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ABSTRACT OF THE THESIS

Combustion Dynamics of a Laminar Premixed Flame in a Rijke Tube

by

Patrick Finn

Master of Science in Mechanical Engineering

University of California San Diego, 2022

Professor Abhishek Saha, Chair

Thermoacoustic instability which stems from the non-linear interactions between heat
release and pressure waves in a confined combustion chamber, can create large amplitude pressure
oscillations. These oscillations may cause significant damage to the combustor hardware, and
even surroundings. Accurate characterization and prediction of such instability is challenging
due to its inherent complexities arising from the non-linear nature of the problem. In this thesis,
we design a Rijke tube, a device in which self-excited thermoacoustic instabilities can be studied
for relatively simple flame geometries. Subsequently, we used the Rijke tube to investigate
dynamics of thermoacoustic instability in premixed laminar flame. We focused on the role of

burner design on the ensuing instability and flame dynamics by investigating pressure oscillations
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observed in four different single- and multi-flame burners. We observed that the single-flame
burner did not display transition to an unstable state, when the burner was traversed along the
length of the Rijke tube, while a seven-flame burner showed various states of instability and
multiple bifurcation points. This observation confirms that the increased degree of freedom,
arising from the interaction between individual flames in a multi-fame burner, is responsible for
the wider dynamics observed.

Subsequently, to quantify the dynamics of individual flames and their roles in the ensuing
pressure dynamics, a three flame burner, where the flames are located in-line, were studied
in details. The Phase Lock Value, Root Mean Frequency, and Power Spectral Density were
analyzed for the heat release rates from individual flames and the acoustic pressure. We observed
that the center flame possessed stronger synchronization with the pressure. But, the left and right
flames shared a few modes (frequencies) of oscillations with the pressure, that were not present
in the center flame. This suggests that the dynamics that effect of the individual flames pose
varying degrees of influence on the pressure dynamics.

An additional experiment was also conducted using an asymmetric three-flame burner,
where the flames are located at the tip of an isosceles triangle, using the same flame conditions.
This flame showed stronger pressure oscillations, perhaps due to enhanced degrees of interactions
between three flames with the symmetric design, and eventually suffered blow-off. These
systematic investigations highlights the strong influence of local flame interactions on the

observed pressure dynamics, which is relevant for design of multi-nozzle combustors.
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Chapter 1

Introduction

1.1 Background

In modern combustion devices, self-excited pressure oscillations can create large ampli-
tude vibrations which cause unforeseen damage to the related hardware. These self-sustained
oscillations of pressure and velocity occurring in reacting flows are generated by the interaction
between sound waves and heat release within a chamber which is known as thermoacoustic
instability [1]. Combustion-driven applications such as gas turbines [2], rocket engines [3] [4],
air-breathing propulsion engines [5] and industrial furnaces [6] are very susceptible to this. Fig-
ure 1.1 shows an example of how a gas turbine combustor may be affected by instabilities during
operation. Due to the high complexity of combustion systems, engineers desire to understand the
dynamical behavior of thermoacoustics in order to mitigate risks and reduce operating costs.

Thermoacoustic instability has historically affected many combustion devices throughout
the twentieth century. Most notable of this was the F1 rocket engine on the Saturn rockets, used
during the first spaceflights to the moon, which developed high amplitude instabilities within its
combustion chamber during operation [7, 8]. This caused catastrophic damage to the engines
and required a costly test campaign to solve.

Combustion instability within rocket engines is not limited to liquid propellants. There
has even been noted evidence of thermoacoustics within solid propellant engines as well due to

the gasification of the solid fuel during operation [1]. This includes the Space Shuttle boosters as



Figure 1.1. Example of a burner nozzle before damage(left) from combustion instability and
after(right).
well as the Mars Pathfinder descent motors [7].

Air-breathing engines have also developed instabilities as well. One notable case being
thermoacoustic instability within ramjet air intakes. Their influence on the shock system in
the inlet diffuser can reduce the inlet stability margin [S]. On jet engines, afterburners will
operate with reduced performance due to thermoacoustic instability. Jet aircraft afterburners are
susceptible to failure or blowout due to combustion instabilities [5].

There are three well known major causes of combustion instability to the aforementioned
examples. The first being low-frequency oscillations caused by interaction between propellant
feed systems and combustion. This is sufficiently understood and comparatively easy to avoid by
implementing preventative measures within the fuel and oxidizer feed system [4]. The second is
intermediate frequency instability resulting from an entropy wave interacting with the exhaust of
the nozzle or chamber [9]. The third and most critical is the high-frequency instability that is
formed from the excitation of acoustic vibrational modes of the combustion chamber. This paper

will focus on the third mode of instability.



1.2 General Studies on Thermoacoustics

Thermoacoustic physical phenomenon was initially observed in the late 19th century by
Lord Rayliegh, citing that a sound developed when a hot glass bulb was held at the end of a
glass-blowing tube [10]. This observation was caused by the fluctuating heat release amplifying
the acoustic oscillations, where the acoustic pressure and unsteady heat release rate were in
phase. This is now known as the Rayleigh Criterion.

A few decades later, Putnam and Dennis carried out multiple experiments with a variety
of combustion devices to study thermoacoustics and the Rayleigh criterion. They verified that the
acoustic pressure and unsteady heat release rate were coupled and that this state depended on the
combustion chamber size relative to the velocity of the gas [11]. Their mathematical model of
the Rayleigh criterion is shown in euqation 1.1. The amplitude of oscillations will increase when
“I” is constant. “I” is the integral of the instantaneous heat release rate multiplied by acoustic

pressure perturbation over one cycle.

[= /q'P'dt (1.1)

By the 1960’s Blackshear worked to improve upon the Rayleigh criterion by experimenting with
a ducted flame and how it will amplify or dampen an acoustic standing wave. He concluded
that when the standing wave within the flow field generated by the interaction between heat
release rate and the flow velocity are in phase, they drive the standing wave. If they are opposed,
the standing wave dampens. The flame conditions as well as position within the chamber will
therefore affect the dynamical state of the unsteady heat release rate and the acoustic pressure.
Blackshear also observed that the standing wave amplitude may increase enough to cause the
flame to blow off or flash back [12]. A visual representation of how the feedback between heat
release rate and perturbations within the flow is shown in figure 1.2. As noted in equation 1.1, the

heat release rate and pressure will amplify or dampen the oscillations within a chamber. A few
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Figure 1.2. The general feedback mechanism of thermoacoustic instability and how oscillations
may build within the combustion chamber

years later Crocco introduced a time-lag between acoustic pressure and unsteady heat release
rate to account for the different chamber lengths and how the length affects the overall stability
of the system [4]. He included the fluid dynamics model representing the small perturbations
within the combustion chamber, specifically for rocket engines, as seen in the one-dimensional
continuity equation 1.2 and momentum equation 1.3. Where u is flow velocity, p is gas density,

and w' is instantaneous rate of production for the combustion gases.
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Many of these investigations provide a linear analysis of the interaction of unsteady heat release
rate and acoustic pressure but these only predict the frequency of the limit-cycle oscillations.
Culick has presented a nonlinear dynamic model to predict the amplitude of oscillations after the
onset of thermoacoustic instability within a combustion chamber. His work focused on an appli-
cation towards modeling instabilities within rocket engines, ramjets, and thrust augmenters but

concluded with a model that can be used for a multitude of different combustor applications [13].



