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ABSTRACT

Thermoacoustic instabilities are a significant operational issue for low-emissions gas
turbines in both the power and propulsion industries. Specifically, gas turbines that use lean-burn
technology in an effort to reduce NOx emissions are highly susceptible to instabilities. Within the
combustor, thermoacoustic instabilities can couple with a number of acoustic modes. Focusing
on annular combustors, common in aircraft and power generation engines, the azimuthal mode
that dominates the thermoacoustic feedback process excites the flame asymmetrically, which can
lead to unique flame response. Therefore, the goal of this research is to create asymmetric
acoustic fields to understand the acoustic field and how it’s affecting the flow and the flame.
In order to better understand these acoustic fields, Comsol models were generated to
mimic both a laboratory combustor and a simplified system in which only the combustion
chamber is considered. From this analysis, it is clear that the exit boundary condition of the
combustion chamber has a large impact on the acoustic field. It is also evident that if the system
is forced at a frequency close to one of its natural frequencies, it will experience a stronger
response. However, it has also been shown that higher modes of forcing will produce a weaker
acoustic response. Finally, the same acoustic modes were visible in both the combustion
chamber and full lab experiment at the same eigenfrequencies when acoustic forcing was applied
at lower modes. Experimental validation of the Comsol models mimicked the results from both
the simplified geometry and laboratory experimental simulations. Additional resonant
frequencies were identified through the use of white-noise excitation in the experiment.
The implications of these results are discussed and future work proposed.
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Chapter 1
Introduction
The power and propulsion industries are currently experiencing a pressing need for the
production of low-emission gas turbines due to the ever increasing stringency of emission
regulations for nitrogen oxide, carbon monoxide, and unburned hydrocarbons. The new gas
turbine models, like any other emerging technology, face their own technological challenges.
Specifically, low-emission gas turbines are subject to a phenomenon called high-amplitude,
combustor pressure oscillations (CPOs), which have been shown to damage the turbine parts [5].
In particular, engines that use lean-burn technology, where the flame temperatures are reduced
by reducing the fuel-to-air ratio, are highly susceptible to these instabilities. By reducing the
flame temperatures, the flame stability is also reduced and the heat release rate is affected.
Therefore, the system experiences CPOs at resonant frequencies. Despite the ever-growing
restrictions on air quality control and the high demand for low-emission turbines, combustor
pressure oscillations still remain an issue with no “universal fix.”
To better understand how CPOs have affected the gas turbine industry, it is important to
explore a case study. For example, CPOs have been a significant operational issue for Solar
Turbines Incorporated since they began the production of lean premixed turbines, such as their
Centaur Type H and Mars engines, in the mid-1980s. A sketch of an annular combustor linerfuel injector configuration, such as the one found in the Centaur and Mars engines, can be seen
below.
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Figure 1: Annular combustor liner/fuel injector configuration

In the initial testing of the engines, CPOs were experienced in magnitude ranging from
one to three psi. They caused a lot of damage to the structure of the engine. Namely, the dome’s
internal splash plates cracked and the fuel injector’s out barrel fretted all within the first thirty
minutes. The dome is the upstream face of the combustor, which experiences significant heating
during combustion, and the fuel injector is the portion of the engine that injects fuel and mixes it
with air before the flame. Upon further inspection of the pressure wave measurements of the
instabilities, it appeared the instability was mixed modal, with both axial and circumferential
parts, which made the CPOs even more difficult to properly characterize. Among the early stages
of experimentation, one method was discovered to control CPOs: operation of the pilot injector
with a small amount of the total engine fuel [5].
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It was determined that at approximately 10% of engine fuel used through the pilot
injector, CPOs remain less than one percent psi and nitrogen oxide emissions remain below the
accepted level of 42 ppmv. While this was a decent strategy to control CPOs, there was still a
tradeoff: nitrogen oxide emissions did increase, which isn’t aligned with governmental plans to
have emissions below 25 ppmv.
Further testing revealed other methods to reduce the amplitude and occurrence of
combustor pressure oscillations. Injector exit velocity, overall fuel-air mixed-ness, and fuel
transport time from injection location to the flame were all shown to affect CPOs [5]. Tests were
completed on the Mars engine that mapped the ranges of stable/unstable operation as a function
of fuel spoke location. The variable that was used to do the mapping was τfc, where τ is the time
required to travel from the fuel injection location to the injector exit and fc is the frequency of the
CPOs. High CPOs were shown to occur at values of τfc from 0.30 to 0.48 [5]. Testing conducted
on the Centaur engine showed that a reduction of injector axial exit velocity greatly reduced the
occurrence of CPOs, while achieving nitrogen oxide levels below 25 ppmv.
Over time, combustion pressure oscillations have developed a different industry-wide
name: thermoacoustic instabilities. These instabilities, also often referred to as “combustion
instabilities,” are couplings between flame heat-release rate oscillations and resonant combustor
acoustics [6]. The coupling of these two mechanisms result in large amplitude pressure and
velocity oscillations that can have extremely detrimental consequences, causing potential
catastrophic component and/or mission failure. Combustion instabilities are the resultant of a
phenomenon called a feedback loop. In the feedback loop, changes in velocity and
thermodynamic-state variables cause a change in the heat-release rate. This in turn excites
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acoustic pressure oscillations, which cause fluctuations in the velocity and thermodynamic-state
variables, thus closing the loop [6]. The feedback loop is summarized in Figure 2.

Heat Release
Oscillations

Flow and Mixture
Perturbations

Acoustic
Oscillations

Figure 2: Thermoacoustic feedback loop

There are several coupling mechanisms that employ the concept of the feedback loop in
order to drive combustion instabilities in gas turbines. For example, in fuel feed line-acoustic
coupling, pressure drop in the un-chocked fuel nozzle causes a change in fuel injection rate,
which in turn causes oscillations in the heat-release process, thus beginning the feedback loop
[6]. As another example, in equivalence-ratio oscillations, pressure oscillation in the combustor
yields a change in the mixing process and fuel and/or air supply rates, which in turn varies the
equivalence ratio of the mixture with time. The mixture interacts with the flame and causes heatrelease oscillations, thus beginning the feedback loop once again [6].
In order to determine the conditions under which the coupling of heat-release rate
oscillations and resonant combustor acoustics occur, the Rayleigh Criterion is utilized. Below is
the equation for the Rayleigh index.
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Equation 1: The Rayleigh Index
𝑇

