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ABSTRACT
An experimental study was conducted to identify the combustion instability mechanisms
of flame-vortex interactions and equivalence ratio fluctuations and to characterize the combined
effects of the two mechanisms on self-excited unstable combustion in a swirl-stabilized leanpremixed gas turbine combustor. The combustor was designed so that the fuel injector location
and the combustion chamber length could be independently varied. In addition, the fuel and air
could be mixed upstream of the choked inlet to the combustor, thereby eliminating the possibility
of equivalence ratio fluctuations. Experiments were performed over a broad range of operating
conditions and at each condition both the combustor length and the fuel injection location were
varied. Dynamic pressure in the combustor, acoustic pressure and velocity in the mixing section,
and the overall rate of heat release were simultaneously measured at all operating conditions, and
two-dimensional flame images were taken to visualize stable and unstable flame structures.
Two distinct instability regimes were observed, one near 220 Hz and the other near 340
Hz. It was found that the lower frequency regime is closely related to the maximum gain
frequency of the flame at forced response measurements, while the high frequency regime is
related to the quarter-wave frequency of the mixing section. It was also found that the strength of
the instability changed significantly as the fuel injection location was varied, while the phase of
the acoustic pressure and velocity fluctuations in the mixing section did not change. A time series
of pressure and CH* chemiluminescence signals suggested the constructive and/or destructive
coupling of the two mechanisms.
Experimental data on the premixed cases were analyzed to identify the combustion
instability mechanism due to flame-vortex interactions, and the time lag and the characteristic
frequency analyses were found to be useful. Based on the fact that the time lag only describes the
phase relationship between parameters, the characteristic frequency analysis was introduced to
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account for the system gain as the other factor for the instability. The maximum gain frequency in
the forced flame response measurement (fmax.gain ≈ 220 Hz) and the quarter-wave frequency of the
mixing section (fmix ≈ 340 Hz) were found to be characteristic frequencies for the combustor
configuration. As a result, two conditions were identified as the requirements for the observed
instability due to the flame-vortex interactions: i) the time lag should be satisfied: Rayleigh‟s
criterion and Cτv ≈ 1, and ii) the acoustic frequency of the combustor, facs, should be close to either
fmax.gain or fmix. Spectrograms drawn from the measured combustor pressure signals for varying
combustor length have confirmed that the proposed instability mechanism of the flame-vortex
interaction is valid.
In the analysis of the combustion instability mechanism of equivalence ratio fluctuations,
a new way of assessing the equivalence ratio fluctuation convection time in the combustor, τ4(t),
was successfully used to explain the instability characteristics for varying fuel injection locations
at a given operating condition. In self-excited combustion instability of lean premixed flames, the
resultant effect of equivalence ratio fluctuations at the flame was highly dependent on the velocity
oscillations at the dump plane. The comprehensive experimental results for premixed and
partially premixed cases confirmed that the flame-vortex interactions interact with the
equivalence ratio fluctuations, and both of them contribute to driving the instability
characteristics in partially premixed conditions.
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Chapter 1

Introduction

1.1 Background
Gas turbines generated approximately 15% of the total electrical power consumed in the
United States in 1998, and their contribution to power generation is expected to increase to 39%
by 2020 (US-DOE/EIA, 1999). As natural gas is used as the principal fuel for land-based gas
turbines, its contribution to electricity production will also grow, from 14% in 1998 to 31% in
2020. Gas turbines, however, produce approximately 15% of the combustion-generated
greenhouse gases (US-DOE/EPA, 2002) and are a significant source of NOx emissions. Due to
emerging environmental issues, gas turbine manufacturers have had to meet increasingly stringent
regulations on NOx emissions over the past three decades. This has resulted in the development of
new technologies for reducing emissions. The most successful strategy for reducing NO x
production by altering the combustion process, and the one that is most popular among gas
turbine manufacturers, is lean premixed combustion. In lean premixed gas turbine (LPGT)
combustors, reduction of NOx emissions is achieved by premixing the fuel and air upstream of the
combustion chambers and operating at conditions of lean overall equivalence ratios, to lower the
flame temperature below 2000 K and reduce the production of thermal NOx.
Though LPGT combustors have been successful in meeting current NOx emissions
regulations, reduced emissions have been achieved at the expense of increased combustion
dynamics, also referred to as combustion instabilities. Combustion instabilities result from
resonant interactions between driving and coupling processes and lead to oscillations of the flow
field, causing many undesirable effects: strong structural vibrations, increased local heat flux at
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the combustor walls, flashback or blow-off of the flames. In the most extreme cases, the outcome
is catastrophic (Ducruix et al., 2003).
Due to our limited understanding of the fundamentals of combustion instabilities,
however, it is not currently possible to design an LPGT combustor that is stable over its entire
operating range or to predict the operating conditions at which a given combustor will go
unstable. As a result, instabilities are typically first encountered during the installation of a gas
turbine, necessitating in-field modifications to the combustor and/or changes to the control
system. Such solutions can be time-consuming, expensive, and often compromise the system‟s
performance. These problems assume greater significance in light of future requirements for even
lower NOx emissions.
The successful development of the next generation of ultra-low emissions LPGT
combustors requires design tools based on stability models that can predict the relationship
between combustor design, operating conditions, and combustion instability. Consequently,
considerable research and development efforts have been undertaken during the past half-century
to elucidate the processes responsible for the excitation of these instabilities and to develop
approaches for their prevention.

1.2 Historical Overview
Since Lord Rayleigh observed and explained combustion instability (Rayleigh, 1945), it
has been encountered during the development and operation of numerous practical combustion
systems for propulsion and power generation, such as liquid and solid rockets, afterburners and
ramjets, and land-based gas turbines. Figure 1-1 shows an historical overview of combustion
instabilities in devices for propulsion and power generation (Culick, 2002).
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Figure 1-1: Historical overview of combustion instabilities in propulsion and power
generation systems (from Culick, 2002).
Combustion instability was observed in solid rockets in the 1930s, and was a major issue
in the development of liquid rocket engines as well as solid rocket motors. A notable instability in
liquid-fueled rockets was encountered during the development of the F-1 engine for the Saturn
rockets. The F-1 experienced strong instability with oscillation amplitudes up to 100% of the
mean pressure (more than 2000 psi) in the combustion chamber at the frequency range of 200 ~
500 Hz (Oefelein and Yang, 1993; Zinn and Lieuwen, 2005). In developing solid-propellant
rockets, combustion instability was observed in the Space Shuttle rocket boosters, Minuteman
ICBM, and the decent motors of the Mars Pathfinder (Blomshield, 2001; Zinn and Lieuwen,
2005).
Combustion instabilities in ramjets have been also problematic as they cause strong
fluctuations in thrust and/or shock-system oscillations in the inlet diffuser (Culick, 1977; Zinn
and Lieuwen, 2005). Similar problems have been experienced in afterburners, where transverse
modes as well as axial mode instabilities have damaged engine components such as flame holders
and liner sections. In land-based gas turbines, vibrations induced by oscillating pressure and
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entropy waves in the combustion chambers have given rise to fatigue in combustor liners and
turbine blades, which can reduce system lifetimes significantly.

1.3 Fundamentals of Combustion Instability

1.3.1 Generic Instability Mechanism
Combustion instabilities, in general, appear as large amplitude pressure oscillations with
the natural frequency of the acoustic modes of combustion systems (Zinn and Lieuwen, 2005).
Figure 1-2 shows the feedback loop for the instability; these phenomena are generated by
spontaneous excitations from the feedback loop between the combustor dynamics and
combustion dynamics. The term “combustor dynamics” refers to the natural acoustic modes of
the combustor, while “combustion dynamics” is characterized as an oscillating combustion
process caused by a fluctuating flow field. Combustion instability occurs when the resonant time
scale of the combustor is commensurate to the characteristic convection time scale of the
combustion process. Therefore, the entire instability problem is characterized as the coupling of
the two nonlinear dynamical systems: combustor and combustion (Culick, 2002).

Figure 1-2: Feedback loop for combustion instability (from Culick, 2002).
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Figure 1-3 shows the generic combustion instability mechanism. There are three principal
steps or events in the mechanism (Zinn and Lieuwen, 2005); 1) flow and/or mixture perturbations
induce heat release rate fluctuations, 2) the heat release fluctuations excite acoustic pressure
oscillations, and 3) the oscillating acoustic pressure generates flow and mixture perturbations, as
described in the step 1), thus completing the feedback loop. The oscillation amplitude can either
increase or decrease depending on the relative phase of the rate of heat release, which determines
the amount of energy supplied to the acoustic field, with respect to the combustor pressure.
As illustrated in Figure 1-3, two types of processes are involved in combustion instability
(Ducruix et al., 2003): a driving process and a coupling process. The driving process is the
process that leads to the acoustic pressure oscillations due to the rate of heat release fluctuations,
while the coupling process is the one that is responsible for the heat release fluctuation caused by
the acoustic oscillations. When the two processes interact with a certain phase relationships, they
can initiate and amplify combustion instability in a system.

Heat
Release
Fluctuations

Flow and
Mixture
Perturbations

Driving Process
( Combustor Dynamics )

Acoustic
Oscillations

Coupling or Feedback Process
( Combustion Dynamics )

Figure 1-3: Illustration of the generic combustion instability mechanism.
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1.3.2 Driving Process: Thermo-acoustics
The driving process can be represented analytically using a non-homogeneous, linearized
wave equation. Based on a set of assumptions, the final form of the equation (Dowling and Stow,
2003; Ducruix et al., 2003) becomes,

1 D 2 p
  1 D q
  2 p  2
2
2
Dt
c Dt
c

(1.1)



where D Dt   t  u   , c is the speed of sound, p is the pressure, q is the rate of heat
release, γ is the specific heat ratio (≡ cp / cv), the over-bar denotes a mean value, and the prime
represents a small perturbation.
Because the rate of heat release appears in the source term, the equation describes the
effect of the rate of heat release fluctuations on the pressure oscillations, which is the driving
process. Through this equation, one can relate the acoustic field to the rate of heat release
produced by the unsteady combustion process.

1.3.3 Combustor Dynamics: Acoustic Modes
Combustor dynamics are related to the natural acoustic modes of the combustor, and the
resulting instabilities are observed at one or more acoustic mode frequencies. The acoustic modes
observed in gas turbine combustors mainly consist of bulk modes, longitudinal modes, and
transverse modes. Bulk modes represent Helmholtz-type oscillations, and transverse modes are
classified into radial and tangential modes. In general, bulk mode instabilities typically have very
low characteristic frequencies (less than 100 Hz), and longitudinal modes typically have a
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frequency range between 100 ~ 1000 Hz depending on the length of the combustor. Transverse
mode instabilities, however, occur at much higher frequencies (over 1 kHz) than longitudinal
modes because the transverse dimension of the combustor is typically smaller than the axial
dimension.

1.3.4 Coupling Process and Combustion Dynamics
Though the propagation of acoustic waves has a close connection to the coupling process,
the resulting oscillations may not be purely related to one of the acoustic modes described above.
In other words, the coupling process can also be related to convective modes which excite the
instability by coupled convective-acoustic modes. Because of their convective nature, such
oscillations only occur when a mean flow is present in the system. For example, when an entropy
wave or a vortex generated near the flame convects downstream, it induces an acoustic wave at
the exit nozzle of the combustion chamber. Then, the acoustic wave is reflected back to the flame
and generates another convective wave, so the process is repeated (Marble and Candel, 1977; Yu
et al., 1991; Zinn and Lieuwen, 2005). The coupling of these convective-acoustic modes usually
occurs at very low characteristic frequencies (Dowling and Stow, 2003), and are often observed
in a system that is operated at very low equivalence ratio conditions near flame blow-off.
There are various elementary processes that govern the way acoustic waves or flow
perturbations affect unsteady combustion. In general, these processes are also referred to as
combustion instability mechanisms because they describe interactions between the pressure
and/or velocity oscillations and the heat release rate fluctuations. Combustion instability
mechanisms will be discussed in more detail in later sections.
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1.3.5 Physical Processes for Combustion Instability
There are numerous complex physical processes that affect combustion instability, and
they depend highly on the system geometry and operating conditions. Some of the main factors
that take part in the process of generating the instability in a system are shown in Figure 1-4. All
of them are interrelated in a very complicated manner, though they can be classified into either
system geometry or operating condition factors.

Figure 1-4: Basic interactions leading to combustion instability (from Candel, 2002).

1.3.6 Outcomes of Combustion Instability
As combustion instabilities are concomitant with very large amplitude pressure and
velocity oscillations, they produce thrust fluctuations in propulsion systems, structural vibrations
that interfere with the operation of control systems, periodic mechanical loads inducing fatigue of
system components, concentration of thermal stresses on combustor walls, and flame flashback or
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blow-off. Some of these phenomena are fatal, as they can exacerbate component wear and harm
system integrity, which leads to catastrophic system failure, as shown in Figure 1-5.