Peracchio used Culick’s acoustic model and developed their own heat release model to predict
onset and amplitudes of limit-cycle oscillations within a scaled gas-turbine experiment [14].
Yang accompanies this with a third order nonlinear acoustic model and a second order nonlinear
combustion model. He found that the acoustics affect the amplitude of the limit-cycle oscillations
but the combustion response dictates how instabilities are triggered [15].

In 2002 Lieuwen noted that the thermoacoustic dynamics within a gas-turbine combustor
simulator may be intrinsically stochastic [2]. Fichera observes that chaos is present within
thermoacoustic dynamics when using a linear and nonlinear analysis approach [16]. In 2012
Kabiraj reported that even with a laminar flame, a type-two state of intermittency was present
within pressure field dynamics [17].

Some theoretical investigations may use the acoustic model to determine linear stability
limits of a specified system such as a gas-turbine [18]. Another paper introduces the linearized
Euler equation method to model the high frequency longitudinal waves within a combustion
chamber [19]. The acoustic wave models have also been used in conjunction with Computational
Fluid Dynamics, CFD, to model the affects of combustion instability within a flow [20, 21].
These are limited however, to their relevant engineering applications.

More recently, the flame transfer function, FTF, and the flame describing function, FDF,
have been used to create a general mathematical model of thermoacoustic instability. The FTF
predicts the response of a flame to external perturbations within the frequency domain [22, 23],
shown in equation 1.4. In this equation F (@) is the FTF in the frequency domain. g is the heat
release rate fluctuation and Q is the mean heat release rate. u is the velocity fluctuation and U is
mean velocity within the chamber’s flow field. @ is the angular frequency in radians [24].

Applications of FTF’s include a gas-turbine combustor to examines how the flame
structure is affected by the velocity perturbation input [25, 26, 27, 28]. Schuller developed a
model [29] which investigated the response of a premixed, anchored flame to velocity perturba-

tions, commenting that flames possess characteristics similar to low-pass filters [30].
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The flame transfer function is a linearized approach to predicting the coupling between
unsteady heat release rate and acoustic pressure and therefore will not capture the rich nonlinear
dynamic details of thermoacoustics. For a more detailed approach, FDF’s consider nonlinearities
within the system and can predict amplitudes, frequency shifts, and other nonlinear traits. The
FDF builds on the framework of FTF by introducing a sinusoidal forced perturbation which
develops a nonlinear, harmonic response from the flame [31, 32, 33, 34]. Equation 1.5 shows the
controls equation in the frequency domain of an FDF(F (@, |u|)) where @ is the frequency and u

is the amplitude from the forced sinusoidal perturbation.

q@VQ_aQWmem (1.5)

Mathematical models to predict the onset of thermoacoustic instability such as the FTF
and FDF rely on a forced pressure perturbation to analyze the response of the flame and may
only capture the dynamics of linear and harmonic systems [35]. In general, combustion devices
do not impose specified acoustic vibrations onto their enclosed flame and will instead develop
thermoacoustic instabilities through synchronization[36].

The synchronization of pressure and heat release rate has been proven to cause thermoa-
coustic instability while lacking any forced perturbation. Depending on the dynamic states of the
system, the heat release and pressure can be either synchronized or de-synchronized. A variety
of studies by Mondal. found various synchronization states including phase locking, intermittent
phase locking, and even phase drifting [37].

Within synchronization, the pressure and heat release rate may also be interpreted as
two oscillators within a system [38]. The amount of flames and their relation to each other will
therefore affect the observed dynamics during thermoacoustic instability. Manoj investigates

multiple candle flame oscillators and notes that the dynamical state will depend on the number



of oscillators present in the system [39].
While previous and ongoing research provides great insight into the physical phenomena
of thermoacoustic instability, fundamental experiments are required in order to further understand

its underlying dynamics.

1.3 General Studies on the Rijke Tube

A Rijke tube is a combustion device consisting of a heat source and an air column with
at least one open end [40]. The air column acts as the chamber with simply defined acoustic
characteristics. The heat source, centered radially within the tube, can change its relative position
along the length of the tube. This elegant system is able to develop self-excited thermoacoustic
instability without the need for any external perturbations [41]. This was first noted by Professor
Rijke in 1859 when he placed a heated iron wire gauze into a glass tube and observed that the
resulting sound was approximately the same as the harmonic frequency of the tube [42]. A
simplified diagram of a Rijke tube is shown in figure 1.3.

The Rijke tube is a strong tool to study the dynamics of thermoacoustic without re-
quiring complex combustor setups [43]. The mechanisms of the Rijke tube are based on the
in-compressible flow equations with small perturbations of velocity and pressure [44, 45]. This
has been proven with previously conducted experiments in a Rijke tube using an electronic heater.
The overall hydrodynamic flow within the tube are shown in equations 1.6 and 1.7. We assume
no mean flow within the tube and define any perturbations as wave equations [46]. Where P’ is
the acoustic pressure perturbation and u’ is the velocity perturbation within the flow field. P” and
u’ are both functions of location from the top of the tube(x) and time(t). L is the length of the

Rijke tube.

P’ = P, sin(nxL) cos(t) (1.6)
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Figure 1.3. Diagram of a Rijke Tube

u' = —U, cos(nxL)sin(t) (1.7)

The harmonic frequencies of the tube, w, are approximated with the air column length
and the speed of sound. Equations 1.8 and 1.9 calculate the fundamental frequency of a standing
wave in an air column with both ends open and one end closed. During thermoacoustic instability,

the observed dominant frequencies will be based off of the fundamental frequencies of the tube.
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Thermoacoustic combustion experiments have been conducted using Rijke tubes in the past few

decades. Laminar, premixed flames are capable of fully developing self excited thermoacoustic



oscillations within these setups [47]. Noble investigates the thermoacoustic states of a rich
methane-fueled flame [48]. Kabiraj proves that an unstable, quasi-periodic state was present
within a lean flame fueled with natural gas [17]. In another publication, Kabiraj focuses on the
quasi-periodic state during thermoacoustic instability of a laminar, premixed flame where the
flame eventually blows out [49]. The hydrodynamic region was also investigated within the
Rijke tube with a laminar, premixed flame [50]. Guan notes strange nonchaotic attractors are
present before chaos occurs with a laminar flame within a Rijke tube [51].

The diverse set of dynamics observed in multiple experiments utilizing a Rijke tube
proves its effectiveness to study the fundamentals of thermoacoustic instability. In this paper,
we will construct an experimental setup with a Rijke tube to study combustion instability with a

variety of laminar, premixed flames.

1.4 The goal of the present study

The goal of the present study is to develop a Rijke tube setup and to investigate the effect
of flame interaction on the pressure and intensity dynamics during thermoacoustic instability.
Previous work studying on this topic have observed different dynamical states of the pressure
and the heat release rate. Traditionally, many investigations will consider the flame as a singular
heater element. However, these investigations will utilize multi-flame burners that may affect the
dynamical states of pressure and heat release rate when compared to a single, conical flame.