𝑅 = ∫ 𝑝′ (𝑡)𝑞 ′ (𝑡)𝑑𝑡
0

In the above equation, T represents the period of oscillation, p’ is the combustor pressure
oscillations, and q’ is the heat-addition oscillations. If R>0, energy is added to the acoustic field.
This means that the rate of energy addition is greater than the rate of energy damping, and
combustion instabilities will occur. If R<0, none of the components in the feedback loop are
excited and no acoustic instabilities occur. Another way to evaluate the conditions of combustion
using the Rayleigh Criterion is to look at the magnitude of the phase difference between the
pressure and heat-release operations, θpq. If 0< |θpq| ≤ 90̊, energy is locally added to the acoustic
field and combustion instabilities occur. If 90̊< |θpq| < 180̊, heat-addition oscillations damp the
acoustic field oscillations and no combustion instabilities occur.
Thermoacoustic instabilities can couple with any of the possible acoustic modes inside
the combustor, such as longitudinal, azimuthal, and mixed modes. In a longitudinal acoustic
mode, the resulting acoustic pressure propagates back and forth along the axis of the combustor
due to acoustic forcing along its length. In an azimuthal acoustic mode, the acoustic pressure
propagates as a result of acoustic forcing around the circumference of the combustor. Just as the
name suggests, in a mixed acoustic mode, different types of acoustics interact. Below are
examples of what these types of modes physically look like inside a combustion chamber.
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Longitudinal

Circumferential

Mixed

Figure 3: Longitudinal, circumferential, and mixed acoustic modes

The circumferential mode, also known as azimuthal modes, present a unique challenge to
the gas turbine industry. In annular combustor, the azimuthal mode that dominates the
thermoacoustic feedback process excites the flame asymmetrically, which can lead to a very
different response. A paper written by O’Connor, Dawson, and Worth [7], explores the effect of
azimuthal acoustic fields on flame behavior. In the experimental annular combustor, a pressure
node, which is an asymmetric forcing condition, caused acoustic velocity fluctuations. By
creating asymmetric velocity fluctuations about the centerline of the annular combustor, an
asymmetric response was also created in the flame [7]. The velocity fluctuations caused the shear
layers, and thus the flame, to flap periodically, which created an observable phase difference
between the left and right hand flame edges. The following images detail the flame response at
different times of the standing wave oscillation, which is the driving mode in this experiment.
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Figure 4: Phase-averaged edges of flame response [8]

When comparing the left and right hand sides of the flame at 0̊ and 200̊, the structure is
essentially the same, which means that the response of the two sides is in approximate anti-phase
[7]. The reason for the flame asymmetry can be attributed to the vortex rollup in the shear layers.
The vortex rollup appeared to be alternate vortices shedding from the dump place on either side
of the centerline of the flow [7]. Phase-averaged vorticity fluctuations contours were also
documented for the left and right hand flame edge response.

Figure 5: Phase-averaged vorticity fluctuations [9]
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The contours also revealed asymmetry in the flame response. It is clear from the images
that the vorticity disturbances in both the inner and outer shear layers are out-of-phase, which
makes physical sense due to the asymmetric forcing condition resulting from the pressure node.
The goal of our research is to create asymmetric acoustic fields in a controlled manner so
that we can quantify the acoustic field and understand how the acoustic field is affecting the flow
and flame. First, testing was conducted in the analysis software Comsol under different forcing
and boundary conditions to understand how each variable affects the resulting acoustic pressure.
Second, testing was conducted on a laboratory setup which was able to both longitudinally and
azimuthally force a rig containing a combustion chamber. We were able to alter the outlet
boundary condition and force the system at various frequencies to see how this affected the
recorded pressure within the combustion chamber. The results of both the Comsol and lab
experimentation are presented and analyzed in the following thesis.
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Chapter 2
Modeling Framework

Comsol Overview

Comsol Multiphysics is a useful tool that can be used to solve a variety of engineering
problems. The software provides built-in physics interfaces that allow the user to conduct various
studies, including: stationary and time-dependent studies, linear and nonlinear studies, and
eigenfrequency, modal, and frequency response studies [1].
Before a study can be performed, the user must indulge in a series of tasks that include,
but are not limited to, building the geometry, defining the material, applying boundary
conditions, and choosing an appropriate mesh.
Upon opening the Comsol interface, users are prompted with two options for building
geometry: Model Wizard or Blank Model. Because all Comsol modeling was conducted using a
combustor built in the Model Wizard mode, that will be the focus for this thesis. There are five
space dimension options for building a geometry in the Model Wizard mode: 3D, 2D
Asymmetric, 2D, 1D Asymmetric, 1D, 0D. After choosing the space dimension, the user will be
asked to choose a physics and a study that are most appropriate for his needs. The specific
physics and study platform used for analysis of the combustion chamber and swirl rig are
detailed in later sections of the thesis.
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Once the user has selected the physics and study, he will be brought to the final
workspace in which he can build geometry and apply materials, boundary conditions, and
meshes.

Building the Geometry

There are many options for building geometries within Comsol. For example, users may
choose from a selection of predefined shapes.

Figure 6: Predefined shape options offered within Comsol

After selecting the shape, the user would define parameters so that Comsol can build the
shape in the specified domain. For example, in the case of a cylinder, which is the shape that was
used to build the combustion chamber, the user would need to define a radius, height, XYZ
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origin position, primary axis, and rotation angle. Once the user is satisfied with the chosen
parameters, he can select the “Build Selected” option to produce the geometry within Comsol.

Figure 7: Needed specifications to produce cylindrical geometry

Defining the Material

To define the material of the geometry, the user must right click on the “Materials”
option in the Model Builder window and select “Add Material.” The user will then be brought to
a material library with various selections to apply to the geometry. Once the appropriate material
is located, the user must right click on it and select “Add to Component…”
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Figure 8: Selection of material

It is possible the user may need to manually input a material property that is not already
stored within Comsol. This can be done by editing the “Material Contents” window. If all
material properties are not satisfied, a red “X” will appear next to “Materials” in the Model
Builder window and the user will not be able to conduct a study.

Applying Boundary Conditions

In order to apply a boundary condition to the geometry, the user can right click on the
physics within the Model Builder and select from a number of boundary conditions previously
built into the software.
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Figure 9: Selection of boundary conditions
Comsol automatically partitions the geometry into segments (called domains). The domains make
it convenient to select only a portion of the geometry to apply a boundary condition to. For example, in
the case of a cylinder, the user can apply a boundary condition to just the top face. The user can then
check that the boundary condition is applied to the right domain by checking which domains are “active”
in the “Domain Selection” window.