Figure 1-5: Damaged transition piece in a gas turbine due to combustion-driven
instability (from Lieuwen and McManus, 2002).

1.4 Rayleigh’s Criterion
Combustion instability is sustained only if the phase difference between the rate of heat
release fluctuations and the combustor pressure oscillations satisfies a certain dynamic relation.
Lord Rayleigh was the first scientist who stated this criterion; it describes the necessary condition
under which combustion instability can occur. His original description is (Rayleigh, 1945):
“If heat be periodically communicated to, and abstracted from, a mass of air
vibrating (for example) in a cylinder bounded by a piston, the effect produced
will depend upon the phase of the vibration at which the transfer of heat takes
place. If the heat be given to the air at the moment of greatest condensation, or
be taken from it at the moment of greatest rarefaction, the vibration is
encouraged. On the other hand, if heat be given at the moment of greatest
rarefaction, or abstracted at the moment of greatest condensation, the vibration
is discouraged.”
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This is the so called Rayleigh‟s criterion, which can also be described by the following equation.

 pt  qt  dt

 0

(1.2)

T

where T denotes the period of the oscillations. Rayleigh‟s criterion states that combustion
instability is excited only if the integral is positive, which represents the rate at which heat release
fluctuations add energy to the oscillating acoustic field when the phase difference between the
two oscillations is less than 90°. Conversely, if the two oscillations are out of phase, the heat
addition process damps the acoustic field because the integral becomes negative.
The positive value of Equation (1.2), however, does not assure the occurrence of
combustion instability, because of the effects of damping mechanisms such as convection and
radiation of acoustic energy out of the combustor, and energy loss due to heat transfer and
viscous dissipation. Therefore, combustion instability can only be generated if the acoustic energy
gain from the unsteady heat release process exceeds the energy loss from the damping processes.
This statement is described by the following equation (Zinn, 1986):

  px, t  qx, t  dt dV     L x, t  dt dV
i

V T

V T

(1.3)

i

where p′, q′, V, and Li represent the combustor pressure oscillations, the rate of heat release
fluctuations, combustor volume, and i-th acoustic energy loss process. As long as the gain is
larger than the loss, the energy of the mode will increase with time. In such cases, the oscillation
amplitude will grow exponentially with time, and finally saturates at a limit cycle, as shown in
Figure 1-6. The equal sign in Equation (1.3) describes the condition of the limit cycle oscillations.
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At the limit cycle, the net energy supplied to the oscillating mode is zero, as the mean energies of
the driving and damping processes are exactly the same.

Figure 1-6: Time series of a measured combustor pressure signal showing instability
saturation and a limit cycle amplitude.

1.5 Instability Mechanisms in Gas Turbine Combustors
As mentioned in Section 1.3.4, combustion instability mechanisms consist of various
elementary processes that can be described as interactions between acoustic waves or flow
perturbations and unsteady combustion. The fundamental processes have been studied by simple
calculations or well-controlled experiments, and the coupling paths for each of these processes
have been proposed (Candel, 2002). Several combustion instability mechanisms are specifically
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relevant to lean premixed gas turbine combustors. They are illustrated schematically in Figure 1-7
and described as follows (Zinn and Lieuwen, 2005).

Figure 1-7: Possible combustion instability mechanisms in gas turbine combustors (from
Zinn and Lieuwen, 2005).

1) Fuel feed line - acoustic coupling (Crocco and Cheng, 1956): Combustor pressure
oscillations change the pressure drop across un-choked fuel injectors. The modulated
pressure drop, in turn, results in a time-varying fuel flow rate, which produces heat
release rate fluctuations.
2) Unsteady atomization, vaporization, and mixing (Crocco and Cheng, 1956): In the
case of liquid fuels, the fuel spray interacts with the acoustic field, which generates
cyclic changes in droplet sizes, evaporation rates, fuel spray shapes, and fuel vapor
mixing rates with ambient air. These periodic variations can generate oscillatory fuel
flow rates in the flame or equivalence ratio fluctuations, which produce heat release
rate oscillations.
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3) Equivalence ratio fluctuations (Lieuwen, 1999): If pressure waves in the combustion
chamber are propagated to the mixing section, they affect fuel/air flow rates and/or
mixing processes. As a consequence, the equivalence ratio can fluctuate periodically,
and if the fluctuation convects to the flame, it can cause variations in the rate of heat
release.
4) Flame area oscillations (Candel, 2002): The interaction of acoustic velocity
fluctuations in the combustor with the flame can vary the flame area periodically,
and, in turn, the rate of heat release can fluctuate.
5) Flame-vortex interactions (Hedge et al., 1987; Schadow and Gutmark, 1992): There
are two different effects of flame-vortex interactions on the rate of heat release. A
vortical structure may distort the flame itself, which changes the flame area.
Alternatively, when vortices are generated by flow separation at a sudden expansion,
they convect to the combustion chamber where they ignite. The fuel-air mixture in
the vortices rapidly burns, and the coherent large scale structures are suddenly broken
down to small scale turbulence. If this occurs periodically, the rate of heat release can
fluctuate.

1.6 Combustion Instability and Time Lags
Time delays and characteristic times related to the elementary processes play important
roles in combustion instability. For example, the time lag required for reactants to convect from
the combustor inlet to the flame where they burn is intimately coupled to combustion instability.
By considering a basic vibration model, it can be shown that systems with time delays are
susceptible to becoming unstable. A second-order model can be established using a linear
damping assumption and a restoring force with a time delay (Ducruix et al., 2003):
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d 2x
dx
 2 0
 02 x(t   )  0
2
dt
dt

(1.4)

where δ is the damping ratio, ω0 is the angular frequency, and τ is the time lag. Expanding
Equation (1.4) using a Taylor series to a first order gives,

d 2x
dx
 0 2  0   02 x(t )  0
2
dt
dt

(1.5)

Equation (1.5) shows that the damping can be less than zero if ω0τ > 2δ. This means that a
perturbation can be amplified exponentially if τ is large enough. Usually, as the convection
processes have the longest time scale in a system, they are essential in the analysis of combustion
instability problems. Ducruix et al. (2003) stressed characteristic time lags as a key parameter in
the triggering and development of instabilities, though they did not specifically correlate the time
lags to the instability mechanisms.
Several studies have used time lags in analyzing observed instability phenomena and
predicting stable conditions. Yu et al. (1991) described the instability in a model ramjet
combustor as a mixed acoustic-convective mode, and established a time lag model which
confirms a relationship between the resonance frequency and the ratio of vortex convection time
to the pressure disturbance feedback time. Gonzales-Juez et al. (2005) performed an experimental
study in a laboratory-scale, swirl-stabilized lean premixed combustor, and identified the role of
flame-vortex interactions on the instability by a time lag model based on a vortex convection
time. They compared the prediction of the time lag model with their measurements, and observed
a relatively good agreement over a range of operating conditions. Lee et al. (2002) determined
characteristic times associated with a coupling process caused by equivalence ratio fluctuations
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using IR absorption and CH* chemiluminescence measurements in a combustor configuration
similar to that of Gonzales-Juez et al. (2005). They found that the effect of equivalence ratio
fluctuations on the instability was captured properly by the time lag model.
A time lag analysis of unstable combustion was also carried out by Richards and Janus
(1997), and Straub and Richards (1998). They varied the fuel injection location of their research
combustor to see if the time lag analysis offers accurate predictions and to find the injector
location for stable combustion. They showed stability boundaries represented by the ratios
between convective time delays and acoustic characteristic times, based on their experimental
data. They also, however, suggested that such a simple single time lag model had limitations in
analyzing instability due to the presence of multiple acoustic modes, and in giving accurate fuel
injection locations for stable combustion.

1.7 Flame Response Model
Flame response models describe coupling processes that relate acoustic disturbances to
unsteady combustion. By modeling the underlying phenomenology of flame response to an
acoustic input, they are used to predict the preferred instability frequency at specific operating
conditions and combustor configurations. Analytical flame response models can also be used to
determine the relative amplitude of pressure waves across the flame zone (Dowling and Stow,
2003). There has been considerable research on the development of such models. The simplest
model deals with the flame as a localized source of heat release (Pierce, 1994). Because this
model cannot account for phenomena resulting from the spatial distribution of real flames,
however, most flame response models use a conical flame geometry and a G-equation to describe
the flame position and its response to acoustic velocity fluctuations (McManus et al., 1993;
Peracchio and Proscia, 1998; Dowling, 1999).
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Although there has been substantial agreement between the predictions of these models
and measured data in simple laminar flame geometries, there are numerous phenomena in real gas
turbine flames that still need to be incorporated into the model. They include the instability
mechanisms described in Section 1.5, such as flame-vortex interactions, equivalence ratio
fluctuations, and turbulence-flame interactions (from the wrinkled laminar flame regime to the
distributed combustion regime) (Peters, 1986).

1.8 Flame-Vortex Interactions

1.8.1 Underlying Physics in Flame-Vortex Interactions
Vortices are naturally generated in many reacting flows of technical interest. Studies in
turbulence show that the large scale vortices developed in highly sheared regions of the flow
control the mixing to a great extent. Experiments on planar shear layers, jets, and wakes suggest
that vortices of different scales are the main cause of incessant distortion, extension, production,
and dissipation of the flame surface. This concept has been the basis of various flamelet models
in turbulent combustion (Peters, 1986).
The interactions of the flame front with periodic vortices shed at the inlet of the
combustor are referred to as flame-vortex interactions. As vortices are used to enhance mixing
and improve flame stabilization in swirling flows, the turbulent flame structures and
corresponding rates of heat release are often controlled by the flame-vortex interactions. As a
result, flame-vortex interactions have been considered as one of the most important mechanisms
in many practical combustion systems. Figure 1-8 shows various combustion devices which have
dynamic interactions between vorticity and combustion (Renard et al., 2000). Previous studies on
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flame-vortex interactions have suggested the most plausible scenario for the process of flamevortex interactions as follows (Zinn and Lieuwen, 2005):
1) The shear layer at the entrance to the combustor rolls up into vortices with fresh
fuel/air mixtures.
2) The vortices are convected to the reaction zone, and the reactants in the vortices are
ignited and burn.
3) When the vortices break down into small scale turbulence structures, the rate of heat
release increases to a maximum.
4) The heat release rate fluctuation supplies energy to the acoustic field if Rayleigh‟s
criterion is satisfied.
5) The amplified pressure and velocity oscillations enhance the production of coherent
vortices at the shear layer, and the feedback loop is completed.

Figure 1-8: Observations of vortex structures in various practical combustion devices
(from Renard et al., 2000).

18
In general, vortex structures are produced by hydrodynamic instabilities. Studies on
combustion instability, however, have shown that large scale vortices of the mixing layer are
coupled with the acoustic pressure and velocity to drive strong instability in combustors with
bluff-body flame holders or dump walls.

1.8.2 Review of the Literature on Flame-Vortex Interactions
Schadow and Gutmark (1992) reviewed experimental studies on vortex shedding as a
driving mechanism of combustion instabilities. They showed that the development of coherent
large-scale structures and their breakdown into fine-scale turbulence can lead to periodic heat
release, which can drive the instability when the heat release rate fluctuation is in phase with the
pressure oscillation. They also described in detail the physical processes related to the vortex
breakdown. Renard et al. (2000) made an extensive review of theoretical, numerical, and
experimental investigations of flame-vortex interactions. They restricted their scope, however, to
situations where vortex structures are isolated and form a well organized pattern, i.e., a single
vortex, vortex pair, vortex ring, and vortex rows. Ducruix et al. (2003) noted that flame-vortex
interaction is one of the most relevant combustion instability mechanisms in premixed gas turbine
systems, and pointed out that the interaction has two distinct features: one is the rapid flame area
change due to the presence of a vortex, and the other is the interaction between a vortex and a
wall exciting a sudden ignition of fresh mixtures. Similar descriptions are also found in Smith and
Zukoski (1985), Hedge et al. (1988), and Yu et al. (1991).
Yu et al. (1991) studied low-frequency instabilities in a model ramjet combustor, and
showed schlieren images that revealed that the instability was driven by periodic vortex shedding
at the same frequency. They observed that vortices were produced at the dump wall in phase with
the acoustic velocity fluctuations in the inlet duct. Their combustor configuration was quite
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different from a practical gas turbine combustor, however, because its mixing section was very
long, while the combustor was very short, and the cross-sectional area of the mixing section was
comparable to that of the combustor.
Cohen and Anderson (1999) studied combustion instabilities experimentally in a lean
premixed, backward-facing step combustor. Their results showed that a longitudinal acoustic
disturbance generated low frequency instabilities with large amplitude, and the cause of the
instability was flame-vortex interactions. Venkataraman et al. (1999), and Gonzalez-Juez et al.
(2005) used CH* chemiluminescence images to study flame structures at unstable conditions in a
lean premixed dump combustor. Their measurements showed that vortices were formed and shed
at the dump plane, and in turn, convected to the flame front to burn, which resulted in the
distortion of the flame surface. Based on their observations, it was concluded that the vortex
shedding was the main cause of the instability. Poinsot et al. (1987) also studied experimentally
the vortex shedding at a characteristic frequency. They showed that the vortex structures altered
the flame front and the flame moved with the structures until they broke down farther
downstream. They suggested that the flame-vortex interaction added energy to the pressure
oscillations, which could lead to the instability if the characteristic frequency was the same as one
of the acoustic modes in the combustor.
Balachandran et al. (2005a) reported results from an experimental study of the
mechanisms for non-linear flame response to imposed acoustic velocity oscillations in turbulent
premixed flames. Based on simultaneous CH2O and OH PLIF imaging techniques, they studied
the relationship between flame surface area and the rate of heat release, and found that the nonlinearity of the flame transfer function occurred when vortices were rolled up from the inlet shear
layers. A similar study was done for partially premixed conditions by Balachandran et al.
(2005b), and they observed that the flame dynamics were similar to the fully premixed case.
Bellows et al. (2007) also carried out an experimental investigation of the non-linearity of the rate
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of heat release using phase-synchronized OH PLIF imaging. They found that two mechanisms
caused the non-linear flame response. One was vortex roll-up at high velocity amplitudes, and the
other was unsteady flame lift-off when the axial velocity reached its maximum. They concluded
that both mechanisms were commonly due to the flame area reduction by flame propagation
normal to itself.
Huang et al. (2003) numerically studied combustion dynamics in a lean premixed, swirlstabilized combustor. They investigated the interaction between the turbulent flow and oscillatory
combustion using a large eddy simulation technique, and identified the mutual coupling among
acoustic wave motion, vortex shedding, and flame oscillations. Stone and Menon (2002) also
studied periodic vortex shedding in a dump combustor using numerical simulations. They
simulated a periodic interaction between large scale vortex structures and the flame, and showed
a typical instantaneous coupled flame-vortex structure graphically.