Kabiraj reports many dynamic states in the acoustic pressure field, including chaos [52].
Kasthuri uses a matrix burner with 112 injectors to study the route to thermoacoustic instability
in a multiple flame burner, reporting bursting and mixed-mode dynamics [53]. Culler investigates
the affect asymmetrical and unsymmetrical equivalence ratios in a multi-flame combustor, noting
that the nozzle configuration greatly influences the bifurcation as well as fuel staging for a gas
turbine engine [54].

It is important to note that these multi-flame burners are not similar to meshes or plugs



that anchor the flame. Porous media plugs provide more surface area for heat re-circulation to
the cold, premixed gas during combustion [55] [56] [57]. It can be observed however that these
tips are small enough to maintain a single conical flame on the burner as used by Guan [51] and
Zhao [50]. The wire mesh is much more fine than the orifices of multi-flame tips and therefore
cannot easily produce individual flames during operation.

Due to the observation that multi-flame burners greatly influences the dynamics in
thermoacoustic instability, we introduce a systematic experimental investigation into the ther-
moacoustic phenomena of three different multi-flame burners as well as a single-flame burner.
By changing the burner from a single flame to multiple flames, we note major changes in the
dynamical states of pressure and heat release rate of a laminar, premixed flame within a Rijke

tube.

1.5 Outline of the thesis

The thesis is divided into 4 main chapters. Chapter 1, previous to this outline, provides
background information and general studies on both thermoacoustics and the Rijke tube. The
fifth section introduces the goal of the present study.

Chapter 2, section 1 reviews how the Rijke tube was configured and why a high speed
camera and pressure sensors were selected for data collection. It also explains why a laminar,
premixed flame was used. Section 2 reviews the newly designed experimental setup used for
pressure and heat release rate data collection during the systematic investigation of local flame
interactions effect on thermoacoustics. This reviews how the high speed camera was used and
what data was collected for each of the four experiments.

Chapter 3 explains the results obtained from the initial setup. This includes the supporting
results for Rijke tube diameter sizing. The final setup is also reviewed here, including an overview
of the pressure and heat release rate measurement methods.

Chapter 4 systematically investigates the effect of multi-flame burners on the pressure

10



field during thermoacoustic instability. This is divided into the following subsections, a com-
parison of the single flame and seven flame experiments, the in-line three flame experiment P’
dynamics, a study of the synchronization of each heat release rate and P’, and a comparison of
the in-line three flame experiment to the asymmetrical three flame case.

The conclusion in presents the overall findings and their impact on the topic of thermoa-

coustics. It also provides potential avenues for future studies within this area of research.
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Chapter 2
Methodology

2.1 Rijke Tube Experimental Setup Development
2.1.1 Selection of Rijke Tube Parameters

An initial setup was developed in order to test key parameters of the Rijke tube system.
These include diameter of the tube, heat release rate acquisition, and temperature of the location

of the pressure sensor. Figure 2.1 shows the diagram of the experimental setup.

1 Steel Rijke Tube
I 14— 3 2 Unistrut
] 3 Sliding Clamp
4 Mechanical Jack
5 Microphone
6 Flame
7 Burner Tip
8 Burner Tube
9 Premixing chamber
10 CH, Mass Flow Controller
1 0, Mass Flow Controller
12 N, Mass Flow Controller
13 Premixed gas line
B 14 Open Tube End

Figure 2.1. General Rijke Tube Setup Diagram.

12



This experimental apparatus consisted of a conical flame burner and multiple steel tubes.
A 1.33 meter long copper tube with an inner diameter of 12.7mm and an outer diameter of
16mm is used for the burner tube. The burner tube is connected to a premixing chamber further
upstream, where methane, oxygen, and nitrogen are mixed based on preset flow rate conditions.
The mass flow for methane, oxygen, and nitrogen are set using an Alicat digital flow controller
for each gas.

The copper burner tube allows for multiple brass inserts to gently press fit into the top
of the tube. This allows the use of different flame configurations during experiments. Different
open-ended diameter steel tubes were tested for sizing the Rijke tube. The different diameters
were 72.9 mm, 50.8 mm and 25.4 mm. The length was held constant at 914mm.

Plastic aligners were placed within the steel tubes to ensure the burner was centered
radially within the Rijke tube. The vertical motion of the tube was controlled with a mechanical
jack and the tube was constrained to a vertical steel channel so that it only moved in the
z-direction.

Multiple experiments with a premixed, laminar flame were conducted to ensure the
onset of thermoacoustic instability was obtained. Sound measurements were recorded with a
microphone held by hand approximately 25 mm above the Rijke tube. Examlpes of test data
may be found in the appendix.

Temperature measurements also were conducted with an Omega K-type thermocouple
and read with an Omega DP460 digital panel meter in order to ensure the acoustic pressure
sensor port on the top of the tube does not experience temperatures above 120 degrees Celsius

per PCB’s technical specifications. The setup diagram can be viewed in the appendix.

2.1.2 Flame Configuration

There are four well known mechanisms to cause the onset of combustion instability.
These include changes in the local equivalence ratio, coherent flow structures, entropy waves,

and flame surface area modulation [1]. For a premixed flame utilizing gaseous fuel and oxidizers,
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the equivalence ratio cannot oscillate with the acoustic pressure field because it is already
constant once is reaches the flame front. Premixed flames do not require vaporization of liquid
fuels, mitigating the risk of feedback between the acoustic pressure and fuel and oxidizer mixing
process.

A laminar system does not possess any relative high speed flow within the chamber. This
mitigates the risk of synchronization of vortex shedding affecting the acoustic pressure during
the combustion process. The conical shape of a laminar flame allows for easy heat release rate
measurements by recording the intensity of the flame. Due to the asymmetrical geometry of the
flame, a two-dimensional image may accurately record the intensity. A laminar flame may also
possess less flow noise and more stable operation, minimizing potential background noise in
pressure and heat release rate data collection.

The two dominant ways that the premixed laminar flame may develop thermacoustic
instability is therefore entropy waves and flame surface area modulation. The entropy waves occur
within the Rijke tube chamber as the heat from the flame creates a sharp temperature gradient
along the tube. This is therefore the key factor in the onset of self-excited thermoacoustics within
a Rijke tube. Once the pressure is unstable, the acoustic disturbances transfer along the flame
front of the laminar, conical flames. The effective surface area of the flames changes, which
is directly proportional to the heat release. The flame is then responding to the entropy waves
and develops the positive feedback cycle that will sustain the instability until an outside factor
influences the system.

Methane is utilized as the main source of fuel for many combustion applications stemming
from gas-turbines, internal combustion engines, and rockets. Methane is gaseous at room
temperature and is the lightest of the hydrocarbons. It also produces the least soot compared to
other fuels while emitting bright CH* molecules during combustion. The CH* molecules are
chemiluminescent, emitting light at approximately 425nm, which is brightest at the flame front.

These attributes ensure high speed imaging is consistently clear during all experiments.

14



2.2 Multi-flame Dynamics Experimental Setup

The final Rijke tube experimental setup is shown in figure 2.2 which consists of a burner
mounted co-axially within a vertical fused quartz-glass tube. A 1.33 meter long copper tube
with an inner diameter of 12.7 mm and an outer diameter of 16 mm is used for the burner tube.