Meshing

Applying a mesh can range from being quite simple to quite complex depending on the
geometry the user is working with. In the case of the cylinder, which is considered to be simple
geometry, the user can apply a mesh by expanding the arrow next to “Mesh” in the Model
Builder window and clicking on the “Size” option. The user can select from a number of
predefined meshes including, but not limited to, course, normal and fine.
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Figure 10: Predefined mesh options

Choosing a mesh can be a very important step before conducting a study on the
geometry. If the wrong mesh is chosen, either the study won’t run or the results can be
inaccurate. The user may need to experiment with various meshes until he finds the one that is
appropriate for the specific engineering problem at hand. In general, the mesh cell size should be
several times smaller than any fluctuation or gradient in the system to allow for full resolution of
the behavior of the system.

The Pressure Acoustics, Frequency Domain Interface

All simulations conducted on both the combustion chamber itself and the full
experimental mock-up were run in the Pressure Acoustics, Frequency Domain physics interface
provided by Comsol. This specific interface is useful for capturing the interaction between
acoustic waves and physical geometry. All studies conducted using the Pressure Acoustics,
Frequency Domain interface will have a solution that measures the acoustic pressure fluctuation
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(p) within the modeled geometry. Measured acoustic pressure characterizes the acoustic
variations to ambient pressure [1]. In order to theorize what the acoustic pressure phenomenon
would look like within both the combustion chamber and swirl rig, two different study platforms
were used: the eigenfrequency study and the frequency domain study.

Eigenfrequency Study

The eigenfrequency study uses the following equation to solve for the eigenfrequencies
and eigenmodes of the system:

where pc and c are complex-valued damping quantities, f is the eigenfrequency, ω is the angular
frequency, and the eigenvalue, λ = i2πf = iω [1]. This equation is termed the wave equation, and
is the governing equation for sound. It is a combination of mass and momentum conservation
that accounts for the variation of acoustic pressure in both time and space. The form of the wave
equation in Equation 1 is the frequency-domain form, where p is the pressure fluctuation in the
frequency domain. The eigenfrequencies of this equation are the natural resonances of a system.
A user can specify how many eigenfrequencies Comsol should solve for. After the
solution is completed, acoustic pressure within the system is depicted using various colors and a
corresponding scaled color bar. This type of study is useful to compare how a specific
eigenfrequency corresponds to the acoustic pressure within a system. Comsol can be used as a
concept verification for the physical experiment. Because the software can predict the
eigenfrequencies the system should resonate at, this information can be used to ensure the
experiment experiences those frequencies when white noise is applied to the system.
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Frequency Domain Study

The frequency domain study uses the inhomogeneous Helmhotz equation
Equation 2: Helmhotz Equation

where pc and cc are complex-valued damping quantities, ω is the angular frequency, q is the
dipole source, and Q is the monopole source [1].
This study is similar in nature to the eigenfrequency study in that it produces acoustic pressure
readings at various frequencies. The key difference is that the user defines specific frequencies
instead of letting Comsol solve for the natural eigenfrequencies of the system. A user may either
do a frequency sweep or input specific frequencies to determine the forced response of the
system at these frequencies. A frequency sweep requires the user to input a range of frequencies
he wants the software to test as well as the step between each frequency. If the user wants to
know the acoustic pressure of the system at, for example, 1000 Hz, he may also input that single
frequency and receive the acoustic pressure solution that corresponds to it.
It is important to note that Comsol can run more than one study at once. The Comsol analysis
conducted for this thesis often involved running both the eigenfrequency and frequency domain
studies at the same time and comparing the results. These comparisons can be found in the next
chapter of the document.
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Chapter 3
Acoustic Modes in Combustion Chambers

The Wave Equation and Solutions

Waves are often a hard phenomenon to define. In general, a wave is characterized by a
disturbance or deviation from a pre-existing condition. Through the motion of the deviation,
information is transported from one point in space to another. Wave motion differs from that of
rigid body translation because the speed at which a wave travels is finite, not infinite. Most
waves require a medium to travel through, such as air, water, or a solid. However, there are
certain waves that require no medium, such as waves of the electromagnetic spectrum. Another
characterization of wave movement is that the medium through which it travels does not need to
undergo gross movement [2].
The wave equation, in its most idealized form, satisfies the equation:
Equation 3: The Wave Equation

𝑐 2 ∇2 𝑢 −

𝜕 2𝑢
=0
𝜕𝑡 2

Where c is a constant representing the speed at which the wave travels, u is a physical property
associated with the disturbance or signal, and∇2 =

𝜕2 𝑢

𝜕2 𝑢

𝜕2 𝑢

𝜕𝑥

𝜕𝑦

𝜕𝑧 2

+
2

+
2

.

The wave equation is not satisfied by every disturbance in a fluid that is still classified as
a wave. For example, when you start factor in medium characteristics such as viscosity, the
governing equation becomes much more complicated and mathematically does not satisfy the
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wave equation, yet these types of waves go by another name: damped waves [2]. In other words,
the wave equation does indeed generally characterize freely propagating waves, but not all waves
satisfy the equation. Furthermore, waves are commonly seen as having sinusoidal shapes of an
oscillatory nature. However, waves can also take the form of spikes, rectangular pulses, and
noise [2]. In the next two sections, detail will be provided on how waves behave in a guide with
a specific shape. Namely, the differences between the rectangular waveguide and the cylindrical
waveguide (like the laboratory combustion chamber used in the experiment) will be explored. A
waveguide is a device that controls the propagation of waves. The guides split the wave into two
parts: progressive and standing. A progressive wave is produced in the desired direction of
transmission, while a standing wave is usually caused by the presence of the surfaces of the
guide [3].
In order to understand the fundamentals of the governing equations of the waveguides, a
foundation needs to be laid for wave motion in a bounded region. Let us look to an example of
wave motion on a string with fixed ends. The wave equation of the string is written as follows:
Equation 4: Wave Equation for String Motion

𝜕 2𝜁 1 𝜕 2𝜁
−
=0
𝜕𝑥 2 𝑐 2 𝜕𝑡 2
where 𝜁 is displacement of the string from equilibrium, c is the wave speed on the string, and L
is the length of the string. If the string has fixed ends, we develop the boundary conditions
𝜁(0, 𝑡) = 0 𝑎𝑛𝑑 𝜁(𝐿, 𝑡) = 0. It this scenario, the method of separation of variables is useful to
solve the wave equation. Therefore, we set ζ=X(t)T(t). The wave equation is then transformed
into the following: X’’T – (1/c2)XT’’=0. This simplifies to X’’/X=(1/c2)T’’/T= -k2, where k is
defined as the separation constant. We set both sides of the equation equal to the constant –k2 to
relate the two variables, X and T. We can now rewrite the X part of the equation as:
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Equation 5: Helmhotz Equation

