogous to DES that
models large-scale structures directly while still retaining capability
for integration to the wall in turbulent boundary layers. For
computational efficiency the simulations were limited to two
dimensions to enable high-resolution grids, long simulation times,
and multiple cases. Companion experiments were used to identify
stable and unstable regions and to test whether the CFD procedure
could predict pertinent trends. A major uncertainty was whether
direct simulation of large-scale structures was sufficient to generate
self-induced oscillations or whether all disturbances in the
computation would eventually decay to zero.

The focus of the paper concerns the effects of changes in the
backstep height of a dump combustor. Experiments have shown over
an order of magnitude increase in self-induced oscillation amplitudes
for a 30% change in the backstep. The simulations predict a similar
trend: the smaller backstep produces larger oscillation amplitudes
than the larger one. Simulations with a subsonic oxidizer-inlet stream
decayed to relatively low levels as compared to the experiments, but

indicated faster decay for the larger step during the initial transient.
Simulations based upon a choked-oxidizer-inlet stream produced
long-term oscillations with amplitudes similar to experimental ones
and, in addition, agreed with the experiment by showing stronger
oscillations with the smaller step.

The impact of the upstream boundary condition was shown to arise
because of the level of disturbances generated by the incoming flow.
The experimental installation generated disturbances through
multiple radial injection holes. The subsonic inlet resulted in very
low-level disturbances in the incoming oxidizer stream, while the
choked inlet led to supersonic expansion followed by transient
shock-wave/boundary-layer interactions that generated vorticity and
entropy fluctuations. The increased unsteadiness resulted in more
rapid mixing and heat release and served as a trigger for acoustic
mode amplification in the region of the backstep and indicates that
care must be exercised in defining experimental models for
instability testing as well as in setting up computational simulations
of them.

Detailed information was obtained from the simulations by
comparing Rayleigh indices, power spectral density plots, the phase
relationship of local unsteady heat release and pressure oscillations,
and instantaneous flowfield contours. The PSD analyses confirmed
the presence of acoustic modes, with significantly higher acoustic
pressure oscillations for the smaller step than for the larger one.
Rayleigh index calculations also showed significantly higher values
for the smaller-step combustor, demonstrating that the local unsteady
heat release was more strongly in phase with the unsteady pressure.
In addition, the time-averaged heat release in the vicinity of the step
was notably larger for the smaller-backstep choked-inlet case,
indicating more potential for pressure/heat-release coupling.
Visualizations of the instantaneous flowfield indicated stronger
vortex/wall interactions with the smaller backstep height.

Overall, the results indicate that the unsteady heat release
generated by the large-scale dynamics can, indeed, drive self-
sustained oscillations. The fact that these results are in agreement
with experimental trends suggests that CFD simulations represent a
very important complement to model experiments in combustion
instability studies. Clearly, the three-dimensional effects that have
been omitted here are important in any such detailed unsteady
analyses, but the present results suggest that two-dimensional results
serve as an excellent guide for the more computationally intense 3-D
simulations.
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