Multiple brass inserts are designed to fit into the top of the copper burner tube. Two meshes are

1 Rijke Tube
15 o 2 Tripod Mount
3
o 3 Pressure Sensor
/ 1
4 Camera
1// 2
5 Signal Conditioner
6 Flame
__— 6
1l 7 Burner Tip
H 7
6
- 8 Burner Tube
P ’
a1 9 Premixing chamber
° )~ 10 |10 CH, Mass Flow Centroller
3 ] ,V_* " 0, Mass Flow Controller
T 12

1" 12 N2 Mass Flow Controller
— | 13
13 Premixed gas line

14 Closed End Cap

15 Open Tube End

Figure 2.2. Final Experimental Rijke tube setup model.

placed at the bottom of the copper tube to prevent further flashback as well as aid in maintaining
a laminar flow of ambient pressure gas through the burner tube. The burner tube is mounted to a
vertical steel strut with 2 clamps and is held in place with a spring clamp. A high temperature
Teflon plastic aligner ring is mounted approximately 152mm below the burner tip to prevent
radial movement of the burner tube within the Rijke tube.

The burner tube is connected to a premixing chamber further upstream, where methane,
oxygen, and nitrogen are mixed based on preset flow rate conditions. The mass flow for methane,

oxygen, and nitrogen are set using an Alicat digital flow meter for each gas. Oxygen and
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nitrogen are used instead of air in order to more accurately control the flame temperature during
experiments.

The Rijke tube consists of a 914mm long, clear quartz-glass tube with an inner diameter
of 50mm and a wall thickness of 2.5mm. The quartz tube is mounted onto an aluminum rail
by two aluminum clamps on the top and bottom of the tube. A machined brass cap is mounted
on top of the quartz tube and aluminum clamp. The cap has a PCB model 103B02 acoustic
pressure sensor connected with a brass tee fitting. There is a quarter wavelength closed-end tube
attached to the pressure sensor port on the brass cap in order to filter out noise above 800 Hz. A
Moog Hercules tripod is used to translate the quartz tube vertically with respect to the burner
tip, thereby changing the relative flame location within the tube. The bottom of the Rijke tube is
closed with an ABS plastic cap. The bottom cap also has a radially centered hole for the burner
tube to fit through. This provides a natural frequency of 93Hz when the air in the column is at
room temperature. The cap includes a pressure sensor port that mounts a PCB 103B02 sensor by
gently press-fitting the sensor into a tube that has a 3mm orifice feeding directly into the chamber.
Both pressure sensors are powered with and send data through a PCB 482A16 signal conditioner.
Flame location is read with a scale mounted onto the aluminum rail.

The pressure sensors were tested with a signal generator and speaker. They each read a
750Hz signal as setup in figure 4.4 in the appendix. The sensors were tested at the same time
and were fixed on the test setup at one end of the open aluminium tube. The speaker was fixed to
the other end of the tube and generated an acoustic standing wave at a specified frequency. The
sensors read exactly 750Hz. The amplitudes may be shifted by approximately 8Pa but the range
of amplitudes read are the same. Refer to figures 4.5 and 4.6 in the appendix for the time series
and PSD of the 750Hz signal test. The background noise of the experimental setup in the lab was
also read by the pressure sensor in the bottom of the tube, as that was the selected location due to
the close proximity to a pressure anti node. The background noise is maximum 5Pa, which is
negligible compared to the sound produced during thermoacoustic instability. Refer to figure 4.3

in the appendix for the background measurement. The pressure sensors are therefore verified to
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read accurate signals and are usable for measuring P’ during thermoacoustics experiments.

A Phantom V710 high speed camera is used to capture images of the flames during
experiments. The images are captured at 2000 frames per second with an exposure time of 490
microseconds. Three seconds of data are recorded by the high speed camera. By utilizing a
425NM X 25NM filter, the background noise is mitigated and the flame front is the brightest
object in each image frame. The two dimensional image of the conical flame provides the
diameter of the shape along the entire flame, which is linearly proportional to the surface
area of the conical shape. Brightness may be summed across the entire frame, producing an
instantaneous value that is therefore linearly proportional to heat release rate [58], [59], [37].
Due to the linear proportionality of flame surface area to heat release rate of a conical flame,
high speed images of the flame front may therefore be an accurate diagnostic method to obtain
heat release rate modulation. Figure 2.3 compares the stable shape of a conical flame to an
instantaneous frame during thermoacoustic instability. The change in the two dimensional shape
may correlate directly to the surface area modulation because of the asymmetrical geometry of
the flame. This is also a clear, visual indication of heat release rate fluctuation from the flame to

the flow field.

Figure 2.3. Comparison of a conical flame during stable operation (left) and during thermoa-
coustic instability(right)
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Four different burner configurations were tested within the Rijke tube; a single flame,
seven flame, triangular three flame, and an in-line three flame tip which are shown in figure 2.4.
They were gently press fit into the top of the burner tube during their respective experiments. The
equivalence ratio was held constant for all experiments at 0.85. Oxygen in the Oxygen-Nitrogen

mixture was 25 percent for the single and three flame experiments.

Burner | Diagram Hole Hole Total Flow Mean
Count |Diameter | Area(mm?)| Rate |Velocity

{mm) (SLPM) | (cmls)

1H @ 1 11.176 71.33 10 169.9

7H O 7 3.80 79.4 8 167.9

3HL 3 4.09 39.4 4 169.2

3HT 3 4.09 394 4 169.2

Figure 2.4. Four burner tips and their respective diagrams

The flame speed was 47.1cm/s and the flame temperature was 2258.7K. The seven
flame experiment had a 23 percent oxygen percentage level as the flame blew off very quickly
before reaching the bottom half of the Rijke tube if the oxygen percentage was any higher. For
this the flame speed was 42.6¢m/s and the flame temperature was 2169.5K. The gas velocity
of the Methane, Oxygen, and Nitrogen mixture was held constant for each experiment. This
was approximately 38.0cm/s at the entrance of the every orifice for all burner tips. Due to the
different cross sectional areas,the mass flow rate was modified to ensure the constant velocity.
The single flame experiment had a total volumetric flow rate of 10 SLPM as the tip has the
largest overall area. The seven flame experiment was conducted at 8 SLPM and the three flame
experiment had a flow rate of 4 SLPM. The flame distances are approximately the same for both
of the three-flame tips. The laminar flame speed and temperature were calculated using ANSYS

Chemkin [60].
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Chapter 3

Results

3.1 Characterization of a Rijke Tube Based on Dynamics of
a Single-Flame

The 72.9mm diameter tube did not produce any unstable response of a laminar, conical
flame. The 25.4mm diameter tube produced audible thermoacoustics but there were visible
burn marks on the outer wall of the steel. This may have been a result of the flame’s distance
to the wall, overheating the tube. The 50.8mm diameter tube produced audible thermoacoustic
instability and that diameter was therefore selected for the final setup. Refer to figure 4.1 and 4.2
in the appendix for the time series P’ recorded in the steel tube. The fundamental frequency was
read, strongly supporting that synchronization occurred between the flame and pressure field
within the selected tube.