1.9 Equivalence Ratio Fluctuations

1.9.1 Underlying Physics in Equivalence Ratio Fluctuations
Equivalence ratio fluctuations are generated by fluctuations in the air and/or fuel flow
rates at the injector location that are the result of acoustic pressure and velocity fluctuations.
When the resultant equivalence ratio fluctuations are convected to the combustor, they can act to
amplify or damp the combustion instability, depending on whether they arrive at the flame front
in-phase or out-of-phase with the heat release rate fluctuations. It has been shown, both
theoretically and experimentally, that small perturbations in the equivalence ratio generate small
amplitude oscillations of the local rate of heat release near stoichiometry but very large amplitude
fluctuations of the heat release rate in lean conditions (Zukoski, 1978). Therefore, the equivalence
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ratio fluctuation at lean operating conditions can serve as a strong driving source of acoustic
oscillations in a practical combustor (Lieuwen, 1999).

Figure 1-9: Generic schematic of a gas turbine combustor (from Lieuwen, 1999).

In general, lean premixed gas turbine combustors are susceptible to combustion
instabilities driven by equivalence ratio fluctuations. As shown in Figure 1-9, gas turbine
combustors typically consist of two sections: a mixing section and a combustion chamber. The
mixing section is where the fuel is injected into the air flow and the fuel-air mixing occurs before
entering the combustor. If there are acoustic pressure and velocity fluctuations in the mixing
section, both the air and fuel flow rates can fluctuate, which, in turn, results in equivalence ratio
fluctuations. A possible scenario of combustion instability driven by equivalence ratio
fluctuations is as follows:
1) Perturbations in the rate of heat release drive acoustic waves in the combustor.
2) The waves propagate upstream into the mixing section.
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3) The acoustic pressure and/or velocity oscillations in the mixing section produce
periodic variations in the air and/or fuel flow rates, which, in turn, result in
equivalence ratio fluctuations.
4) The equivalence ratio fluctuations are convected by the mean flow to the flame,
causing fluctuations in the rate of heat release.
5) When the heat release fluctuation is in phase with the existing pressure waves, the
feedback loop is closed.

1.9.2 Review of the Literature on Equivalence Ratio Fluctuations
Lieuwen (1999) and Hathout et al. (2000) performed theoretical and experimental studies
in lean premixed combustors, and noted that perturbations in fuel/air ratio might drive certain
types of instabilities. Lieuwen et al. (1997) also showed that reactant unmixedness could drive
strong instabilities in a lean premixed combustor. Torres et al. (1999) found, in their small scale
low NOx gas turbine combustor facility, which combustion instabilities occurred for specific
values of the ratio of the acoustic period and the convection time from the fuel injector to the
flame front. They focused on the effect of equivalence ratio fluctuations on the instability, and
noted that there were still considerable discrepancies between the simple model and the
experimental data in some cases.
Lee et al. (2000, 2002) performed an experimental study on a single-injector leanpremixed combustor, and demonstrated the role of equivalence ratio fluctuations in the process of
sustaining combustion instability. Specifically, based on simultaneous measurements of the
equivalence ratio fluctuations using the IR absorption technique and the heat release rate
oscillations using CH* chemiluminescence, they identified the effect of the equivalence ratio
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fluctuations by a time lag analysis. They also attempted a passive control approach by modifying
the acoustic characteristics of the fuel line based on the time lag analysis.
Richards et al. (1997, 1999) studied a combustion instability control strategy using
equivalence ratio modulations. By cyclic fuel injection, they were successful in reducing flame
oscillations at some conditions. Even though they dealt with equivalence ratio fluctuations in their
study, they focused only on active control of existing combustion dynamics, and did not study
underlying instability mechanisms due to equivalence ratio fluctuations.
Fleifil et al. (1996) constructed an analytical model to study the dynamic response of a
laminar premixed flame to imposed velocity oscillations. Cho and Lieuwen (2005) then extended
the analytical model to study the flame response to equivalence ratio fluctuations for a laminar
premixed flame. They suggested that the rate of heat release response was controlled by the
superposition of heat of reaction, flame speed, and flame area. Their study was limited, however,
to open loop flame response, and did not address the driving mechanism of the equivalence ratio
perturbations.
Auer et al. (2005) developed a model to describe the interaction of equivalence ratio
fluctuations generated in the mixing section and total mass flow oscillations at the burner exit,
and their contribution to combustion instabilities. Specifically, their model showed that both
equivalence ratio fluctuations and total mass flow modulations at the combustor exit lead to total
fuel flow rate fluctuations, which, in turn, influenced the rate of heat release. Using an
atmospheric test facility with a natural gas fired swirl combustor, they found that the theoretical
model agreed well with their experimental data. They also suggested the incorporation of other
models that could describe the effect of the heat release fluctuations on the acoustics, for
completeness. Their model showed the influence of fuel mass flow perturbations on the rate of
heat release in very simple flows and did not include the effects of realistic combustor flow fields.
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1.10 Motivation, Objectives, and Outline of Study

1.10.1 Motivation
Designing an advanced lean premixed gas turbine combustor requires, essentially, the
capability of predicting stability characteristics as a function of combustor operating conditions
and geometry. This requires a substantial understanding of the physical processes which generate
fluctuations of the rate of heat release and/or acoustic oscillations in lean premixed combustors.
Unfortunately, neither the driving nor coupling mechanisms of combustion instability are well
enough understood, particularly under realistic combustor geometries and operating conditions.
This is further complicated by the fact that it is difficult to predict or measure the various time
delays in a real combustor.
Extensive theoretical and experimental studies have been performed over the past
decades to identify the fundamental mechanisms associated with the initiation and growth of
combustion instabilities. Among various instability mechanisms, flame-vortex interactions and
equivalence ratio fluctuations are considered to be of utmost interest, because they are observed
most frequently in various combustor configurations. In addition, most lean premixed gas turbine
combustors stabilize the flame with recirculation produced by swirling flows to achieve clean and
efficient combustion. Therefore, an experimental study to investigate the two major instability
mechanisms in a swirl-stabilized lean-premixed combustor is proposed. Results acquired from the
study will be used to check numerical tools and simulations of combustion instabilities. In
particular, the results can be used to formulate new flame response models or validate existing
flame response models that account for interactions between the instability mechanisms.
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1.10.2 Objectives and Outline of Study
An experimental study is conducted to characterize the effects of flame-vortex
interactions and equivalence ratio fluctuations on unstable combustion in a swirl-stabilized, leanpremixed, laboratory-scale gas turbine combustor. The primary objective is to determine the
preferred instability frequencies associated with the two instability mechanisms over a broad
range of operating conditions. Of special interest is the identification of the underlying
mechanisms of flame-vortex interactions and equivalence ratio fluctuations, and the
determination of the relative importance and coupling of the two mechanisms when their
characteristic frequencies become similar.
In chapter 2, the time lag theory for each of the two instability mechanisms is presented
to lay a theoretical foundation for the experiments. Chapter 3 then presents the experimental
setup, including the combustor configuration and measurement techniques. The observed overall
instability characteristics for a set of operating conditions and hardware configurations are shown
in Chapter 4. Based on the observations in Chapter 4, the combustion instability mechanisms due
to flame-vortex interactions and equivalence ratio fluctuations are identified and discussed in
Chapters 5 and 6, respectively. Chapter 7 presents the conclusions of the study and
recommendations for future work.
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Chapter 2

Time Lag Analysis

2.1 Fundamentals
Because of its simplicity and effectiveness for studying combustion instability
mechanisms, time lag analysis is frequently used in analyzing unstable combustion phenomena
and in predicting necessary conditions for the instability. The instability characteristics due to two
mechanisms – flame-vortex interactions and equivalence ratio fluctuations – depend on the time
lag between the pressure fluctuation in the combustor and the rate of heat release fluctuation
produced by those mechanisms. If the time lag is equal to an integer multiple of the period of the
pressure oscillation in the combustion chamber, then the thermoacoustic gain of the system is
positive and unstable combustion is possible. In discussing the different time lags, it is useful to
refer to the schematic drawing of the variable-length, variable-injection combustor shown in
Figure 2-1, which was fabricated for this study.

Figure 2-1: Schematic drawing of the variable-length, variable-fuel-injector combustor.
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The combustor consists mainly of a mixing section and a combustor section. The mixing
section begins at the air choked inlet and ends at the combustor dump plane. In the mixing
section, a variable fuel injector is implemented so that the fuel injection location can be changed,
and an axial swirler is installed to obtain better mixing of the fuel and the air and make the
mixture flow with a swirl to the combustor. The combustor section is from the dump plane to the
plug, and its length is continuously varied by moving the plug so that the natural frequency of the
combustor is changed. A more detailed description on the combustor will be given in Chapter 3.
Several of the parametric lengths in Figure 2-1 are listed in Table 2-1; they will be used in
describing time lag models for the instability mechanisms.

Table 2-1: Parametric length scales in the variable-length, variable-fuel-injector
combustor.

Parametric Length

Description

Lmix

Length of the mixing section (distance from the air choked inlet
to the dump plane)

Linj

Distance from the fuel injection location to the dump plane

Lflame

Distance from the tip of the centerbody to the center of the flame

Lc

Length of the combustor section (distance from the dump plane
to the plug)

2.2 Time Lag Analysis for Flame-Vortex Interactions
Flame-vortex interactions result when vortices are shed from the dump plane and then
convected to the flame front, where they drive a perturbation in the flame‟s rate of heat release
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(Renard et al., 2000; Ducruix et al., 2003; Gonzalez-Juez et al., 2005). The vortices are produced
by the periodic acceleration of the flow at the exit of the mixing section, and therefore occur at
the time of the maximum flow acceleration with the same frequency as the acoustic fluctuations.
The relationship between the pressure and velocity fluctuations at the dump plane (p′dump and
V′dump, respectively), and the corresponding rate of heat release fluctuations at the flame (Q′v) is
illustrated in Figure 2-2.

Figure 2-2: Illustration of the flame-vortex interaction time lag analysis.
When the combustor is unstable, the pressure fluctuations at the dump plane and in the
combustor are in phase, and the combustor pressure fluctuation coincides closely with the
fluctuation of the heat release rate. Figure 2-2 shows that when the sum of the two time scales, the
time lag due to the phase difference between the pressure and the velocity fluctuation at the dump
plane (τ1) and the time lag between the maximum flow acceleration point and the maximum point
of the heat release rate (τ2), satisfy a certain relationship with the acoustic period, T, then the
combustion instability will be excited due to the flame-vortex interactions. In other words, for
strong instabilities, the sum of τ1 and τ2 should satisfy
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where k is a positive integer, and T is a period. In addition, τ1 and τ2 are represented as
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where  pdumpVdump
is the phase difference in degrees between the pressure and velocity oscillation

at the dump plane, Vdump
is the phase difference in degrees between the velocity oscillation at
 Qv
the dump plane and the rate of heat release fluctuation at the flame. Defining nv as

nv 

1  2
T

(2.4)

The strong instability occurs if nv satisfies

1

k  nv   k  
2


Then, using Equation (2.2) and (2.3), nv in Equation (2.4) becomes

(2.5)
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Substituting Equation (2.6) into (2.5) makes

1    pdumpQv
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4   360
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(2.7a)

 360  k  90

(2.7b)

or

360  k  90   p

dumpQv

Equation (2.7) represents Rayleigh‟s criterion. Even though it seems that the time lag analysis for
flame-vortex interactions simply ends up with Rayleigh‟s criterion, however, it does not shed any
light on the role of vortex shedding on the instability mechanism.
Going back to Figure 2-2 to find out the effect of flame-vortex interactions on the
instability characteristics, one can see that τ2 should match the time required for the vortex
convection time in the combustor, τv, in order for the instability to be amplified due to a
convected vortex, i.e.