𝑋 ′′ + 𝑘 2 𝑋 = 0
This equation is also referred to as the Helmhotz equation, which was referenced earlier in the
thesis. The solutions of this equation is: X=A1coskx+A2sinkx. By employing a similar solution
for the T side of the equation, we get: T=B1cosωt+B2sinωt, where ω=kc or k=± ω/c. It is
hopefully clear, at this point, why k was a convenient choice as the separation constant in this
equation: K turns out to be the wave number.
Substituting the expressions for X and T back into the string displacement equation, it
transforms into: Ζ=( A1coskx+A2sinkx)( B1cosωt+B2sinωt). At this point, we employ the
boundary conditions to further define the equation. It was said earlier that ζ must be zero at x=0,
so we set A1=0 to get rid of the coskx term of the equation. At x=L, sinkL would have to be
equal to 0. This will only occur at certain values of k, which are referred to as eigenvalues, such
that k is equal to π/L, 2π/L, …, nπ/L. Furthermore, because ω=2πf=kc, eigenfrequency fn=
knc/2π=nc/2L. The wave equation for wave motion on a string with fixed ends now takes the
form:
∞

𝜁 = ∑ 𝑠𝑖𝑛
𝑛=1

𝑛𝜋𝑥
[𝑎𝑛 𝑐𝑜𝑠𝜔𝑛 𝑡 + 𝑏𝑛 𝑠𝑖𝑛𝜔𝑛 𝑡]
𝐿

where all ζ are referred to as normal modes of vibration of the string.

The Rectangular Waveguide

Now consider a three-dimensional system like a rectangular waveguide. The coordinate system
in one dimension is similar to that of the string problem in the previous section, but now the
oscillating medium (air) is allowed to fluctuate in three dimensions. We extend this analysis to
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waveguides, but the equations are similar; the main difference is that we now need to consider
the properties of a fluid medium instead of a string. In the following equations, 𝜑 represents the
velocity potential, whose derivation is not shown in this thesis, u is the particle velocity, and p is
the particle pressure.
𝑢 = ∇𝜑
𝑝 = −𝜌𝑜

𝜕𝜑
𝜕𝑡

The wave equation can be rewritten in terms of p as follows:
Equation 6: The Wave Equation in Terms of Particle Pressure (p)
∆2 𝑝 =

1 𝜕2𝑝
𝑐02 𝜕𝑡 2

To find the governing equation of the rectangular waveguide, let’s look at a rigid-wall
duct of rectangular cross section, height a, and width b.
x

a

z

b

y
Figure 11: Rigid-wall rectangular duct

In order for there to be vanishing normal component of particle velocity at the walls of
the duct, the following must be true:
px= 0 at x=0,a
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py=0 at y=0,b
Let’s also say at z=0, there is a source emitting a signal equal to ejwt. In order to relate the
source signal to the sines and cosines used in the previous section to describe waves, Euler’s
Formula is used. In this specific example, j is used as the imaginary number as opposed to i.
Equation 7: Euler’s Formula

𝑒 −𝑗𝜔𝑡 = 𝑐𝑜𝑠𝜔𝑡 + 𝑗𝑠𝑖𝑛𝜔𝑡
Rearranging the wave equation in terms of particle pressure into a more useful form, we get
p={cosqx}{cosry}{ejβz}{ejωt}, where we set q=mπ/a and r=nπ/b. Substituting in q and r into the
wave equation, we arrive at an expression of particle pressure for the mnth traveling wavemode
of the waveguide, which takes the form: pmn=Amncos(mπx/a)cos(nπy/b)ej(ωt-βmnz). The complete
solution for the sum of all the wavemodes is written below.
Equation 8: Solution of Particle Pressure for all Wavemodes in Rectangular Waveguide

𝑝 = ∑ 𝐴𝑚𝑛 𝑐𝑜𝑠
𝑚,𝑛

𝑚𝜋𝑥
𝑛𝜋𝑦 𝑗(𝜔𝑡−𝛽 𝑧)
𝑚𝑛
𝑐𝑜𝑠
𝑒
𝑎
𝑏

where Amn is determined from source conditions [3].

The Cylindrical Waveguide

The propagating portion of the wave in a cylindrical waveguide is represented by the
same function as in the case of the rectangular waveguide, ej(ωt-βmnz), where z is along the axial
direction of the cylinder. In the following set of equations, we assume the cylindrical guide has
radius a.
In this case, we arrange the solution to the wave equation to have the following form:
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p={Jm(krr)}{cosmθ}}{ejβz}{ejωt}, where Jm is a Bessel function of the first kind. The purpose of
Jm is to ensure that fluctuations go to zero at the centerline in order to preserve axisymmetry. In
order for the boundary condition at the wall of the waveguide, u(r)(kra) to equal zero, we must
choose kr to be equal to α’mn/a, where α’mn is the nth zero of J’m. We can then derive an equation
for pressure at the mnth mode: pmn=Jm(α’mnr/a)[Amncosmθ + Bmnsinmθ] ej(ωt-βmnz). The complete
solution for the sum of all wavemodes is written below.
Equation 9: Solution of Particle Pressure for all Wavemodes in Cylindrical Waveguide
′
𝛼𝑚𝑛
𝑟
𝑝 = ∑ 𝐽𝑚 (
) [𝐴𝑚𝑛 𝑐𝑜𝑠𝑚𝜃 + 𝐵𝑚𝑛 𝑠𝑖𝑛𝑚𝜃]𝑒 𝑗(𝜔𝑡−𝛽𝑚𝑛𝑧)
𝑎
𝑚,𝑛

Below are some plots of the solution to this equation for two different combustion chamber
conditions that were tested: hardwall all around (case 1) and hard wall-open top (case 2). A
hardwall boundary condition ensures that the pressure fluctuation is maximum there, and an open
or “pressure release” boundary condition forces a zero pressure fluctuation at the boundary.
These plots will be compared against the Comsol generated results in the upcoming section.
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Figure 12: Pressure fluctuation for hardwall all around condition

Figure 13: Pressure fluctuation for hardwall-open top condition
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Cylindrical Waveguide