The temperature of the pressure sensor fitting was measured to ensure it is within working
limits as specified by PCB. A hole was drilled into the top of the 50.8 mm tube and a tee fitting
was fabricated from standard brass fittings. The flame used for these tests had an equivalence
ratio of 0.9 and a mixture of 32 percent Oxygen and 68 percent nitrogen was used. The flame
temperature was approximately 2518 Kelvin, which is higher than the flame temperature used
for the final results. The temperature of the pressure sensor fitting did not exceed 120 degrees
Celsius after 45 minutes of testing.

The high speed camera may only accurately record flame intensity at 2000 fps with a 490

19



microsecond exposure time if the CH filter is attached. The intensity value is found by summing
the brightness values within the images. By using the CH filter, the only light to pass into the
camera’s sensor is from the conical flame edges.

The high speed camera was selected for experimental data collection because of its ability

to recognize separate flames within the Rijke tube.

3.2 A Systematic Investigation of The Affect of Multi-Flame
Dynamics on Thermoacoustic Instability

3.2.1 Single Flame and Seven Flame Experiments

When using the single flame burner tip, no noticeable change in the acoustic pressure
over the entire length of the tube was observed. As seen in Fig. 3.1, the pressure bifurcation
plot only shows flow noise at each step [61]. The single flame therefore maintains steady state
combustion through the length of the Rijke tube. However, when using a seven flame burner tip,
the dynamical response becomes much more complex and the amplitude ranges up to 200Pa.
There are multiple bifurcations points that can be observed in figure 3.1. This strongly supports
the existence of a variety of dynamical states throughout the length of the tube.

The 1H experiment image set is shown in figure 3.2. From the 8 frames there is a lack of
noticeable change in the flame’s surface area. This supports the P’ data where no thermoacoustic
instability occurred. The single flame did not synchronize with the pressure within the Rijke
tube. The 7H image set provides a much different picture than the 1H case, as can be observed in
figure 3.3. All seven flames are oscillating, extinguishing, and reigniting in seemingly different
frames. An overall oscillation also seems to exist where the left flames extinguish and reignite
and then the right side performs the same pattern. This visually confirms that ¢’ is strongly
interacting with P’ due to the major changes in flame surface area as well as the extinguish
and re-ignition of the individual flames. The only major change between the single-flame and

seven-flame experiments was the addition of multiple flames on the burner tip. It is therefore
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Figure 3.1. P’ bifurcation plots for the seven-flame and single-flame experiments. The seven-
flame P’ data was taken in Icm intervals and the single-flame data was taken in Scm intervals.

necessary to investigate how the different flames on the burner tip affect the pressure dynamics.

Figure 3.2. Unfiltered image set of the single flame at 20cm.
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Figure 3.3. Unfiltered images of the 7H burner tip at 39cm.

3.2.2 Linear Three Flame Experiment

The 3HL burner tip is unique in that it enables heat release rate data to be collected on
each flame from high speed camera image sets. These can then be quantitatively analyzed to
observe how each flame influences the P’ time series observed within the Rijke tube.

The Pressure bifurcation plot of the three-flame experiment shows multiple bifurcation
points along the length of the Rijke tube. This is observed in figure 3.4 with many clear changes
in the amplitude range of P’ as x increases. Even with the exact same flame conditions, the
3HL P’ bifurcation plot represents a variety of dynamical states whereas the 1H experiment
maintained steady-state.

Due to the variety of amplitude ranges in P’ observed in figure 3.4, individual time series
must be investigated to further understand the underlying dynamics. There are five representative
locations at 22cm, 33cm, 46cm, 59cm, and 70cm.

Figure 3.5 shows P’ over 10 seconds as well as the power spectral density(PSD) and
reconstructed phase space for the five locations along the length of the Rijke tube. The 5 rows
of subplots represent four unique, different observed dynamical states from the bifurcation in
figure 3.4. The first half of the tube has a dominant frequency of around 300Hz and the lower

half is approximately 185Hz as seen in the PSD graphs.
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Figure 3.4. In-line three flame P’ bifurcation plot from Ocm to 82cm in Icm intervals.

The 22cm location, figure 3.5 shows two peaks above and below 302.2Hz by 6.7Hz. The
lower frequency matches the cyclic pattern of high amplitude peaks observed within the time
series data. The phase space shows two dominant rings which is representative of the on-off
pattern from fish-bone instability.

The lower order frequency is present through the initial mixed-mode section seen in
33cm. However, due to the presence of small periodic sections, the 6.7Hz higher and lower peaks
are not as easily identifiable within the PSD of P’. The dominant frequency mode is similar to
fish-bone instability at 293Hz. The phase space does not possess as easily recognizable rings as
observed in fish-bone instability.

Further into mixed-mode, at 46cm, the frequency peak at 287Hz broadens and specific
values are less noticeable in the PSD. There is also a lack of obvious low frequency peaks within
the PSD of P’ in figure 3.5. There are surrounding peaks that may be identified at 295.2Hz and

273.8Hz. The difference in frequencies between these modes is 13.2Hz. It can be seen that
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Figure 3.5. The time series(left 2 graphs), PSD(center right), and reconstructed phase space(right)
of P’ select locations along the Rijke tube.

there is a small peak at 14.8Hz which could account for the frequencies surrounding the 287Hz
dominant peak. The phase space of this location possesses an obvious outer ring which may be
from the long bursts of periodic instability.

During burst mode at 59cm, the dominant frequency peak at 300.6Hz broadens and there
are some lower frequency peaks at 5.7Hz as well but they do not seem related to the overall
high amplitude modulation pattern within the P’ time series. Figure 3.5 shows the bursting
pattern. The time series follows a 300Hz dominant frequency but lacks any notion of a lower
frequency such as what is observed in fish-bone instability. There are no obvious peaks within

the broadband surrounding 300.6Hz. The phase space for the whole time series is a filled disk as
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P’ becomes steady and the amplitude ranges from OPa to 25Pa.

Clear, dominant peaks in the P” PSD are not present until the limit cycle oscillation state
around 70cm as seen in figure 3.5. The dominant mode lowers to 182.5Hz and there is a small
peak at 116.9 Hz and 60Hz but there is a a lack of broadband frequency ranges as previously
seen in the other instability modes. The phase space follows a much more obvious pattern,
maintaining a fairly constant peak relative to the other locations. However, the shape is not
perfectly round which may be from the slight amplitude modulation seen in the time series.

The reconstructed phase space utilizes 6 dimensions and the subplots in figure 3.5
shows the first 3. The false nearest neighbor(F NN) method was used to calculate the minimum
dimension required for the phase space reconstruction [62]. This ensures the prevention of false
crossings of trajectories within the space. The FNN graphed for up to 6 dimensions is shown in

the appendix for each P’ time series location.

P'(n) =[P (n),P' (n+1),P' (n+27),...P (n+57)] (3.1)

No P’ time series required above 5 dimensions based on the false nearest neighbor
method. Therefore a dimension of 6 was used in forming the reconstructed phase spaces in figure
3.5. The time lag, 7, for the reconstructed phase space was calculated by finding the minimum

correlation value from the time series. The auto-correlation, 7 is found in equation 3.2 through

3.3.

ry = o (3.2)
1 T—k
=7 2 0 =F) k=) (3.3)

=1
co 1s the sample variance of the time series and T is the effective sample size of the P’

time series. Once the ry value closest to zero was found, the corresponding lag was used as 7 for
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Figure 3.6. Continuous wavelet transform for P” of 46¢cm, mixed mode(left), and 59cm, burst
mode(right).
reconstructing the phase space.