2 v 

L flame
Veff ,v

(2.8)

where τv is the vortex convection time from the dump plane to the center of the flame, Lflame is the
distance from the combustor inlet to the center of the flame, and Veff,v is the effective vortex
convection velocity in the combustor. Combining Equations (2.3) and (2.8),
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Defining a non-dimensional parameter, Cτv, as the ratio of τv to τ2,
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Then, Equations (2.9) and (2.10) yield that Cτv ≈ 1for the instability to be amplified due to the
vortex dynamics. Therefore, the time lag analysis for the flame-vortex interaction suggests that
two conditions are necessary for strong instability: one is Rayleigh‟s criterion, and the other is Cτv
≈ 1.

2.3 Time Lag Analysis for Equivalence Ratio Fluctuations
A similar time lag analysis can be applied to the equivalence ratio fluctuation instability
mechanism. In this case, the fluctuation in the equivalence ratio is caused by fluctuations in the
air and/or fuel flow rates at the location where the fuel is injected (Straub and Richards, 1998;
Lieuwen, 1999; Lee et al., 2000; Auer et al., 2005). The air flow rate fluctuation at the fuel
injector location is determined by the acoustic velocity fluctuation in the mixing section, while
fuel flow rate fluctuations are caused by pressure fluctuations at the injector location which cause
the pressure drop across the injector to fluctuate if the fuel injector orifice is not choked.
Depending on the impedance of the fuel injector, pressure fluctuations may also occur inside the
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injector, which can either enhance or dampen the fuel flow rate fluctuation. If the fuel injector
orifice is choked, however, then the fuel flow rate is not affected by fluctuations in the mixing
section pressure and the mass flow rate of fuel is constant. In this case, equivalence ratio
fluctuations are still possible, due to fluctuations in the air flow rate at the injector location. In
any case, therefore, the acoustics in the mixing section plays a essential role in generating
equivalence ratio fluctuations. When instability starts to grow, the acoustic field in the mixing
section is driven at the dump plane by the pressure fluctuations in the combustor, and its response
is dependent on the acoustic impedance of the mixing section. In other words, the pressure
fluctuation at the dump plane will produce an upstream traveling wave in the mixing section, and
it will reflect off the choked inlet when the wave reaches the upstream end of the mixing section,
producing a downstream traveling wave, which makes the acoustic field in the mixing section
complicated. The resultant acoustics, however, can be identified by two-microphone
measurements, which will be explained in Chapter 3.
Once the acoustic field in the mixing section is known, it is possible to make an
equivalence ratio fluctuation time lag analysis. The relationship between the pressure and velocity
fluctuation in the mixing section and the resulting equivalence ratio fluctuation at the flame is
illustrated in Fig. 2-3, where the following assumptions have been made:
1) The fuel orifice is choked, so the fuel flow rate is constant.
2) The effect of the pressure fluctuation on the mass flow rate fluctuation of the air can
be neglected because the magnitude of the acoustic velocity fluctuation in the mixing
section is much greater than that of the acoustic pressure fluctuation.
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Figure 2-3: Illustration of the equivalence ratio fluctuation time lag analysis.
Figure 2-3 shows different time lags or phase relationships between the oscillating
pressure, velocity, equivalence ratio, and rate of heat release when the combustor is unstable. In
the figure, τ1 represents the time lag due to the phase difference between the combustor pressure
and the velocity at the fuel injection location, τ2 is the time lag between the oscillating velocity
and the equivalence ratio fluctuation at the fuel injection location, τ3 is the convection time of the
equivalence ratio fluctuation from the fuel injector to the dump plane, and τ4 represents the
convection time of the equivalence ratio fluctuation from the dump plane to the flame. Note that
the chemical time, which is the time required for the equivalence ratio fluctuation at the flame to
contribute to the rate of heat release, should be also considered. Because it is very small,
however, compared with the convection time in the combustor, it is neglected in this analysis.
The figure shows that the equivalence ratio fluctuation will act to enhance the rate of heat release
oscillation if the sum of the τ1, τ2, τ3, and τ4 satisfies
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where m is a positive integer, and T is a period of the oscillating combustor pressure. Defining nΦ
as
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1  2  3  4
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(2.12)
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(2.16)

 pdumpVinj is the phase difference in degrees between the pressure at the dump plane and the
velocity at the fuel injection location, Vinj inj is the phase difference in degrees between the
velocity and the equivalence ratio fluctuations at the fuel injection location (180° in the current
case), τmix is the convection time of the equivalence ratio fluctuations from the fuel injector
location to the dump plane, Linj is the distance from the fuel injection location to the dump plane,
Vin is the mean inlet velocity, τΦ is the convection time of the equivalence ratio fluctuations from
the dump plane to the flame, and Veff,Φ is the effective convection velocity of the equivalence ratio
fluctuation in the combustor. Then, Equation (2.11) is modified in terms of nΦ as
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Equation (2.17) states that the instability is amplified due to the equivalence ratio fluctuations if
the ratio of the sum of all time lags to the instability period is close to an integer.

2.4 Combined Effect of Two Mechanisms
One way to account for combined effects of flame-vortex interactions and equivalence
ratio fluctuations is to calculate the instability frequencies due to both mechanisms and compare
them to see if the two effects are in-phase or out-of-phase at a given fuel injection location. First,
the instability frequency due to flame-vortex interactions, fv, can be calculated by solving for 1/T
after substituting Equations (2.2) and (2.8) into (2.1), i.e.,


1  pdumpVdump
k 
1
4
360
fv  
L flame
T
Veff ,v

(2.18)

where k is a positive integer. Note that in reality the flame is distributed, so, using a constant Lflame
does not mean that the flame is compact but rather that we are interested in a dominant instability
frequency at a given operating condition in the current analysis.
Second, the instability frequency due to equivalence ratio fluctuations, fΦ, is also
calculated by solving for 1/T after substituting Equations (2.13) ~ (2.16) into (2.11), i.e.,
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where m is a positive integer.
Therefore the combined effect of the two mechanisms will amplify the instability, as the
two characteristic frequencies, fv and fΦ in Equations (2.18) and (2.19) respectively, are closer.
The sequence of processes, and the corresponding time lags, which determine the total time
difference are illustrated in Fig. 2-4, and all the required parameters are defined in Table 2-2.

Figure 2-4: Schematic representation of the time lag analysis due to flame-vortex
interactions and equivalence ratio fluctuations.
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Table 2-2: Required phases and time lags for the time lag analysis.

Parameters

Description

 pcomb
  pdump

Phase difference between the pressure fluctuation in the combustor and the
pressure fluctuation at the dump plane (zero in the current configuration)

 pdumpVinj

Phase difference between the pressure fluctuation at the dump plane and
the velocity fluctuation at the fuel injection location

Vinj inj

Phase difference between the velocity and the equivalence ratio
fluctuations at the fuel injection location (180° in the current configuration
because the fuel injector is choked)

τmix

Time required for the equivalence ratio fluctuation to convect from the fuel
injection location to the dump plane

τΦ

Time required for the equivalence ratio fluctuation to convect from the
dump plane to the flame

Q  pcomb
 ,

Phase difference between the heat release fluctuation and the pressure
oscillation in the combustor caused by equivalence ratio fluctuations

 pdumpVdump


Phase difference between the pressure and the velocity oscillations at the
dump plane

τv

Time required for the vortex to convect from the dump plane to the flame

Qv  pcomb
 ,v

Phase difference between the heat release fluctuation and the pressure
oscillation in the combustor caused by flame-vortex interactions

38
Chapter 3

Experimental Methods

3.1 Experimental Setup

3.1.1 Apparatus of PSU Combustor
A swirl-stabilized, lean-premixed, laboratory-scale combustor was manufactured to
perform the experimental study. Figure 3-1 shows a schematic drawing and a photograph of the
variable-fuel injector, variable-length combustor (PSU combustor). The combustor consists of a
mixing section and a combustor section. The mixing section houses a movable fuel injector and a
swirler; while the combustor section consists of an optically-accessible quartz section followed by
a variable length steel section. A unique feature of this combustor is that both the fuel injection
location and the combustion chamber length can be independently varied.

Figure 3-1: (a) Schematic drawing, and (b) photograph, of PSU combustor.
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Figure 3-2: Schematic drawing of the mixing section.

Figure 3-2 shows a schematic drawing of the mixing section. It includes a choked inlet,
the fuel injector, the swirler and a bluff centerbody. The choked inlet, which is located 320 mm
upstream of the dump plane, provides a well defined acoustic boundary condition at the inlet to
the mixing section. The ring-type fuel injector has an airfoil-shaped cross-section, designed to
minimize its effect on the acoustic and flow fields in the mixing section. The location of the fuel
injector can be continuously varied from 152 to 305 mm upstream of the dump plane, which
allows for a significant variation of the convection time from the injector to the dump plane. In
order to achieve a uniform fuel distribution, the fuel is transversely injected through twenty-four,
0.36 mm diameter, choked holes which are equally spaced along the inner and outer sides of the
fuel injection ring. A K-type thermocouple is mounted 133 mm upstream of the dump plane to
measure the mixture inlet temperature. A 30° axial swirler with eight flat fins is located 76 mm
upstream from the dump plane, and the calculated swirl number is 0.45. The bluff centerbody has
an outer diameter of 19 mm and is centered in the mixing section, which has an inner diameter of
38 mm. The centerbody is positioned such that the end is flush with the dump plane. The flow
area ratio between the mixing section and the combustion chamber is 1 to 11. The dump plane
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provides access for a spark igniter and a water-cooled pressure transducer, which is used to
measure the (time varying) dynamic pressure in the combustion chamber.
Figure 3-3 shows a schematic drawing of the quartz and steel combustion chamber. It
consists of a 115 mm diameter by 305 mm long quartz tube connected to a 76 mm diameter
stainless steel tube. The quartz tube provides optical access for the chemiluminescence emission
measurements that are used to determine the overall rate of heat release and the flame structure.
The overall length of the combustion chamber is determined by the location of a stainless steel,
water-cooled plug that can be moved continuously along the length of the stainless steel section
of the combustion chamber. The combustion chamber length can be varied between 762 and
1,524 mm, which corresponds to a nominal factor of two variation in the acoustic frequency of
the combustion chamber. The blockage ratio of the plug is 80.3%, and as a result the mean
combustion chamber pressure is slightly greater than atmospheric pressure. The stainless steel
section of the combustion chamber is jacketed to provide air cooling of the combustion chamber
walls; it also serves as a regenerative heater for preheating the air flow to the combustor. The
exhaust gas temperature downstream of the plug is monitored with a K-type thermocouple.

Figure 3-3: Schematic drawing of the combustor section.
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3.1.2 Test Conditions
Tests were conducted at a nominal combustor pressure of 1 atm over a range of operating
conditions, as listed in Table 3-1. The air is heated to the inlet temperature by the regenerative
heater and a 30 kW electric heater. Natural gas (96% methane) is used as fuel and injected either
through the fuel injector into the mixing section or far upstream of the choked inlet. In the latter
case, referred to as “premixed (PM)” injection (see Table 3-1), the fuel is mixed with the air far
upstream of the choked inlet to eliminate the possibility of equivalence ratio fluctuations. The air
and fuel flow rates are measured with linear mass flow meters (Teledyne-Hastings model HSL100SF for the air and HS-10S for the fuel, respectively), which give an uncertainty in the inlet
velocity of less than 2% and in the equivalence ratio of less than 3%.

Table 3-1: Operating conditions and hardware configurations for the
experiments.

Parameters

Values

Inlet Temperature, Tin

473 K (200 °C)

Inlet Velocity, Vin

60, 70, 90, 100 m/s

Equivalence Ratio, Φ

0.55, 0.6, 0.65, 0.7

Fuel Injection Location, Linj

152, 178, 203, 229, 254, 279, 305 mm
(6, 7, 8, 9, 10, 11, 12 in.), premixed (PM)

Combustor Length, Lc

762 – 1,524 mm (30 – 60 in.)
in 25.4 mm (1 in.) increments
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3.2 Measurement Techniques

3.2.1 Types of Measurements and Data Acquisition
To study the mechanisms of combustion instability, the combustion chamber dynamic
pressure, the acoustic pressure and velocity in the mixing section, and the global OH* and CH*
chemiluminescence intensity were measured at the operating conditions in Table 3-1. For some
operating conditions, CH* flame images were also taken. The measurements were made
simultaneously at a sampling rate of 8192 Hz (per channel), and data were collected for 2
seconds, for a total of 16384 measurements (per channel). The corresponding time resolution and
frequency resolution were 122 μs and 0.5 Hz, respectively. Measurements at a given operating
condition were always taken as the length of the combustor was increased, to eliminate hysteresis
effects.