The base model of the combustion chamber in Comsol consists of an eight inch tall, four
inch wide cylindrical build. Three different cases were tested, each having different boundary
conditions applied to the model depending on what real life conditions that model was to depict.
In case 1, the combustion chamber is completely sealed off. To simulate this in Comsol, all
surfaces of the combustor chamber had a hard boundary condition (wall) applied to them.
In case 2, the combustion chamber has a top that is open to the atmosphere. To simulate this in
Comsol, the top surface of the cylinder has a pressure release boundary condition applied to it
that sets the pressure fluctuations at that surface equal to zero. All other surfaces of the cylinder
have a sound hard boundary condition applied to them similar to case 1. In case 3, the
combustion chamber has a top on it that is partially open to the atmosphere, which is something
that is modeled in the actual lab experiment along with the open top condition. To model this
partially open top in Comsol, a smaller cylinder with the same height dimension and a width of
approximately 2 and one eighths inches was built concentrically on top of the base cylinder. The
zero pressure fluctuation boundary condition was applied to only the smaller cylinder at the top
surface, and the hardwall boundary condition was applied to the rest of the model.
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Figure 14: Comsol models with various boundary conditions applied

Eigenfrequency Comparison of the Three Cases
Table 1: Eigenfrequency comparison of different modeled boundary conditions
Combustion
Chamber Conditions
List of
Eigenfrequencies

Hard Wall All Around
(Case 1)

Hard Wall/ Open Top
(Case 2)

Hard Wall/
Partially Open Top
(Case 3)
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The above table is a comparison of the eigenfrequencies, or resonant frequencies, for each of the
three different cases. Comsol was told to output a total of twenty eigenfrequencies and acoustic pressure
solutions, or eigenmodes, for each case. The solutions show that the eigenfrequencies do differ slightly
from case to case. This proves that outlet boundary condition (closed top, open top, or partially open top)
will have an effect on the acoustic pressures experienced within the combustion chamber.

Modal Comparison of the Three Boundary Conditions
Table 2: Eigenmode comparison among different modeled boundary conditions
Eigenmode
1st Longitudinal

All hard wall
844.525913 – 0.012149i

Hard Wall/ open end
1266.740964

Hard Wall/ Partially Open
End
1151.551431
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2nd
Longitudinal

1689.519225 + 1.604176i

2111.245932

1st
1979.545452 + 1.410186i
Circumferential

2024.257106

1st
Circumferential
Degenerate

1982.255562 + 0.453053i

2024.257219

1927.759921

2010.514936

2010.520116
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1st Mixed

2152.380308 + 0.243989i

2nd Mixed

3214.95583 + 0.789602i

2350.320217

3557.630648

2253.736041

3303.342329

The above table lists the 1st circumferential, the 1st circumferential degenerate mode, the 1st
longitudinal, the 2nd longitudinal, the 1st mixed-mode, and the 2nd mixed-mode eigenmodes for each of the
three cases along with the eigenfrequency at which they occur. Across every case, the 1st type of mode
occurs at the same number eigenfrequency. For example, the 1st longitudinal mode occurs at the second
eigenfrequency in each of the eigenfrequency lists. Similarly, the 1st circumferential mode occurs at the
fourth eigenfrequency and the 1st mixed mode occurs at the sixth eigenfrequency in each of the three
cases.
This Comsol analysis can also be used as a type of concept verification for the physical
experiment. If the swirl rig is forced at any frequency in the table above, then the resulting mode, whether
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it be circumferential, longitudinal, or mixed-mode, should match the mode predicted by Comsol at the
same frequency.
In order to receive a more in depth view of the eigenmodes experienced within the combustion
chamber at varying outlet boundary conditions, sliced views have been provided at the 1st longitudinal, 1st
circumferential, and 1st mixed mode for each of the three boundary conditions below.
Table 3: Slices of eigenmodes at different modeled boundary conditions
Case
B.C. 1

B.C. 2

1st Longitudinal

1st Circumferential

1st Mixed Modal
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B.C. 3

Based on the slices from the table, it is clear that the outlet boundary condition has an
effect on the acoustic pressure within the combustion chamber. In the colored pictures, the light
green is representative of a zero pressure. For the 1st longitudinal eigenmode, the complete
hardwall boundary condition model experienced zero pressure in the center of the combustion
chamber, extending radially throughout the width. Furthermore, the maximum acoustic pressure
was experienced at the very top and bottom of the chamber. However, in boundary condition
cases 2 and 3, zero pressure can be seen near the top of the combustion chamber, specifically
where the chamber is open to the atmosphere. This is driven by the boundary condition applied
to the open top and partially open top that forces acoustic pressure fluctuations there equal to
zero.
Comparing the Comsol results to the theoretical solution of the wave equation in Figure
13 and Figure 14, it is clear that the results make physical sense. In the theoretical solution of the
hardwall condition for the first longitudinal mode, the maximum pressure fluctuations were
experienced at the beginning and end of the combustor, which is consistent with the Comsol
solutions. In the theoretical solution of the hardwall-open top condition for the first longitudinal
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mode, pressure fluctuations are maximized at the bottom of the combustion chamber and go to
zero at the top, which also is consistent with Comsol results.
For the 1st circumferential eigenmode, the boundary condition case 1 model experienced
zero acoustic pressure in the center of the combustion chamber, extending longitudinally along
the length. When the combustion chamber is open to the atmosphere in boundary condition cases
2 and 3, the zero acoustic pressure region appears wider towards the open top. For the mixed
eigenmode, it appears that the boundary condition has less of an effect on the acoustic pressure,
thus the zero pressure areas remain the same in each boundary condition case.
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Azimuthally Resolved Forcing of a Cylindrical Waveguide

For this portion of the Comsol analysis, the combustion chamber was altered to better
mimic what would be happening in the physical experiment. Specifically, eight panels were
added to the bottom of the chamber to represent the eight speakers attached to the experiment to
force acoustics on the system. In order to simulate the forced acoustics, an inward acceleration
boundary condition was added to the eight panels at a magnitude of 10 m/s2. Four different cases
were explored: all panels forced in phase, half the panels forced in phase and the other half out of
phase, two panels forced in phase and the next two forced out of phase, and every other panel
with different phasing.

Figure 15: Different cases of panel phasing

33

The results of the forced acoustics and varied phasing on the hardwall-open top condition
(case 2) are summarized in the table below.
Table 4: Eigenvalue and eigenmode comparison for different panel phasing
Panel
Phasing
No Forcing

Same
Phase

Eigenvalues

1st Longitudinal

1st Circumferential
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Half Phase

Quarter
Phase

35
Every
Other
Phase

From the above table, two conclusions can be drawn. Firstly, forcing the panels on the
combustion chamber doesn’t change the eigenfrequencies of the system. Secondly, the
eigenmodes corresponding to the eigenfrequencies do not experience a change either.
Specifically, the 1st longitudinal and 1st circumferential eigenmodes look the same in all cases of
phasing and they still occur at the same eigenfrequency.
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The next Comsol analysis involved employing the frequency domain study, which was
discussed in an earlier section. The frequency domain study forces the system at specific user
defined frequencies and produces corresponding acoustic pressure solutions. Specifically, 200,
1000, and 1800 Hz were explored in more depth, as these frequencies could be achieved in the
physical experiment. First, the relationship between the forced frequencies and the panel phasing
was explored for the hard wall-open top condition (case 2). These results can be seen in the
figures below.