Due to the transient nature of mixed mode and burst mode instability, the continuous
wavelet transform(CWT) is required to further understand the dynamics of the P’ time series for
mixed-mode and bursting. Figure 3.6 shows the CWT of 46cm, mixed mode(left), and 59cm,
burst mode(right) for ten seconds of P’ data.

The CWT in figure 3.6 shows that the dominant frequency is not present in between
the large amplitude regions during mixed mode and burst mode instability. When instability
is occurring, the CWT shows an approximate 100Hz range around the instantaneous dominant
frequency. The lower frequencies observed in figure 3.5 are not present in the CWT’s and

therefore could stem from the long-term patterns observed in each state.

3.2.3 Synchronization Analysis

Due to the variety in observed dynamics of P’, the effect of heat release rate on the P’
dynamics and their degree of synchronization must be investigated. The phase-lock-value(PLV)

and root mean frequency(RMF) are therefore taken for each location along the Rijke tube for P’
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and ¢'. O is the unwrapped instantaneous phase of each time series.
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Figure 3.7. Phase Lock Value of P’ and all three ¢’ for each location past the initial bifurcation
point.

Equation 3.4 shows how PLV was calculated between P’ and ¢'.

N
PLV =N~} exp(in®;)] (3.4)

t=1

The PLV is near 1 for perfectly synchronized states and zero for perfectly un-synchronized
oscillators. In figure 3.7 it is observed that P’ is most in phase with the center flame and that the
left and right are not synchronized with pressure until the limit cycle oscillations are reached
in the bottom half of the Rijke tube. This may infer that g is influencing the P dynamics to a
stronger degree than ¢; and ¢k.

During fish-bone instability at 22cm, the PLV begins to decrease from approximately
0.9 to around 0.75 for the ¢~ and P’. ¢} and ¢} follow the same trend but possess lower overall
PLV values than ¢ when compared to P’. During mixed-mode oscillations proceeding fish-bone

instability around 33cm, the PLV stays constant until 36cm where it increases slightly.
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After 43cm, the PLV between ¢’ and P’ transition from a consistent value to a more
random pattern. This could be due to how the P’ dynamics possess sections of fish-bone, steady,
and periodic instability where each ¢’ and P’ may not necessarily be in phase.

Once the flame reaches 55cm, burst mode begins and the PLV observes a random spread
of values through 62cm. The PLV ranges from 0.9 to nearly 0.3 as the flame moves down the
Rijke tube. Past 62cm the pressure becomes steady and the PLV only compares sensor noise.

Limit cycle oscillations starting at 66cm past the steady location posses PLV values
closest to 1 for all ¢”’s and P’, indicating that the flames oscillate in-phase with each other and
the heat release rate acts as a single entity influencing the pressure dynamics. There is however a

decline to around 0.9 indicating that the pressure state may become quasi-periodic again.

A0 = |0 — @] (3.5)

The relative mean frequency is shown in figure 3.8 which compares ¢’ and P’ for each
location in the Rijke tube. As seen in equation 3.5, the RMF of two time series is the difference in
their mean frequencies where the mean frequency is an average of the first order time derivative
of the instantaneous phase of the signal [37], [63].

The Aw for ¢, and P’ is relatively low compared to ¢} and ¢%. This maintains the same
value until mixed-mode where the RMF for ¢; and P’ steadily increase. Burst mode shows
various random increases in A® until steady-state. A drops and stays fairly constant for all §s
until 77cm where Aw slowly starts to increase. The RMF supports the same trend that the PLV
possesses in that g is much more synchronized with P’. We may conclude from these results
that ¢~ could be driving the dynamics at a higher degree than the ¢; and ¢%. Figure 3.8 does
provide a more clear picture as to how the degree of synchronization between ¢’ and P’ changes
when transitioning through dynamical states as x changes.

The PLYV is also calculated for each ¢'. Figure 3.9 shows the PLV between each flame

across the length of the tube. It is observed that ¢; and ¢ generally have the highest PLV value
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Figure 3.8. Relative mean frequency between ¢’ of each flame and P’ for each location.

until burst mode. During burst mode the PLV for each case is lower but ¢ is more synchronized
with ¢} and ¢} as the burner tip moves down the tube. The PLV values do not all increase until
the steady and periodic locations. For all other observed dynamical states, the PLV for ¢ vs ¢
are generally the highest.

The synchronization analysis in figures 3.7 and 3.8 compared P’ and ¢’ time series
corresponding to each location in the PLV plot. Figure 3.7 and figure 3.9 share similar overall
patterns in x where the ¢’’s were mostly out of phase during mixed and burst mode instability. It
can be generally observed that ¢ and ¢} were in phase for most of the locations until bursting,
where the PLV values for all ¢"’s become very similar. It would be expected that ¢; and ¢y would
be in phase much more compared to g, however there exists some variation in PLV values for
;. Vs g and ¢ Vs ¢ The PLV does follow the overall expected trend that the outer flames are
synchronized between each other compared to the center flame.

The PLV and RMF plots show that each ¢’ is synchronized with P’ at different locations

of x. It is therefore important to investigate how each ¢ influences P’ for two representative
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Figure 3.9. PLV between ¢}, §%, and ¢..

locations along the length of the Rijke tube. One location shall possess different degrees of

synchronization between each ¢’ and P’ and the other shall possess highly synchronized ¢’ and

P
3.2.4 Dynamics of the Heat Release Rate

By using the phantom V710 high speed camera with a filter, we are able to capture the
intensity of each flame individually. The images were divided into three section to separate g},
g and g as seen in the diagram of figure 3.10. Because the intensity is linearly proportional to
the area modulation of a conical flame, the brightness of each flame can be summed within the
images and used as instantaneous intensity modulation data for the heat release rate. The PSD of
each ¢’ was calculated for 3 seconds of data for two representative cases: fish-bone instability
and periodic instability.

We choose 22cm as a representative location due to a consistent fish-bone pattern within

the P’ time series across the entire data set. This provides much more clear example to investigate
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Figure 3.10. Image of the 3HL flames and how they are seperated within the frame
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Figure 3.11. PSD’s of each ¢’ and P’ at x = 22cm

the dynamics of the ¢’ and P” data when compared to other more complex locations. In figure 3.11
we can observe that all ¢’’s exhibit a 301.6Hz dominant frequency, a low frequency of 6.7Hz

may be observed in ¢, and ¢; . This low frequency is also present in the PSD of P’ in figure 3.11.
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Figure 3.12. Filtered images of the flames during fish-bone instability at 22cm.
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Figure 3.13. Time series of each ¢’ and P at x = 22cm

This low frequency mode is not present within the PSD of ;.. This infers that while P’ may be
strongly synchronized with g, the effects of ¢; and ¢} are still translated into the dynamics of
P’. This claim is visually evident in figure 3.12, where the left and right flames are nearly entirely
lifted from the burner tip but are anchored by the center flame. The center flame remains fully

anchored to the burner tip and experiences oscillatory vibrations of its surface area. The center
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flame possesses more surface area compared to the left and right and will therefore possess a
higher amplitude during oscillations. The center flame is not as susceptible to pressure waves
from the acoustic field and is therefore able to prevent lifting but also support the left and right
flames. The image set is for one large amplitude oscillation, which accounts for a single period
of the 6.7Hz frequency.