3.2.2 Combustor Dynamic Pressure Measurement
The most basic measurement in studies of unstable combustion is the dynamic pressure in
the combustor. A water-cooled high-frequency response piezoelectric pressure transducer is flush
mounted in the dump plane to measure the pressure oscillations in the combustor. The transducer
output is amplified and converted to a voltage signal by an in-line charge amplifier. The
frequency spectrum of the combustor pressure signal is used to determine the instability
frequency and strength. Figure 3-4 shows a typical frequency spectrum of the dynamic pressure at
an unstable operating condition. In this case, there is a strong oscillation near 220 Hz with the
amplitude slightly greater than 1 psi, which corresponds to the fundamental frequency; a weaker
oscillation at approximately 440 Hz is the second harmonic. The frequency component with the
largest amplitude is referred to as the instability frequency. Similarly, the amplitude at the
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instability frequency, represented by P′peak, is referred to as the instability amplitude, and is used

Pressure fluctuation amplitude, P' ( psi )

as a measure of the instability strength.
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Figure 3-4: Typical frequency spectrum of the combustor pressure at an unstable
operating condition: Tin = 473 K, Vin = 60 m/s, Φ = 0.60, Linj = 152 mm, and
Lc = 1524 mm.

3.2.3 Two-Microphone Measurement
The acoustic pressure and velocity fluctuations in the mixing section are acquired by the
two-microphone measurement (Waser and Crocker, 1984; Abom and Boden, 1988; Khanna,
2001). In this study, the two-microphone technique is used in two different domains: in the time
domain, to obtain the time series of velocity fluctuation at the dump plane (or the combustor
inlet), and the in the frequency domain, to identify the acoustic field in the whole mixing section.
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3.2.3.1 Time Series of Velocity Oscillation at Dump Plane
In the time domain analysis, the one-dimensional linear acoustic momentum equation is
commonly used to obtain the time series of velocity oscillation at the midpoint of the two
microphone locations. Assuming that the effect of the mean flow is negligible, the acoustic
pressure and velocity fluctuations have the following relationship:



u  p 

0
t
x

(3.1)

where  is the mean density of the flow field, and u′ and p′ represent the acoustic velocity and
pressure, respectively. If we discretize the equation under the assumptions of a very small time
step compared with the acoustic period and very small distance between the two pressure signals
compared with the wavelength, Equation (3.1) becomes

u (t  t , x)  u (t , x)
1 p (t , x2 )  p (t , x1 )
 
t

x

(3.2)

where Δt is the time step, Δx is the distance between the two pressure signals, x1 and x2 are the
location of the two pressure signals, and x is the midpoint of x1 and x2, as shown in Figure 3-5.
Therefore, the acoustic velocity at a later time step at the midpoint of the two pressure signals is
given as

u (t  t , x)  u (t , x) 

t p (t , x2 )  p (t , x1 )


x

(3.3)
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By the algebraic equation, the velocity fluctuation u′ at the location of x and at the time of t + Δt
can be acquired if u′ at the previous time of t is known, and the two pressure signals at x1 and x2
are measured. The initial velocity is to be guessed at the beginning of the calculation, and is
corrected with the mean velocity specified at a given operating condition after the calculation is
completed.

Figure 3-5: Schematic diagram of the mixing section for two-microphone measurements.

Figure 3-5 shows the schematic of the mixing section for two-microphone measurements.
There are two pressure taps, PTMM,up and PTMM,down, for measuring the pressure fluctuation signals
at x1 = 267 mm and x2 = 305 mm; the distance between the two is Δx = 38 mm. The signals are
measured using piezoelectric pressure transducers (PCB model 112A04) mounted in the pressure
taps. The velocity fluctuation measured by the two microphones was verified by hot wire
anemometry measurements at the mid-point of the two microphone locations under cold flow
conditions. Figure 3-6 shows that the phases of velocity fluctuations at the location of x = 286
mm as determined from both measurements agreed each other to within ±26° in the frequency
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range of 200 ~ 400 Hz, and thus confirms that the two microphone method is reliable for the
purpose of the current study.

Figure 3-6: Comparison of the phase of velocity oscillations between the twomicrophone and the hot wire measurements at cold flow conditions.

3.2.3.2 Acoustic Field in Mixing Section
Two-microphone measurements can also be used in resolving the acoustic field in the
mixing section. As described in Chapter 2, it is indispensible to know phase information on
acoustic pressure and velocity in the mixing section for the time lag analysis to be accurate. The
two-microphone measurement in the frequency domain uses a theoretical model which
decomposes the acoustic field into two wave components; forward and backward traveling
waves. In addition, the technique also has the capability of considering the effect of the mean
flow velocity and dissipation of the acoustic energy. Using the acoustic model, one can calculate
acoustic velocity and pressure information at any location in the duct, once pressure signals at
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two arbitrary locations in a duct are known. The model, however, requires several basic
assumptions about the mixing section (Abom and Boden, 1988):
1) Plane-wave propagation; it is assumed that the mixing section consists of long,
straight, cylindrical ducts with rigid walls
2) No attenuation and non-dispersion; mechanisms associated with viscosity, heat
conduction, and interaction between the sound and flow fields are neglected
3) Constant speed of sound, as a result of constant temperature distribution
4) No effect of the swirler and the fuel injector on the acoustics

Based on these assumptions, and by the decomposition of forward and backward
traveling waves, a sound field in the frequency domain is given as

pˆ ( x, f )  pˆ  ( f ) exp( jk  x)  pˆ  ( f ) exp( jk  x)

(3.4)

Vˆ ( x, f )  [ pˆ  ( f ) exp(  jk  x)  pˆ  ( f ) exp( jk  x)] /  c

(3.5)

where p̂ and Vˆ represent acoustic pressure and velocity in frequency domain, respectively, „+‟
means forward traveling components, „-‟ represents backward traveling components, ρ is the
density of media, c is the speed of sound, and k is the wave number which is given by

k   (2 f / c  j ) /(1  M )

(3.6a)

k   (2 f / c  j ) /(1  M )

(3.6b)

where f is the frequency, M is Mach number of the mean flow, and δ represents the attenuation
due to visco-thermal and turbulent effects which are neglected. Representing the two pressure
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transducers by the subscripts 1 and 2, and setting the first pressure transducer location as the
origin of the new coordinate system, pressure at the two locations are given from Equation (3.4)
as

pˆ1 ( f )  pˆ (0, f )  pˆ  ( f )  pˆ  ( f )
pˆ 2 ( f )  pˆ (s, f )  pˆ  ( f ) exp( jk  s)  pˆ  ( f ) exp( jk  s)

(3.7a)
(3.7b)

where s represents the distance between the two pressure transducers ( ≡ Δx = x2 – x1 in Figure
3-5). Solving the two equations for pˆ  ( f ) and pˆ  ( f ) ,

pˆ  ( f ) 

( pˆ 2 ( f )  pˆ 1 ( f ) exp( jk  s)) exp( jk  s)
1  exp( j (k   k  ) s)

(3.8a)

( pˆ1 ( f )  pˆ 2 ( f ) exp( jk  s))
1  exp( j (k  k ) s)

(3.8b)

pˆ  ( f ) 

Finally, as pˆ  ( f ) and pˆ  ( f ) are known from the two measured pressure signals ( pˆ 1 ( f ) and
pˆ 2 ( f ) ) and the distance between the two points ( s ), pressure and velocity fluctuations can be

calculated at any location in the mixing section from Equations (3.4) and (3.5).
The acoustic field determined by the two-microphone method was validated by pressure
measurements made at seven locations along the length of the mixing section. Figure 3-7 shows
the amplitude and phase of the acoustic pressure fluctuations along the length of the mixing
section determined by the two microphone method. Also shown are data points corresponding to
the directly measured pressure. The operating condition for the results shown in Fig. 3-7 was Tin =
473 K, Vin = 60 m/s, Φ = 0.60, Linj = premixed, and Lc = 1524 mm, and the fundamental instability
frequency was 219 Hz.
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Figure 3-7:

Validation of two-microphone method by comparison with direct
measurements in the mixing section at an unstable condition: Tin = 473 K,
Vin = 60 m/s, Φ = 0.60, Linj = premixed, and Lc = 1524 mm. (a) Pressure
magnitude, (b) Phase of the pressure and velocity, at the fundamental
instability frequency. Note that ‘x = 0’ at the dump plane.

Fig. 3-7(a) shows the instability amplitude normalized by the mean pressure, P′peak / Pmean,
while Fig. 3-7(b) shows the phase of the pressure and velocity fluctuations at the instability
frequency. The x coordinate represents the location in the mixing section, with x = 0
corresponding to the dump plane. The phase measurements are referenced to the pressure
fluctuation in the combustor, i.e., at x = 0. The results obtained using the two microphone method
agree well with the direct measurements in both magnitude and phase. The phase with distance
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from the dump plane, as shown in Fig. 3-7(b), indicates that a backward traveling wave is
dominant in the mixing section, even though there is a standing wave in the combustor. In
addition, based on the pressure amplitude distribution in Fig. 3-7(a), the choked inlet at the
entrance to the mixing section can be assumed to act as a pressure anti-node, while the exit of the
mixing section (or the combustor inlet) can be treated as a pressure node. The difference between
the amplitude of the pressure oscillation as determined by the two microphone method and direct
measurement is shown to increase with distance from the dump plane (x = 0). This is primarily
due to the fact that the two microphone method uses a one-dimensional acoustic model and
neglects viscous and thermal dissipation effects (Abom and Boden, 1988). The phase of the
pressure oscillation determined by the two microphone method, however, agrees well with the
measured phase, to within ± 5°. Therefore, the two microphone method provides a reasonably
good prediction of the acoustic field in the mixing section and at the dump plane.

3.2.4 Overall OH* and CH* Chemiluminescence Measurements
Along with the dynamic pressure measurement, measurement of the flame‟s time-varying
rate of heat release is important in the study of combustion instabilities. Chemiluminescence
emission has been used extensively in combustion instability studies as an indicator of the heat
release rate in lean premixed flames (Lee and Santavicca, 2003). In this study, the time-varying
overall rate of heat release was measured using two photomultiplier tubes and appropriate bandpass filters to measure the overall OH* and CH* chemiluminescence emissions at wavelengths of
307 ± 5 and 432 ± 5 nm, respectively.

Chemiluminescence Intensity ( a.u. )
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Figure 3-8: OH* and CH* chemiluminescence signals versus time at an unstable
condition: Tin = 473 K, Vin = 100 m/s, Φ = 0.65, Linj = premixed, and Lc = 1041
mm.

Figure 3-8 shows OH* and CH* signals at an unstable operating condition. The gain
settings of the photomultiplier tubes were adjusted to give comparable output signal levels. As
there is a very small phase difference between the two signals, it was concluded that either of
these measurements could be used as a measure of the time-varying rate of heat release during
unstable combustion (Panoutsos et al., 2009). Care should be taken, however, when using
chemiluminescence emission as an indicator of the rate of heat release in partially premixed
flames, where there are likely to be equivalence ratio fluctuations. The interpretation of the
chemiluminescence intensity is difficult under such circumstances because it is a function of both
the rate of heat release and the equivalence ratio (Higgins et al., 2001; Lee and Santavicca, 2003).
Due to the equivalence ratio fluctuations, therefore, chemiluminescence signals may not represent
the magnitude of the heat release rate accurately in partially premixed flames. As the main reason
for this limitation results from the fact that the proportionality constant between the heat release
rate and chemiluminescence signal changes with respect to the equivalence ratio (Higgins et al.,
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2001; Panoutsos et al., 2009), the phase of a chemiluminescence signal should still be identical to
that of the heat release rate oscillations. Therefore, chemiluminescence emission can be used as a
semi-quantitative estimation of heat release rate for partially premixed flames in preheated lean
flame conditions (Auer et al., 2006).