200 Hz

1000 Hz

1800 Hz

Figure 16: Acoustic pressure when all panels are in phase
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200 Hz

1000 Hz

1800 Hz

Figure 17: Acoustic pressure when panels are half in phase

200 Hz

1000 Hz

1800 Hz

Figure 18: Acoustic pressure when panels are quarter in phase
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200 Hz

1000 Hz

1800 Hz

Figure 19: Acoustic pressure when every other panel is in phase

There are two important observations to draw from the above comparisons. Firstly, more
of an acoustic response is apparent in the combustion chamber when forced at 1800 Hz as
opposed to the other two frequencies. This is especially apparent when the panels are all in phase
or half in phase. For the quarter phasing and every other phasing, the response is too tiny to see
the differences between the forcing frequencies. The reason for the response being stronger at
1800 Hz is because that frequency is closest to one of the natural eigenfrequencies of the system
(most likely 2024 Hz). From the above table, it is also evident that higher modes of phasing
produce less of an acoustic response in the system. The magnitude of the acoustic response when
the panels are in quarter phase and in every other phase is much less than the response when the
panels are all in phase or half in phase.
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A frequency domain study was also performed at the specific eigenfrequencies in which
the longitudinal, circumferential, and mixed eigenmodes appeared within the combustion
chamber. The acoustic pressure plot from the forced frequency was then compared against the
original eigenmode to ensure there wasn’t a change. The results from the comparison of the
hardwall-open top condition (case 2) are summarized in the table below.
Table 5: Comparison of eigenfrequency and frequency domain study

Eigenmode

1st Longitudinal

1st
Circumferential

Eigenfrequency

Frequency Domain Study

Frequency Domain

Study

(All in Phase)

Study (Half Phase)

1266

1266

1266.740964

2024.257106

2024

2024
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st

1 Mixed

2350.320217

2350

2350

The comparison was completed for the hardwall-open top condition for two different
panel phasing cases: when all the panels were in phase and when half were in phase and half
were out of phase. It is interesting to see how the results differ depending on the phasing of
acoustic forcing. The 1st longitudinal mode occurs in the combustion chamber at about 1,266 Hz
without any panel forcing. Note that even though the colors are flipped in these two images, the
solution is the same. However, if the combustion chamber were forced at 1,266 Hz at the two
different conditions of panel forcing, only when they are all in phase will a similar longitudinal
eigenmode appear. This is an example of how the axisymmetry of acoustic forcing impacts the
response of the system. If a system, which resonates with an axisymmetric mode like that at
1,266 Hz, is forced axisymmetrically, the response is quite strong. However, if it is forced
asymmetrically, the response is minimal even though the frequency of forcing is the same as the
eigenfrequency. If we turn to the 1st circumferential and 1st mixed mode eigenmodes, it can be
seen from the above table that similar eigenmodes will only appear in the combustion chamber
with panels forced half in phase and half out of phase. Here, the opposing half and half forcing of
the panels more easily allow for the non-axisymmetric eigenmodes to appear as opposed to the
longitudinally propagating eigenmodes.
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Comparison of Chamber Only and Full Experiment Comsol Simulations

The swirl rig experiment was modeled in Comsol as a cylindrically-shaped base of
approximately 20 inches tall and a width comparable to that of the combustion chamber itself.
The combustion chamber is modeled on top of a post connected to the base. Eight speaks are
attached to the post that connect the combustion chamber to the base of the experiment.

Combustion
Chamber

Acoustic
Speakers

Base

Figure 20: Comsol model of full experiment

To begin, the eigenfrequencies in which the combustion chamber and full experimental
setup experienced their 1st longitudinal eigenmode were compared for the both hardwall-open
top boundary condition (case 2) and the hardwall-partially open top boundary condition (case 3).
Comsol was only able to locate the 1st longitudinal mode within the swirl rig because at higher
frequencies, the eigenmodes were experienced in the body of the experiment as opposed to the
combustion chamber itself. The results are organized in the table below.
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Table 6: Comparison of combustor only and full experiment for 1st longitudinal eigenmode
Mode
1st Longitudinal

Full Model
1108.10121

Combustor Only
1266.740964

(B.C. Case 2)

1st Longitudinal
1108.10121
(B.C. Case 3)

1151.551431
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The eigenfrequencies in which the 1st longitudinal mode appear for both the open top and
partially open top combustion chambers (1266 and 1151 Hz, respectively) are similar in
magnitude to the eigenfrequency in which the eigenmode appears in the full experiment (1108
Hz).
The next comparison made between the combustion chamber and swirl rig looked at how
the acoustic pressure inside the chamber differed at the forcing frequencies (200, 1000, and 1800
Hz) for the four different modes of phasing applied to the panels in the combustion chamber and
to the full experiment. In the case of the swirl rig, the acceleration boundary condition was
applied to the surface of the eight speakers. The results of this comparison for the hardwall-open
top boundary condition (case 2) can be viewed in the four tables below. One table is provide for
each case of speaker phasing.
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Table 7: Comparison of combustor only and full experiment: all panels in phase
Frequency
(Hz)
200

Full Model

Combustor Only

45
1000

`

46
1800
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Table 8: Comparison of combustor only and full experiment: half panels in phase
Frequency
(Hz)
200

Full Model

Combustor Only

48
1000

49
1800
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Table 9: Comparison of combustor only and full experiment: quarter panels in phase
Frequency
(Hz)
200

Full Model

Combustor Only

51
1000

52
1800
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Table 10: Comparison of combustor only and full experiment: every other panel in phase
Frequency
(Hz)
200