From the image set in figure 3.12 we may observe that the left and right flames may lift
enough to reduce the amplitude of ¢’ to the surrounding hydrodynamic region. This may dampen
the amplitude of P’ and allow the flames to re-anchor to the burner tip. When the left and right
flames re-anchor, they regain surface area, releasing a higher amplitude of ¢’ into the chamber.
This restarts the cycle and the P’ vibrations increase amplitude, lifting the left and right flames
again. This can be observed in the time series of each ¢’ and P in figure 3.13 which focuses on
the period of a single "fish-bone” in the P’ time series. The amplitudes ¢; and ¢} reach their
maximum at approximately 0.35 seconds, inferring that they must be anchored to the burner. P’
however, only reaches its local maximum at approximately 0.37 seconds and ¢, seems to do
the same. This lag between the left and right flame oscillations and P’ shows that ¢} and ¢} are
driving the overall pattern observed in the fish-bone instability. This period corresponds to the
frequency of 6.7Hz present in the PSD’s of ¢}, ¢, and P’. We can therefore infer that g may be
a stronger influence on the dominant frequency for P’, however, we note that §; and ¢} cause
the low frequency fish bone pattern. The complex dynamics of fish-bone instability is therefore
heavily influenced by how the different ¢"’s interact with P’.

During periodic oscillations at 70cm, figure 3.14 shows many clear dominant frequencies,
with a dominant mode for P’ and ¢’’s at 182.5Hz. All three ¢'’s share the exact same frequencies
and are therefore responding to P’ as a relatively singular ¢’ source. The flames do possess
a low order 15Hz peak that is not present in the P’ PSD. This frequency was observed in the
PSD’s of ¢}, gr. and ¢} for every location but is not present within the P> PSD’s, which is shown
in the appendix. This frequency may therefore not be a characteristic unique to the periodic

oscillations.
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Figure 3.14. PSD’s of each ¢’ and P’ at x = 70cm

Figure 3.15. Filtered images of the flames during limit cycle oscillations at 70cm.

Unlike fish-bone instability, the periodic oscillations continue a consistent pattern seen in
figure 3.15. The time series of each ¢’ and P’ are also very similar, lacking any large amplitude
oscillations at a low order frequency in figure 3.16. Each ¢’ is oscillating at the same rate and

while the P’ time series are not perfectly periodic, this location within the Rijke tube presents a

34



ar
qc

dr

0.3 0.35 0.4 0.45 0.3 0.35 0.4 0.45
t[s] t[s]

Figure 3.16. Time series of each ¢’ and P’ at x = 70cm

much simpler dynamical state when compared to the fish-bone instability.

From figures 3.11 and 3.14 we may observe that the individual ¢’ oscillations will translate
into the P’ dynamics, whether the flames are synchronized or not. The fish-bone instability is a
key representation of how the individual ¢"’s may affect the acoustic field separately. The outer
flames lifting due to the acoustic field and reigniting from the center flame may be the cause for
the overall pattern that is characteristic of fish-bone instability. This comparison provides a key
example as to how complex dynamics observed in P’ may stem from the varrying influences

from each flame during thermoacoustic instability of multi-flame burners.

3.2.5 Asymmetrical Three Flame Experiment

The susceptibility of the flames to the affects of the pressure oscillations will also influ-
ence the observed dynamics within the acoustic pressure field during thermoacoustic instability.
When comparing the 3HL burner tip to the 3HT burner tip, the overall dynamics changed
dramatically. The 3HT experiment experienced an initial bifurcation point at 18cm, moving
directly to a quasi-periodic regime which is observed in figure 3.17. Then the flame blew out

at 19cm with multiple attempts to reignite and move past the location. The early blow-off and
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higher amplitude range of the asymmetrical case could be due to how all three flames are equally

susceptible to the acoustic pressure field and lack a center flame to anchor to.

100

Figure 3.17. Bifurcation plot of P’ for the asymmetrical(green) and in-line(purple) burner tip
experiments

This is a major difference compared to the in-line case which, as observed in the previous
section, did not blow off for the length of the Rijke tube. The amplitude of the asymmetrical case
was nearly twice that of the in-line experiment at 120Pa shown in figure 3.17. There are also
multiple different frequencies present in the PSD of 19cm whereas the in-line case has dominant
peaks of 300Hz and 5Hz.

Figure 3.18 compares the P’ time series data between the 3HL and 3HT experiments
at 19cm. Unlike the 3HL experiment, the 3HT case did not possess clear fish-bone instability
within the time series but does show amplitude modulate as seen in figure 3.18. The PSD of the
3HT case also shows many more obvious peaks in a range of frequencies spanning from 100 to
1000Hz whereas the 3HL experiment only contained a low order and three related higher order
peaks.

The difference of the observed dynamical states in P’ for each case lies in the burner

configuration. The 3HL tip prevents the center flame from lifting due to the left and right flames.
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Figure 3.18. P’ signal and PSD of the in-line(top) and asymmetrical(bottom) three flame burner
experiments at 19cm in the Rijke.

This evidently creates a more stable burner due to the observed lower amplitudes in P’. The
3HT tip does not possess this feature and all three flames are susceptible to the acoustic pressure
oscillations. There is also no centralized flame to re-ignite or anchor the exposed flames, making
it an inherently less stable design. Because all three flames may interact directly with the pressure
field in the chamber, the ¢’ may fluctuate at a larger amplitude compared to the 3HL case as
there is more flame surface area directly exposed to the surrounding flow. This may therefore
allow the three ¢’ sources to act as individual oscillators with P’, potentially developing a more

complex system.

Figure 3.19. Steady State Flame on the 1H tip

Figure 3.20. Unstable flames on the 7H tip
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Figure 3.22. Unstable flames on the 3HT tip

Figures 3.19, 3.20, 3.21, and 3.22 compare each burner tip during their relevant experi-
ments. The 7H image set shows the flames lifting and reigniting as one, however, the outer ring
clearly blows off nearly half of the flame front whereas the center flame seems to breakup in
figure 3.20. It can be observed in the 3HL image set in figure 3.21 that the left and right flames
are lifted and there could even be a slight lag between lift and re-ignition. The center flame
anchors the outer flames onto the tip. The image set starts with the right flame blowing off, but is
anchored to the burner tip from the center flame. Then, in the fourth image from the right, the
left flame begins lifting in a similar manner.