3.2.5 CH* Chemiluminescence Images
In addition to the overall chemiluminescence signals, two-dimensional CH*
chemiluminescence images were taken to study stable and unstable flame structures (Lee and
Santavicca, 2003; Gonzalez-Juez et al., 2005). Stable flame images are used to identify flame
shapes and locations of center of the heat release, both of which are considered as important
parameters in unstable combustion because they determine the convection time scale of a
fluctuating mass flow rate or equivalence ratio in a given combustor geometry and operating
condition (Auer et al., 2005). Of particular interest in this study is the observation of differences
in flame behaviors between premixed and partially premixed conditions when the flame is
unstable in order to understand underlying mechanisms in combustion instability. Therefore, both
stable and unstable flame images of CH* chemiluminescence were taken using an ICCD camera
(Princeton Instruments model 576G), integrated with a CH* band-pass filter centered at 430 nm
(10 nm FWHM) and a Nikon 60 mm 1:2.8 lens. In the case of stable flames, 40 images were
taken at equally spaced time intervals and averaged, while unstable flame images were acquired
by averaging 40 individual images phase-synchronized with the combustor pressure signal at each
point of 12 discrete phases over a period of instability. As the raw images represent line-of-sight
CH* signals, a three-point Abel de-convolution method was used to extract two-dimensional
center-plane information (Lee and Santavicca, 2003). Figure 3-9 shows typical flame images
before and after the de-convolution process at a stable operating condition.
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(a)

(b)
Figure 3-9: CH* chemiluminescence images for a stable flame at an operating condition:
Tin = 473 K, Vin = 100 m/s, Φ = 0.65, Linj = premixed, and Lc = 762 mm. (a)
Line-of-sight image, (b) Two-dimensional center-plane image after the Abel
de-convolution process.
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Chapter 4

Overall Instability Characteristics

4.1 Observation of Results

4.1.1 Effect of Varying Combustor Length
A spectrogram of the combustor pressure with respect to the combustor length (Lc) is
plotted in Figure 4-1.The operating conditions are as follows: Tin = 473 K, Vin = 100 m/s, Φ =
0.65, and Linj = premixed. The spectrogram shows the whole frequency spectrum of the
oscillating pressure signals in dB over a range of Lc. The fundamental and higher harmonic
modes of the instability for varying combustor length are clearly seen in Fig. 4-1. The frequency
of the instability modes changes continuously with Lc because the observed instability is caused
by longitudinal acoustic modes, of which characteristics are dependent on the combustor length
(Gonzalez-Juez et al., 2005; Figura et al., 2007). The mode of the maximum instability and the
corresponding frequency are also shown for each combustor length. For example, the maximum
strength is observed at the fundamental mode of the frequency range of 200 ~ 400 Hz in the range
over Lc = 900 mm while it appears at the third and fourth harmonics around f = 1600 ~ 1800 Hz
in the range below Lc = 900 mm. The instability is fairly weak, however, for combustor lengths
below Lc = 900 mm, compared with above Lc = 900 mm, and it appears to be stable – with little
acoustic noise and no oscillating flame behavior in the short combustor length range. Figure 4-2
shows the instability strength and the corresponding frequency for varying combustor length at
the same operating conditions as Fig. 4-1. The instability strength in the figure is represented by
the normalized peak magnitude of the combustor pressure, P′peak / Pmean. It shows that the
instability strength and the corresponding frequency vary with Lc, as observed in Fig. 4-1. The
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combustor becomes very unstable in the range of Lc = 900 ~ 1250 mm, while it is quite stable at
the other combustor lengths. In terms of instability frequency, one can see that the frequency
varies continuously with varying combustor length over Lc = 900 mm, while there are
discontinuities below Lc = 900 mm. The discontinuities of the frequency result from the fact that
the primary instability mode changes with the combustor length, as seen in Fig. 4-1. Over the
whole combustor length, it is the strongest with P′peak / Pmean = 0.069 at Lc = 1041 mm and at f =
353.5 Hz in this operating condition. The values at the maximum instability strength are marked
with the subscript „MAX‟ in Fig. 4-2. The overall maximum instability frequency, which is f =
353.5 Hz at this operating condition, is called the preferred instability frequency.

Figure 4-1: Spectrogram with varying combustor length at operating conditions of Tin =
473 K, Vin = 100 m/s, Φ = 0.65, and Linj = premixed. Note that the unit of the
scale is dB.
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Figure 4-2: Instability strength and frequency for varying combustor length at operating
conditions of Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Linj = premixed.

4.1.2 Effect of Inlet Velocity and Mean Equivalence Ratio for Premixed Cases
Instability characteristics of the combustor with respect to multiple parameters are
presented in the form of a three-dimensional stability map, which is a plot of P′peak / Pmean versus
the combustor length (Lc) and other parameters of interest, such as the inlet velocity (Vin), the
mean equivalence ratio (Φ), and the fuel injection location (Linj). Figure 4-3 shows the stability
map with respect to Lc and Vin, at four equivalence ratios. Note that in Fig. 4-3, the fuel is mixed
with the air far upstream of the choked inlet to the mixing section, which is referred to as the
premixed (PM) case. The figure shows that there are two distinct regimes of the instability: one is
at shorter combustor length (Lc ~ 1050 mm) and the other is at longer length (Lc ~ 1500 mm). As
one would expect, the two regimes correspond to different instability frequencies, i.e., the lower
frequency instabilities are observed when the combustor length is near 1500 mm, and the higher
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frequency instabilities are seen when it is near 1050 mm. At Φ = 0.60 and 0.65 in Fig. 4-3(b) and
(c), respectively, the two regimes are shown at the same time.

4.1.2.1 Effect of Inlet Velocity
Overall, the instability becomes stronger as the inlet velocity increases, regardless of the
equivalence ratio. In particular, at Φ = 0.65 and 0.70 in Fig. 4-3(c) and (d), respectively, there are
strong instabilities at the high velocity condition, while the combustor is stable over the whole
combustor length at the low velocity conditions.

4.1.2.2 Effect of Mean Equivalence Ratio
Figure 4-3 shows that, as the mean equivalence ratio increases, preferred instability
frequency appears at shorter combustor lengths. At the low inlet velocities (Vin = 60 and 70 m/s),
the instability becomes weaker as the equivalence ratio increases, and the unstable regime
remains in the long combustor length. At Vin = 100 m/s, however, the instability shifts from the
long to the short combustor length, while keeping most of its strength.
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Figure 4-3: Instability characteristics for premixed cases at Tin = 473 K with respect to
the combustor length and the inlet velocity at various equivalence ratios: (a)
Φ = 0.55, (b) Φ = 0.60, (c) Φ = 0.65, and (d) Φ = 0.70. (to be continued)
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Figure 4-3: Instability characteristics for premixed cases at Tin = 473 K with respect to
the combustor length and the inlet velocity at various equivalence ratios: (a)
Φ = 0.55, (b) Φ = 0.60, (c) Φ = 0.65, and (d) Φ = 0.70.

60
4.1.3 Effect of Varying Fuel Injection Location for Partially Premixed Cases
Stability maps with respect to varying fuel injection location are given in Figure 4-4 for
an inlet temperature (Tin) of 473 K, an inlet velocity (Vin) of 60 m/s, and four equivalence ratios
(Φ = 0.55, 0.60, 0.65, and 0.70). All cases presented in this section are referred to as partially
premixed cases because the fuel is supplied through the variable fuel injector in the mixing
section. In the partially premixed cases, equivalence ratio fluctuations are possible and the
instability characteristics can change as the fuel injection location varies. For comparison
purposes, the premixed case is also presented. The results presented in Fig. 4-4 clearly show that
the instability characteristics depend on both the combustor length and the fuel injector location
(Straub and Richards, 1998).
The stability maps show the higher and lower frequency instability regimes observed in
Figure 4-3. Fig. 4-4 also shows that the mean equivalence ratio has a significant effect on the
instability characteristics. At an equivalence ratio of 0.55, all of the observed instabilities are in
the lower frequency regime, while at an equivalence ratio of 0.70, strong instabilities are only
observed in the higher frequency regime, as observed in Fig. 4-3. As the equivalence ratio is
increased from 0.55 to 0.70 there is a transition from the lower frequency regime to the higher
frequency regime, where at an equivalence ratio of 0.65, instabilities are observed in both the
lower and higher frequency regimes as the fuel injection location varies. It is important to note,
however, that the transition is bimodal in nature, i.e., the frequency “jumps” from one frequency
regime to the other as the mean equivalence ratio changes, without going through the
intermediate frequencies.
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Figure 4-4: Instability characteristics with respect to combustor length (Lc) and fuel
injection location (Linj) at Tin = 473 K, Vin = 60 m/s: (a) Φ = 0.55, (b) Φ = 0.60,
(c) Φ = 0.65, and (d) Φ = 0.70 (to be continued).

62

Figure 4-4: Instability characteristics with respect to combustor length (Lc) and fuel
injection location (Linj) at Tin = 473 K, Vin = 60 m/s: (a) Φ = 0.55, (b) Φ = 0.60,
(c) Φ = 0.65, and (d) Φ = 0.70.
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A comparison of the premixed and the partially premixed results in Figures 4-4(a) and (b)
shows that the strength of the instabilities under partially premixed conditions can be either
greater than or less than that of the premixed case, depending on the fuel injection location. A
similar comparison can be made between the premixed and the partially premixed results in Fig.
4-4(c) and (d). Again, the fuel injection location has a significant effect. In both of these cases, no
instabilities are observed under premixed conditions.
Figure 4-5 shows the stability characteristics at Tin = 473 K, Vin = 100 m/s, and
equivalence ratios of Φ = 0.55, and 0.65. Like in Fig. 4-4, these results show that 1) the instability
strength depends on the fuel injection location, 2) the strength of the instabilities under partially
premixed conditions can either be greater than or less than that of the premixed case, depending
on the fuel injection location, 3) there is evidence of the higher frequency and lower frequency
regimes observed in Fig. 4-3, and 4) the instabilities move from the lower frequency regime to the
higher frequency regime when the equivalence ratio is increased. The most notable difference
between the instabilities shown in Fig. 4-4 and Fig. 4-5 is that the instabilities are appreciably
stronger in the Vin = 100 m/s case (Fig. 4-5) than they are in the Vin = 60 m/s case (Fig. 4-4).
As discussed in Chapter 2, the magnitude and phase of the equivalence ratio fluctuations
are directly related to the acoustic pressure and velocity fluctuations at the injection location,
which can be determined using the two microphone measurement. Figure 4-6 shows the two
microphone method results in terms of the normalized magnitude and phase of the acoustic
velocity fluctuation versus the distance from the dump plane for three fuel injection locations at
Tin = 473 K, Vin = 60 m/s, Φ = 0.60, and at Lc = 1524 mm. The magnitude of the velocity
fluctuation is plotted in terms of V′peak/Vmean, where V′peak is the amplitude of the velocity
fluctuation at the instability frequency, and Vmean is the mean velocity in the mixing section. Also
note that the phase of the velocity fluctuation is defined relative to the pressure fluctuation in the
combustor.
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Figure 4-5: Instability characteristics with respect to combustor length (Lc) and fuel
injection location (Linj) at Tin = 473 K, Vin = 100 m/s: (a) Φ = 0.55, and (b) Φ =
0.65.
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Figure 4-6: (a) Magnitude, and (b) phase, of the normalized velocity oscillation in the
mixing section measured by the two-microphone method for three fuel
injection locations, Linj = premixed, 152, and 229 mm, at Tin = 473 K, Vin = 60
m/s, Φ = 0.60, and Lc = 1524 mm.
The two microphone method results plotted in Figure 4-6 show that the magnitude of the
velocity fluctuation is different for the three injection locations, where the relative magnitudes
scale with the magnitude of the pressure fluctuation in the combustor (refer to Fig. 4-4(b)). The
phase distribution of the velocity fluctuation at any location in the mixing section, however, is the
same for all three injection locations, and therefore is independent of the strength of the
instability. From the fact that the same trend was observed for the two microphone method
predicted pressure oscillations in the mixing section (not shown here), it is concluded that the
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equivalence ratio fluctuation varies the magnitude of pressure and velocity fluctuation in the
mixing section without influencing the phases of the two acoustic quantities. Note that the
magnitude of the normalized velocity fluctuation, V′peak / Vmean, reaches its maximum at the dump
plane (x = 0) and its minimum at the air choked inlet (x = -320 mm) regardless of the fuel
injection location or the instability strength. This is reasonable because the choked inlet acts as a
velocity node, as it is almost closed, and the dump plane as an anti-node, as it is open.

4.1.4 Overall Characteristics

Figure 4-7: Instability strength distribution with respect to frequency for all operating
conditions: Tin = 473 K, Vin = 60 ~ 100 m/s, Φ = 0.55 ~ 0.70, Linj = premixed
and 152 ~ 305 mm, and Lc = 762 ~ 1524 mm.
Instability strength, represented by P′peak / Pmean, is plotted versus instability frequency in
Figure 4-7. Each data point represents a specific operating condition, i.e., a specific inlet
temperature, inlet velocity, equivalence ratio, fuel injection location, and combustor length, which
are all listed in Table 3-1. As observed in the previous sub-sections, the data show that there are
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two instability regimes: a lower frequency regime between 210 and 240 Hz, and a higher
frequency regime between 330 and 370 Hz. The largest amplitude instabilities in the low and high
frequency regimes, respectively, occur at approximately f1 = 220 and f2 = 345 Hz.