Full Model

Combustor Only

54
1000

55
1800

Some observations can be drawn from the comparison above. The eigenmodes displayed in only
the combustion chamber don’t match up as well to the eigenmodes displayed in the combustion chamber
of the swirl rig at the higher frequencies of 1000 and 1800 Hz. Yet, at a forcing frequency of 200 Hz, the
eigenmodes matched up in both the Comsol models for all cases of phasing. Furthermore, in the quarter
phasing and every other phasing tables, there are acoustic oscillations in the post connecting the
combustion chamber to the base at the higher frequencies. The higher acoustic energy is driving other
parts of the system besides the combustion chamber, particularly the nozzle upstream of the combustor.
This may be one of the reasons as to why the eigenmodes aren’t matching up at the higher frequencies.
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Chapter 4
Combustor Modeling on Laboratory Combustor

Swirl Rig Set-Up

Combustion
Chamber

Swirler
Acoustic Speakers

Stagnation
Chamber

Metal hose

Sirens

Figure 21: Swirl test rig set-up

The swirling test rig can be dissected into three main sections: the stagnation chamber,
the swirler, and the combustion chamber. The flow enters the stagnation chamber through a 2”
flexible metal hose. The stagnation chamber itself is 6” in diameter and has two sections. Dowel
pins were inserted into the flanges of the chamber to help with alignment. Between the two
sections of the stagnation chamber are two perforated plates which are used to break up the
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turbulence of the incoming flow. The stagnation chamber and the swirler sections are connected
by a ¼” steel shaft. This shaft is operated by a stepper motor, which is able to change the swirl
number inside the swirler. The shaft and stepper motor are connected with a coupler in order to
ensure minimal leakage around the shaft. This section contains three outlets, two of which are
dedicated to Galls police sirens that are used throughout the longitudinal forcing testing. Further
downstream of the stagnation chamber, there is a 6” to 3” pipe reducer, which creates clean flow
field as the flow enters the swirler.
The swirler is unique to this experiment because it is controlled by the stepper motor, and
the angle of the blades can be changed. The stepper motor has an encoder wheel that is able to
output a precise swirl number. The swirler is composed of a top and bottom plate. The bottom
plate has precisely machined straight slots and the top plate has curved slot, which guide eight
NACA 0025 airfoils. The airfoils are positions at 45 degrees around the swirler axis to provide
symmetry to the swirler.
After the swirler, the flow travels through an annulus with an outer diameter of 1” and an
inner diameter of ½” towards the dump plane. Right before the dump plane are eight, 1 mm
holes. In this section of the experiment, acoustic speakers are attached at these eight holes to
provide excitation at the dump. These holes expand to an inner diameter of ¼” like a conical
horn design. Attached to the holes are approximately 1’ of ¼” pipe, which lead to 1” thick piece
of Acetal that change the diameter to 5”, which match the diameter of the acoustic speakers. The
speakers used in the experiment are Dayton Audio PA130-8 full range speakers. While operating
these speakers, some vibration was seen in the test rig.
The combustion chamber at the top of the experiment has an inner diameter of 5”, an
outer diameter of 5 and ½”, and a length of 8.25”. A top with a 2” diameter pipe was created to

58

put on the top of the combustion chamber that would change the exit condition of the flow. The
dimensions of the Comsol-modeled combustion chamber, with an open diameter of 4”, a
partially open diameter of 2 and 1/8”, and a height of 8”, are very close to that of the combustion
chamber used on the swirl test rig.
There are some differences between the Comsol-modeled swirl rig and the physical rig
itself that could account for some discrepancies in a comparison of the results. The Comsol
model does not account for the air pipe being fed into the experiment, the swirler portion, or the
screens in the flanges of the rig. Furthermore, Comsol does not take into account the perforated
plates or the viscous losses along the boundaries of the experiment.
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Siren Testing: Axial and Circumferential Placement of Pressure Transducers
In the axial portion of testing, the pressure transducers on the swirling test rig were arranged in a
longitudinal manner on the side of the combustion chamber.

Pressure Transducer 8

Pressure Transducer 1

Figure 22: Axial placement of pressure transducers
The Galls sirens were used to provide acoustic excitation to the system. Testing was conducted
across a frequency sweep of 200-3000 Hz with both an open top and partially open top condition. For the
purpose of Comsol comparison, the power spectral density of the acoustic pressure at each pressure
transducer and the phase difference in comparison to pressure transducer 1 at frequencies of 200, 1000,
and 1800 Hz are reported below.
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In the circumferential portion of testing, the pressure transducers on the swirling test rig were
arranged in a circumferential manner along the bottom circumference of the combustion chamber.

Figure 23: Circumferential placement of pressure transducers
The Galls sirens were used to provide acoustic excitation to the system. Testing was conducted
across a frequency sweep of 200-3000 Hz with both an open top and partially open top condition. For the
purpose of Comsol comparison, the power spectral density of the acoustic pressure at each pressure
transducer and the phase difference in comparison to pressure transducer 1 at frequencies of 200, 1000,
and 1800 Hz are reported below.

Hardwall-Partially Open Top
Figure 25 through Figure 28 show the amplitude and phase of the spectra in the combustion
chamber at three forcing frequencies: 200 Hz, 1000 Hz, and 1800 Hz, with a partially open top
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configuration. The amplitude and phase of the acoustic modes in both the axial and circumferential
directions are provided. All these cases are longitudinally, or axisymmetrically, forced.

Figure 24: Axial power spectral density of acoustic pressure

Figure 25: Circumferential power spectral density of acoustic pressure
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Figure 26: Axial pressure transducer phase difference

Figure 27: Circumferential pressure transducer phase difference
In the plot of the axial power spectral density, the 1800 Hz plot appears to take the shape of a
second longitudinal mode shape. Revisiting the Comsol analysis, the second longitudinal mode appears in
the model with a partially open top boundary condition at an eigenfrequency of approximately 1928 Hzwhich is extremely close to 1800 Hz (see: Table 2, Row 2, Column 3). Furthermore, in the plot of the
circumferential power spectral density, the 1800 Hz plot shows a first circumferential mode shape.
Combining both the axial and circumferential power spectral densities, we can conclude that 1800 Hz is a
mixed mode within the swirl rig.
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Hardwall-Open Top
Figure 25 through Figure 28 show the amplitude and phase of the spectra in the combustion
chamber at three forcing frequencies, 200 Hz, 1000 Hz, and 1800 Hz, with an open top configuration. The
amplitude and phase of the acoustic modes in both the axial and circumferential directions are provided.
All these cases are longitudinally, or axisymmetrically, forced.