The 3HT image set in figure 3.22 shows that all three flames oscillate with an in-phase
pattern. The three flames lift and reignite at the same time, possessing similar shapes in every
frame. Unlike the in the 3HL and 7H cases, there is no center flame to anchor the outer flames
when the lift from the burner tip. Which again could have been a reason why the 3HT experiment

experienced complete blow-off very early when moving down the Rijke tube.
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Chapter 4

Conclusion and future work

4.1 Conclusion

In this study, an experimental setup using a Rijke tube was developed to study thermoa-
coustic instability of a laminar, premixed flame. The Rijke tube dimensions were sized to achieve
synchronization between the chamber’s acoustic pressure and the flame that acts as a heat source.
Pressure sensors and a high speed camera were selected and tested for collecting data on the
acoustic pressure as well as heat release rate of the flame.

A systematic experiment was conducted on four different burner tips by collecting pres-
sure and heat release rate data. By changing the amount of flames and their layout, the recorded
dynamics of acoustic pressure changed dramatically. We compared the pressure bifurcation
plots of single, seven, and three flame experiments, noting how the range of amplitudes changed
across each case. The heat release rate and synchronization to the pressure field were further
investigated for the in-line three flame case.

By performing an analysis on the synchronization between the three individual ¢’ data
and P’, we found that the phase lock value differed for the different dynamic states observed in P’
across the length of the Rijke tube. As the dynamics of P’ transitioned from fish-bone instability
to mixed mode and burst mode, the individual PLV and RMF values dropped and varied
dramatically when compared to the periodic state, where all flames were in phase. Furthermore,

when investigating a representative location during fish-bone instability we found that the ¢
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PSD’s differed between ¢;, g, and ¢y and each one had different frequency peaks that matched
the dominant modes observed in the P’ PSD’s at the respective locations. This supports the
notion that each ¢’ contributed in varying degrees to the observed P’ dynamics during more
complex dynamics such as fish-bone instability, mixed-mode, and burst mode.

An asymmetrical three-flame burner tip was also tested and the recorded P was compared
to the in-line three flame data set. Even with the same flame conditions, the asymmetrical case
blew off after a short duration within the Rijke tube. The asymmetrical tip exposed each flame
to the acoustic pressure field equally and lacked any centralized flame. The amplitude was
much larger for the 3HT case potentially due to how all 3 flames could respond to the acoustic
perturbations. Regardless of the dynamical state of the P’ data, each ¢’ will interact with the
pressure during thermoacoustic instability. In this work, the single flame did not produce any
complex dynamics that the multi-flame burners did. This fundamental structure observed within
this work supports that the configuration of the flames on a burner will greatly affect the dynamics
of P’ during thermoacoustic instability. This systematic study of the effect of multi-flame burners
on thermoacoustic instability concludes that configuration of the flames within a combustion
device may dramatically influence the observed dynamics during the onset of thermoacoustic

instability.

4.2 Future Work

In this work, four burner tip configurations were investigated and their observed pressure
dynamics were compared for laminar, premixed flames. The heat release rate of the in-line
three flame burner was analyzed in the context of the corresponding pressure data to further
understand the affect of mulit-flame burners on thermoacoustic instability. To more precisely
study the underlying physics of how flame-flame interactions affect combustion instability, more
data must be collected on a variety of configurations and burner types. The ¢’ data collected by

a high speed camera was confined to a single planar view and may only record up to 2000fps.
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This was a limitation to our experimental setup and could may be mitigated with a more precise
camera or the utilization of multiple cameras.

Additionally, the introduction of particle tracking may also allow for more accurate ¢’
data collection. This would allow for higher fps recordings as well as the study of turbulent
flames. This could also allow for the study of local flame dynamics within single flame-lets as
well as local interactions between the flames. The additional perspectives obtained could provide
more accurate data to further understand the physics of local flame interactions during the onset

of thermoacoustic instability.

4.3 Appendix
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Figure 4.1. Normalized P’ from the 50.8 mm diameter Rijke tube

The normalized P’ data taken during thermoacoustic instability is shown in figure 4.1.

This was during development of the Rijke tube setup from section 3.1.
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Figure 4.2. PSD of P’ from the 50.8mm diameter Rijke tube

Figure 4.2 shows the dominant frequencies from the P’ time series in figure 4.1 during
Rijke tube setup development in section 3.1.

Figure 4.3 is from section 2.2 showing the background noise of the setup without a flame.
Its maximum recorded amplitude is just under 5Pa.

The pressure sensors were tested with a signal generator in section 2.2. Figure 4.4 shows
how the sensors were setup during these tests.

Figure 4.5 shows the time series of the P’ each sensor read during calibration tests in
section 2.2. Both were mostly in phase during the test.

Figure 4.6 shows the PSD of the P’ each sensor read during calibration tests in section
2.2. Both are exactly 750Hz.

Fig 4.7 shows the time series of each ¢’ and P’ for 3 seconds at 22cm. This data was

analyzed during section 3.2.3.
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Figure 4.3. Background noise of the setup recorded from the bottom pressure sensor

Fig 4.8 shows the PSD of each ¢’ and P” at 22cm. This data was analyzed during section
3.2.3.

Fig 4.9 shows the time series of each ¢’ and P’ for 3 seconds at 33cm. This data was
analyzed during section 3.2.3.

Fig 4.10 shows the PSD of each ¢’ and P’ at 33cm. This data was analyzed during section
3.2.3.

Fig 4.11 shows the time series of each ¢’ and P’ for 3 seconds at 46¢cm. This data was
analyzed during section 3.2.3.

Fig 4.12 shows the PSD of each ¢’ and P’ at 46cm. This data was analyzed during section
3.2.3.

Fig 4.13 shows the time series of each ¢’ and P” for 3 seconds at 59cm. This data was

analyzed during section 3.2.3.
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Figure 4.4. Pressure Sensor sound test setup diagram

Fig 4.14 shows the PSD of each ¢’ and P’ at 59cm. This data was analyzed during section
3.2.3.

Fig 4.15 shows the time series of each ¢’ and P” for 3 seconds at 70cm. This data was
analyzed during section 3.2.3.

Fig 4.16 shows the PSD of each ¢’ and P’ at 70cm. This data was analyzed during section
3.2.3.

Figure 4.17 plots the False Nearest Neighbor vs amount of dimensions for P’ in locations
22cm, 33cm, 46cm, 59cm, and 70cm in section 3.2.2. The minimum dimensions required to

prevent false crossing of the trajectories is 5.
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Figure 4.6. Top and Bottom Pressure Sensor Calibration Test PSD’s.
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Figure 4.7. Time series data of each ¢’ and P’ during fish-bone instability at 22cm.
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Figure 4.8. PSD’s of each ¢’ and P’ during fish-bone instability at 22cm
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Figure 4.9. Time series data of each ¢’ and P’ during mixed-mode instability at 33cm.
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Figure 4.10. PSD’s of each ¢’ and P’ during mixed-mode instability at 33cm
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Figure 4.11. Time series data of each ¢’ and P’ during mixed-mode instability at 46¢cm.
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Figure 4.12. PSD’s of each ¢’ and P’ during mixed-mode instability at 46cm
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Figure 4.13. Time series data of each ¢’ and P’ during burst-mode instability at 59cm.
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Figure 4.14. PSD’s of each ¢’ and P’ during burst-mode instability at 59cm
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Figure 4.15. Time series data of each ¢’ and P’ during limit cycle oscillations at 70cm.
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Figure 4.16. PSD’s of each ¢’ and P’ during limit cycle oscillations at 70cm
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