Figure 4-8: Phase of the heat release rate fluctuation measured by global OH*
chemiluminescence versus instability strength for all operating conditions: T in
= 473 K, Vin = 60 ~ 100 m/s, Φ = 0.55 ~ 0.70, Linj = premixed and 152 ~ 305
mm, and Lc = 762 ~ 1524 mm.
The relationship between the magnitude of the normalized combustor pressure fluctuation
and the phase of the heat release rate is shown in Figure 4-8, where the overall OH*
chemiluminescence intensity is assumed to be a measure of the overall rate of heat release and the
phase of the heat release is defined relative to the pressure in the combustor. Again, data for
operating conditions given in Table 3-1 are plotted in this figure. It shows that instabilities occur
over a range of phase from –90 degrees to +90 degrees, and that the strongest instabilities are
observed when the phase difference between the pressure fluctuation and the rate of heat release
fluctuation is zero. This is expected because it is consistent with Rayleigh‟s criterion (Rayleigh,
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1945). That there are operating conditions which satisfy Rayleigh‟s criteria but are not unstable is
due to the fact that in these conditions the system damping is greater than the gain.

4.2 Discussion

4.2.1 Low and High Frequency Regimes
The instabilities observed in this study are longitudinal acoustic modes, hence their
frequency is directly related to the length of the combustor. The advantage of the variable length
combustor is that it can be used to identify the characteristic instability frequency (or frequencies)
associated with a given operating condition. Whether or not an instability occurs at a particular
frequency, i.e., combustor length, depends on the phase of the flame‟s response and the system
gain and damping at that frequency.
As shown in Figure 4-7, over the range of operating conditions studied, two instability
regimes were observed: a lower frequency regime near 220 Hz which occurs at combustor lengths
of approximately 1500 mm, and a higher frequency regime near 345 Hz which occurs at
combustor lengths of approximately 1050 mm. This behavior is consistent with the fact that these
are longitudinal mode instabilities, but it does not shed any light on why the instabilities occur at
these two particular frequencies.
In a companion study (Kim et al., 2009a) using the same combustor, it was found that the
flame‟s response to air-forcing exhibits maximum gain at forcing frequencies near 220 Hz,
indicating that the flame is most responsive to inlet velocity fluctuations at that frequency.
The high frequency instability regime can be related to the acoustic characteristics of the
mixing section. If one calculates the natural frequency of the quarter-wave mode in the mixing
section based on the inlet temperature (473 K) and the mixing section length (320 mm), it is
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found to be 340 Hz. Therefore, when the acoustic frequency of the combustor is close to 340 Hz,
there is a coupling between the mixing section and the combustion chamber, which results in the
observed high frequency regime instabilities (Kim et al., 2009b).

4.2.2 Effect of Injection Location
A comparison of the premixed and the partially premixed results in Figures 4-4(a) and
(b), and 4-5(a) and (b) shows that the instability strength under partially premixed conditions can
either be greater than or less than that of the premixed case, depending on the fuel injection
location. Recalling that only the flame-vortex interactions can play a role in premixed cases,
while both flame-vortex interactions and equivalence ratio fluctuations are possible in partially
premixed cases, when the instability is stronger in the premixed case than in the partially
premixed case, it can be deduced that the equivalence ratio fluctuations in the partially premixed
case are out-of-phase with the flame-vortex interactions, and therefore act to damp the instability.
While when the instability strength is greater in the partially premixed case, one can infer that the
equivalence ratio fluctuations and the flame-vortex interactions are in-phase. A similar
comparison can be made between the premixed and the partially premixed results in Fig. 4-4(c)
and (d). Again, the fuel injection location has a significant effect, although no instabilities are
observed under premixed conditions in either of these cases.
Evidence of the effect of the phase of the equivalence ratio fluctuation can be found in
the combustor pressure and chemiluminescence emission measurements. Time series of the
combustor dynamic pressure and the CH* chemiluminescence are shown in Figure 4-9, for three
fuel injection locations, at operating conditions of Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc =
1041 mm. The three cases are shown in Fig. 4-5(b), and the instability characteristics for these
conditions are summarized in Table 4-1. The instability frequencies for the three cases are similar
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because the operating conditions and the combustor length are identical. Table 4-1 shows that
relative to the premixed case (Case 1), the amplitude of the pressure fluctuations in the partially
premixed cases decreases by roughly 54% in Case 2, and increases by roughly 57% in Case 3.
The shapes of the time varying pressure and CH* chemiluminescence signals provide insights
regarding the interaction of the flame-vortex and equivalence ratio fluctuation instability
mechanisms.
Considering that the two injection locations of Cases 2 and 3 are relatively close to each
other, so that the dissipation effect may be assumed to be similar, the big difference in instability
strength is mainly due to the convection time effect. Figure 4-9(a) shows that the combustor
pressure oscillates periodically for all of the three cases, though the amplitude of the pressure
signals varies according to the instability strength. CH* chemiluminescence signals are shown in
Fig. 4-9(b) for the same time interval and for the same cases, The shape of the time varying CH*
chemiluminescence signals for the three cases is drastically different. Firstly, two peaks are
observed in Case 2, while only one peak is present in Case 1 during each period. One of the two
peaks in Case 2 is almost in phase with the peak in Case 1, but the other one is almost out of
phase with the one in Case 1. The two peaks in Case 2 are believed to correspond to the two main
influences on the heat release rate oscillation, that is, the flame-vortex interaction and the
equivalence ratio fluctuation. In addition, from the fact that only the flame-vortex interaction
plays a role in generating CH* chemiluminescence signals for the premixed condition (Case 1)
and the effect of equivalence ratio fluctuation is superposed on the effect of the flame-vortex
interaction in the partially premixed condition (Case 2), one can deduce that the out-of-phase
peak in Case 2 may be due to the equivalence ratio fluctuation. After all, the off-phase behavior
of the two effects on the heat release rate fluctuation may tend to damp the instability
characteristics in Case 2 as compared with Case 1.
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Figure 4-9: Time series of (a) combustor pressure fluctuations, and (b) CH*
chemiluminescence intensities for three fuel injection locations, Linj =
premixed, 152, and 229 mm, at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc
= 1041 mm.
Table 4-1: Instability frequency and magnitude for three fuel
injection locations, Linj = premixed, 152, and 229
mm, at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc
= 1041 mm.

ID #

Linj

Fundamental
frequency

P′peak / Pmean

Case 1

Premixed

353.5 Hz

0.069

Case 2

203 mm

358.0 Hz

0.032

Case 3

152 mm

345.5 Hz

0.108
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On the other hand, the CH* chemiluminescence signal of Case 3 shows behavior opposite
to that of Case 2. Not only does the CH* of Case 3 have one sharp peak with very large amplitude
in one period, but it also shows a very small signal level at its trough, as compared with that of
Case 1. This behavior strongly supports the conclusion that the heat release rate oscillation in
Case 3 results from the in-phase behavior of the two effects, i.e., the rich mixture due to the
equivalence ratio fluctuation contributes to the heat release at the same time that the flame-vortex
interaction generates the highest heat release rate in a cycle. In short, there is clear evidence of
constructive and destructive coupling of the two instability mechanisms, flame-vortex
interactions and equivalence ratio fluctuations.

4.3 Concluding Remarks
In this chapter, instability characteristics with respect to varying combustor length, inlet
velocity, mean equivalence ratio, and fuel injection location were presented. It was proved that
the newly designed variable-fuel injector, variable-length combustor is useful and effective in
observing combustion instability phenomena in various ways. Instabilities were found to occur in
one of two instability regimes, a lower frequency regime (~220 Hz) and a higher frequency
regime (~350 Hz). It was also found that instabilities shift from the lower frequency regime to the
higher frequency regime as the equivalence ratio increases. It was observed that the strength of
the instability changed significantly when the fuel injection location was varied. Changes in
instability strength due to changes in fuel injection location, however, did not influence the phase
of acoustic pressure and velocity fluctuations in the mixing section. A comparison of time series
of pressure and CH* chemiluminescence signals suggests the constructive and/or destructive
coupling of the two mechanisms. Based on the observations made on the role of flame-vortex
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interactions and equivalence ratio fluctuations in both premixed and partially premixed cases, the
two mechanisms will be studied systematically in the next two chapters.
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Chapter 5

Mechanism of Flame-Vortex Interactions

5.1 General Instability Characteristics for Premixed Cases
In Figure 4-3, stability maps for premixed cases were presented for a set of inlet
velocities and mean equivalence ratios. Fig. 5-1 shows the instability characteristics with respect
to combustor length and inlet velocity at Φ = 0.55 (same as Fig. 4-3(a)). The significance of the
premixed condition is that there are no equivalence ratio fluctuations. Consequently, the
instability mechanism for the results shown in Fig. 5-1 is assumed to be flame-vortex interactions.

Figure 5-1: Instability characteristics with respect to the combustor length and the inlet
velocity at Tin = 473 K and Φ = 0.55.
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In a companion study on forced flame transfer function measurements using the same
combustor (Kim, 2009), it was found that flame-vortex interaction is the primary cause of the
non-linear flame response which is observed for high inlet velocity oscillations. The study also
showed that the non-linearity begins when the normalized magnitude of the velocity fluctuation
reaches 10 ~ 15%, depending on the forcing frequency. As a result, flame-vortex interaction
dominates the instability characteristics, when the velocity fluctuation magnitude is over a certain
limit (approximately 15%, in the current combustor configuration). Because most of the unstable
cases shown in Figure 5-1 (or, Fig. 4-3, more generally) have a velocity oscillation magnitude
greater than 15%, it is deduced that the dominant instability mechanism in the premixed cases is
flame-vortex interaction. In this chapter, therefore, the combustion instability mechanism driven
by flame-vortex interactions will be investigated in detail.

Figure 5-2: Frequency versus the instability strength for all premixed cases.
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Figure 5-3: Phase of the velocity fluctuation at the dump plane, V′dump, (a) with respect to
the instability strength, and (b) with respect to the frequency, for all premixed
cases.
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Figure 5-2 is a plot of the instability strength with respect to frequency for all premixed
cases. Similar to Fig. 4-7, which was drawn for both premixed and partially premixed cases, it
shows two distinct peaks at f1= 216 Hz and f2 = 353.5 Hz. Fig. 5-3 shows the phase of the velocity
fluctuation at the dump plane, relative to that of the combustor pressure oscillation, versus the
instability strength and frequency. Fig. 5-3(a) shows that strong instabilities occur when the phase
difference between the velocity fluctuation at the exit of the mixing section and the combustor
pressure fluctuation is 147 degrees and 180 degrees, while Fig. 5-3(b) shows that the phase
difference decreases linearly as the instability frequency increases. Comparing the two plots in
Fig. 5-3, we see that the strong instability near the phase of 147° corresponds to f = 353.5 Hz,
while the one near the phase of 180° corresponds to f = 216 Hz.

5.2 Vortex Dynamics and Combustion Instability
To study the vortex dynamics during an instability period, phase-synchronized CH*
chemiluminescence images were taken for an unstable premixed operating condition. The images
were acquired in phase-angle increments of 30 degrees during the instability cycle. Figure 5-4
shows the combustor pressure signal versus phase-angle, along with the twelve phase-angles
when the phase-synchronized images were taken. The experimental condition is Tin = 473 K, Vin
= 100 m/s, Φ = 0.65, and Lc = 1041 mm, where the instability strength is P′peak / Pmean = 0.069 at
the fundamental instability frequency of f = 353.5 Hz. Also shown are the overall CH*
chemiluminescence signal from the flame and the velocity oscillation at the dump plane. One
observes that the combustor pressure is almost in-phase with the CH* signal, which means that
Rayleigh‟s criterion is satisfied, while the velocity fluctuation at the dump plane has a certain
phase delay relative to the combustor pressure.
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Figure 5-4: Sequence for phase-synchronized images at unstable combustion: Tin = 473
K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
Figure 5-5 shows the phase-synchronized images at this condition. Specifically, the lineof-sight images taken by the ICCD camera are presented in Fig. 5-5(a), while the half-plane
images after Abel de-convolution are shown in Fig. 5-5(b). The figure clearly shows the
initiation, convection, ignition, and burning processes of a vortex during one period of unstable
combustion. Frames 8 and 9 show a vortex being shed from the dump plane, which then rolls up
in the radial direction while being convected downstream, as shown in frames 10 and 11 of both
Figs. 5-5(a) and (b). As it rolls up further, it even moves backward at frames 11 and 12, and then
ignites in frame 1. During frames 1 ~ 4, the burning vortex is carried downstream by the mean
flow, and the rate of heat release reaches its maximum at frame 5, where the flame surface area
looks the largest due to the burning of the coherent large scale structure. After the rate of heat
release reaches its maximum, the reaction in the combustor becomes less active and another
vortex begins to shed in frame 8, which completes the cycle. One important feature in the flame-
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vortex interaction process is the timing of vortex shedding. It is clear that the vortex sheds
between frame 8 and 9 in Fig. 5-5, which is the point where the acceleration due to the velocity
oscillation at the dump plane reaches its maximum as shown in Fig. 5-4. This justifies the
assumption of vortex shedding at the maximum acceleration point that was made in the time lag
analysis in Chapter 2.