Figure 28: Axial power spectral density of acoustic pressure
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Figure 29: Circumferential power spectral density of acoustic pressure

Figure 30: Axial pressure transducer phase difference
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Figure 31: Circumferential pressure transducer phase difference

From studying the plots of power spectral density and phase difference of the hardwallopen top condition, it is clear the exit boundary condition of the combustion chamber has an
effect on the acoustic field within. According to the power spectral density graphs, the readings
of the acoustic pressure for the hardwall-open top condition is noticeably weaker than that of the
hardwall-partially open top condition, by a power of 10. Furthermore, the mode shapes in the
hardwall-open top condition do not align as well with the Comsol results as the mode shapes
from the hardwall-partially open top condition. Because the readings from the hardwall-open top
study were not as strong, the graph of acoustic pressure power spectral density, taken from
pressure transducer 1 in axial placement, was studied further for each of the three frequencies.

66

Figure 32: Power spectral density for 200 Hz

Figure 33: Power spectral density for 1000 Hz
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Figure 34: Power spectral density for 1800 Hz

The power spectral density graph of all thee frequencies (Figure 29) shows a zero
amplitude at pressure transducer 1, the bottom of the combustion chamber, which doesn’t make
physical sense. However, upon inspection of the power spectral density graphs of each
frequency, the reasoning behind this discrepancy becomes clear. The pressure transducers
utilized in the swirl rig testing have a resolution of 10-6, meaning readings from the pressure
transducers are physically meaningful only if the outputted signal has peaks above 10-6. From the
above graphs, only the 1800 Hz frequency produced a peak above 10-6, and only just barely,
which may account for the peculiar behavior of the frequencies in Figure 29. Furthermore, the
individual graphs of the power spectral densities show how a stronger frequency will in turn
create a stronger signal for the pressure transducers to read. As you can see from the graphs of
200 and 1000 Hz, there is a lot of noise surrounding the main peak, which occurs at the
frequency in question. Yet in the graph of 1800 Hz, there is one clear peak with little to no noise
surrounding it.
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White Noise Testing

In the white noise portion of testing, the swirl rig was forced with white noise is an effort
to pick out the natural resonances of the system. Data was pulled from pressure transducer 1 (at
the bottom of the combustion chamber) in axial placement because it receives the strongest
acoustic pressure readings. After finding the power spectral density of the acoustic pressure, an
ensemble average was performed on the signal in order to bring the noise floor down and
highlight possible resonances of the system. The results of the white noise study for hardwallpartially open top and hardwall-open top conditions are shown below.

Figure 35: Frequency spectrum for hardwall-partially open top condition
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Figure 36: Frequency spectrum for hardwall-open top condition

The ensemble average revealed some peculiar characteristics of the swirl rig. The natural
resonances of the system appear to occur at very high frequencies, such as 6,000 and 7,000 Hz.
Comsol testing of the swirl test rig revealed eigenfrequencies of the system that range from 1,100
to 22,000 Hz, with a big jump from 1,200 to 12,000 Hz. Therefore, the natural resonances of the
system revealed by the white noise testing to do appear in the eigenfrequencies outputted in
Comsol.
Furthermore, according to the Figures above, the system resonates at the same
frequencies regardless of the outlet boundary condition of the combustion chamber. A reason for
this discrepancy may be the resolution of the pressure transducers. When the system was
subjected to white noise, the acoustic pressure readings of the pressure transducers were below
that of the manufacturer-specified resolution. This calls into question the accuracy of the
recorded data for white noise testing, and therefore, the accuracy of the outputted natural
resonances of the system.
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Chapter 5

Conclusions and Future Work
Combustion instabilities have come under much scrutiny in the gas turbine industry. As
the need for lower emission turbines increases, so does the occurrence and severity of
thermoacoustic instabilities. One of the main attributes of these instabilities are asymmetric
acoustic fields. Therefore, it was the goal of this research to create asymmetric acoustic fields, in
both computational and experimental settings, to quantify the acoustic field and understand how
it’s affecting the flow and flame. In order to try and better understand the acoustic field, different
parameters of the system were altered, such as outlet boundary condition, forcing frequency, and
phase of forcing. The first round of experimentation was conducted computationally, in the
software Comsol, and focused mainly on a simplified model of a combustion chamber. Physical
experimentation was conducted on the swirl rig that measured acoustic pressure inside the
combustion chamber under similar conditions to those modeled in Comsol. Not all the modeled
Comsol conditions were tested on the physical experiment and included in this thesis because of
time constraints and other limitations. However, the tests that were completed on the swirl rig
were compared to the corresponding Comsol results.
Comsol analysis showed that the exit boundary condition of the combustion chamber has
a large impact on the acoustic field. It was also shown that when acoustic forcing was imparted
on the system at various modes, neither the eigenfrequencies nor the acoustic modes within the
combustion chamber experienced any change. The Comsol analysis also proved that if the
system is forced at a frequency that is close to one of its natural frequencies, it will experience a
stronger response. However, it simultaneously proved that a higher mode of forcing will produce
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less of an acoustic response. A final observation of the Comsol study is that the same acoustic
modes were visible in both the combustion chamber and swirl rig at the same eigenfrequencies
when acoustic forcing was applied at lower modes.
From experimentation conducted on the laboratory swirl rig, it can be concluded that the
Comsol results are a rather accurate depiction of the acoustic field within the combustion
chamber. Despite the physical factors Comsol did not take into account during combustor
analysis, the same mode shapes still appeared in the physical experiment at similar frequencies to
those revealed in the Comsol eigenfrequency study. It also became clear that some of the
experimental results have discrepancies because of the resolution of the pressure transducers
attached to the swirl rig. Stronger frequencies, such as the 1800 Hz signal, outputted better
acoustic pressure results when compared to lower frequencies, such as the 200 Hz signal or the
white noise. Moving forward with further testing, pressure transducers with increased sensitivity
may be purchased to obtain more viable experimental data.
There is still a lot of physical experimentation left to complete and compare to Comsol
results. Because asymmetric acoustic fields contribute to combustion instabilities, a large portion
of Comsol analysis was dedicated to acoustically forcing the system at different speaker phases
in an effort to create asymmetry in the acoustic field. Therefore, testing will be conducted that
force the eight speakers attached to the swirl rig in different phases (all in phase, half in phase,
quarter in phase, and every other in phase) with open and partially open combustor boundary
conditions. In the future, next steps for experimentation involve forcing a non-swirling jet to see
if the flow can be excited by using the azimuthally resolved forcing system employed by the
swirl test rig.
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Appendix A
Swirl Rig Solidworks Drawings

Figure A- 1: Complete swirl rig solidworks model

Figure A- 2: Stagnation chamber base
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Figure A- 3: Stagnation chamber

Figure A- 4: Swirler casing
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Figure A- 5: Airfoil assembly in bottom curved slot plate

Figure A- 6: Combustion chamber
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