(a)

(b)
Figure 5-5: Phase-synchronized images at an unstable combustion: Tin = 473 K, Vin =
100 m/s, Φ = 0.65, and Lc = 1041 mm. (a) line-of-sight images, and (b) deconvoluted half-plane images.
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5.3 Results of Time Lag Analysis
Time lag analysis was performed in Chapter 2, and the time lag model for flame-vortex
interaction driven instabilities showed that two conditions must be satisfied for a strong
instability: Rayleigh‟s criterion and Cτv ≈ 1. In order to satisfy Rayleigh‟s criterion, the heat
release perturbation, e.g., due to the flame-vortex interaction, must in-phase with the combustor
pressure oscillation, while Cτv ≈ 1when the time for the vortex to travel from the dump plane to
the flame has a certain relationship with the phase difference between the velocity oscillation and
the heat release fluctuation. This section describes the processes and results of the time lag
analysis for the flame-vortex interactions using data acquired for the premixed flames.

5.3.1 Rayleigh’s Criterion
Figure 5-6 shows a plot of the phase of CH* signal with respect to that of the combustor
pressure versus the instability strength, for all premixed cases. The fact that the instability
becomes stronger as the phase approaches zero is consistent with Rayleigh‟s criterion. The figure
confirms, however, that satisfying Rayleigh‟s criterion is a necessary but not sufficient condition
for unstable combustion.

5.3.2 Calculation of Cτv
The other necessary condition for strong instabilities is Cτv ≈ 1, which is an indication that
the time for the vortex to travel from the dump plane to the flame has a certain relationship with
the phase difference between the velocity oscillation and the heat release fluctuation. Cτv was
defined in Chapter 2 as
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Figure 5-6: Phase of CH* versus the instability strength for all operating conditions of the
premixed cases in Table 3-1.
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Equation (2.10) shows that, in order to calculate Cτv, one needs to identify the location of the
center of the flame, Lflame, and the effective vortex convection velocity, Veff,v, in the combustor.
First of all, Veff,v can be related with the mixture inlet velocity, Vin, as

Veff ,v  Vin

(5.1)
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where α represents the ratio of the effective vortex convection velocity to the inlet velocity. As it
was found that α varies from 0.3 to 0.4 for a similar combustor configuration (Gonzalez-Juez et
al., 2005), the median value was simply taken for calculating Cτv, i.e.

  0.35

(5.2)

To determine the location of the center of the flame, Lflame, which appears in Equation
(2.10), CH* chemiluminescence images of stable flames were taken under premixed conditions.
Figure 5-7 shows the upper-half images of the stable flames after de-convolution, for Tin = 473 K,
Vin = 60 ~ 100 m/s, Φ = 0.55 ~ 0.70. The images show that the flame becomes shorter as the
equivalence ratio increases, and longer as the inlet velocity increases. Consequently, the flame is
the shortest at Vin = 60 m/s and Φ = 0.70 and the longest at Vin = 100 m/s and Φ = 0.55.
Based on the stable flame images shown in Figure 5-7, the location of the center of the
flame (COM) was determined and the results for all operating conditions are shown in Fig. 5-8,
where the corner of the centerbody is at (0, 0). The rationale for selecting this reference point is
that the corner of the centerbody is the location where the vortex is shed. Fig. 5-8 shows that the
location of COM moves toward the centerbody as the equivalence ratio increases. The data also
shows that the location approaches the centerbody as the inlet velocity decreases, though it is not
clearly shown in the figure. Table 5-1 presents Lflame, defined as the distance from the corner of
the centerbody to the location of COM, determined from the flame images, and shows
quantitatively that Lflame decreases as Φ increases, and increases as Vin increases.
Using the values for Lflame given in Table 5.1, one can calculate Cτv. Figure 5-9 shows the
instability strength plotted versus Cτv for all of the premixed cases. It is clear that for all of the
strong instabilities, Cτv is close to unity. However, one can see that there are many stable points
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for which Cτv is near the value of one. Therefore, similar to the Raleigh‟s criterion results
presented in Fig. 5-6, Cτv ≈ 1 is a necessary but not sufficient condition for unstable combustion.

Figure 5-7: CH* chemiluminescence images for stable flames at Tin = 473 K.

Figure 5-8: Flame’s center of mass (COM) with respect to the tip of the centerbody.
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Table 5-1: Distance from the tip of the centerbody to the center of the flame,
represented by Lflame. Unit is mm.
Φ

0.55

0.6

0.65

0.7

60 m/s

78.9

66.9

62.1

60.2

70 m/s

85.8

70.6

64.0

61.9

80 m/s

97.5

76.1

67.3

63.6

90 m/s

122.3

79.7

69.3

64.6

100 m/s

122.1

80.3

68.9

Vin

Figure 5-9: Instability strength vs. Cτv for the premixed cases.
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5.3.3 Discussion on Time Lag Analysis
Two criteria for unstable combustion were introduced in the previous section‟s discussion
of the time lag analysis, Rayleigh‟s criterion and Cτv ≈ 1. These criteria only relate to the relative
phase of the pressure, velocity, and rate of heat release, and as shown in Figures 5-6 and 5-9, can
be satisfied without the occurrence of unstable combustion. In addition to satisfying Rayleigh‟s
criterion and Cτv ≈ 1, unstable combustion will only occur if the system‟s gain is greater than the
system‟s losses.

5.4 Combustion Instability and Characteristic Frequencies

5.4.1 Consideration of System Gain
In addition to satisfying the necessary phase relationship between the velocity, pressure
and rate of heat release fluctuations, the total gain of a system should be large enough to
overcome the system damping to have strong instability at a given operating condition. Even
though it is currently not possible to predict both the gain and damping of a practical combustor,
one can obtain insight regarding the system gain from the observations of the overall instability
characteristics made in Chapter 4.
Two distinct instability regimes were identified in Figures 4-7 and 5-2; one is at
approximately 220 Hz and the other is near 340 Hz. As discussed in Section 4.2.1, the frequency
of 220 Hz corresponds to the maximum gain frequency (fmax.gain) of the flame from the forced
flame response measurements, while 340 Hz corresponds to the quarter-wave frequency (fmix) of
the mixing section. It suggests that when the acoustic frequency of the combustor (facs) matches
fmax.gain, the system gain increases because the flame amplifies a perturbation to its maximum at
fmax.gain. In case that facs is close to fmix, the system obtains extra gain from the coupling between
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the mixing section and the combustor geometry. Consequently, the observed results suggest that
all of the strong instabilities in the study satisfy either of the following:
1) facs ≈ fmax.gain

(5.3)

2) facs ≈ fmix

(5.4)

5.4.2 Characteristic Frequency of Combustor
The characteristic frequency of the combustor, facs, is determined by the speed of sound
and the wave length, which are dependent on the mean temperature in the combustor and the
combustor length, respectively, for the case of longitudinal mode acoustics. The acoustic
frequency is determined by the speed of sound, c, and the wavelength, λ, i.e.

f acs 

c



(5.5)

c  RTc

(5.6)

The speed of sound is obtained by

where γ is the specific heat ratio, R is the specific gas constant, and Tc is the (mean) temperature
of the medium in the combustor. The wavelength, as the fundamental longitudinal mode is the
half-wave mode in the combustor configuration, is given by



2 Lc
n

(5.7)
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where Lc is the combustor length, and n is a positive integer.
In calculating facs, one needs to know the mean temperature of the combustor to
determine the speed of sound at a given operating condition. If the mean temperature is not
known exactly, however, the speed of sound can be estimated by Equations (5.5) and (5.7) using
the preferred instability frequency and the combustor length where the maximum instability is
observed at an operating condition. For example, at Tin = 473 K, Vin = 100 m/s, Φ = 0.65 case, it
was found that fmax = 353.5 Hz at Lc = 1041 mm from Figure 4-2. Then, the speed of sound at this
operating condition is given by

c  f  2Lc  736 m / s

In this way, the speed of sound is estimated to obtain facs with respect to Lc at each operating
condition.

5.5 Analyzing Instability Characteristics by Frequency Relationships
Using the above equations to relate the combustor length to the acoustic frequency for a
given operating condition, one can identify the combustor lengths for which Equation (5.3) (facs ≈
fmax.gain) and (5.4) (facs ≈ fmix) are satisfied. Such an analysis is presented in Figure 5-10(a), which is
a plot of the acoustic frequency, both the fundamental mode and the second harmonic, versus the
combustor length for an operating condition of Tin = 473 K, Vin = 60 m/s, and Φ = 0.60. The
acoustic frequency was calculated for each combustor length using an estimated speed of sound
of 667 m/s. Also shown in Fig. 5-10(a) are lines of constant frequency corresponding to the
maximum gain frequency from the flame transfer function results and the frequency of the
quarter-wave mode of the mixing section. There are two possible unstable regions indicated by
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the red boxes in Fig. 5-10(a); one is centered at Lc ≈ 1000 mm where facs ≈ fmix and the other is at
Lc ≈ 1500 mm where facs ≈ fmax.gain. These results predict that the instability should be strongest at
either Lc = 1000 mm or 1500 mm and it should weaken as Lc departs from the two lengths.
Figure 5-10(b) is a spectrogram, which is a plot of the measured instability amplitude
versus the combustor length and the corresponding instability frequency. Comparing the
predicted and measured instability regimes in Figs. 5-10(a) and (b), one finds that the predicted
instability at ~220Hz is observed in the experiment, but the predicted instability at ~ 340 Hz is
not. As discussed, two requirements from the time lag analysis should also be satisfied for the
instability to be amplified. Figure 5-11 shows Rayleigh‟s criterion and Cτv for varying combustor
length at the same operating condition as in Fig. 5-10. One can see that both requirements,
Rayleigh‟s criterion and Cτv ≈ 1, are satisfied near Lc = 1524 mm; the phase of CH* and Cτv are
close to zero and one, respectively, in the region. Near Lc = 1000 mm, however, not only is the
phase of CH* far from zero, but Cτv also deviates from unity. This explains why there was no
instability in region 1 even though facs ≈ fmix in Fig. 5-10.
Also presented in Figure 5-11 is the coherence between the combustor pressure and CH*
signals for varying combustor length. A coherence represents how perfectly two signals are
related each other. When the relative phase of the signals is constant over time, the value of the
coherence is one and the two signals are said to be coherent. To calculate the coherence between
the combustor pressure and CH* signals, the measured time series were divided into multiple sets
of 1-second-long data and RMS-averaged in the frequency domain (Gabrielson, 2008).
Specifically, using the overlapping factor of 80 % for the acquired 2-second-long data, six 1second-long data were generated for each signal. Fig. 5-11 shows that the coherence is almost
unity in the combustor length over Lc = 1250 mm while it is scattered and decreases below one in
the range of the combustor length shorter than Lc = 1200 mm. From the definition of the
coherence, the low coherence suggests that the relative phase of the two signals is not conserved

89
over time, and therefore, the calculated phase of CH* is not trustworthy in the range shorter than
Lc = 1200 mm.

(a)

(b)

Figure 5-10: Comparison between (a) estimated unstable region, and (b) spectrogram of
the measured combustor pressure, for an operating condition of Tin = 473
K, Vin = 60 m/s, and Φ = 0.60.

90

Figure 5-11: Phase of CH* with respect to the combustor pressure (Rayleigh’s criterion),
Cτv, and the coherence, for varying combustor length at an operating
condition of Tin = 473 K, Vin = 60 m/s, and Φ = 0.60.
Figure 5-12 shows the predicted unstable region and a spectrogram for another operating
condition: Tin = 473 K, Vin = 90 m/s, and Φ = 0.70. The acoustic frequency was calculated from
the estimated speed of sound of 742 m/s in this case. Fig. 5-12(a) indicates that the unstable range
of the combustor length is centered near Lc = 1100 mm, where facs ≈ fmix, as shown in Equation
(5.4). This suggests that the strong instability will occur at Lc = 1100 mm, with a frequency of
340 Hz. The measured combustor pressure shown in the spectrogram in Fig. 5-12(b) presents that
the estimation agrees well with the measured combustor pressure at the given operating condition.
The phase of CH* and Cτv at the same operating condition are shown in Fig. 5-13. One confirms
that at a combustor length near Lc = 1100 mm, the phase of CH* is almost zero, which means
Rayleigh‟s criterion is satisfied perfectly, and Cτv is aligned near unity.
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(a)

(b)

Figure 5-12: Comparison between (a) estimated unstable region, and (b) spectrogram of
the measured combustor pressure, for an operating condition of Tin = 473
K, Vin = 90 m/s, and Φ = 0.70.
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Figure 5-13: Phase of CH* with respect to the combustor pressure (Rayleigh’s criterion),
Cτv, and the coherence, for varying combustor length at an operating
condition of Tin = 473 K, Vin = 90 m/s, and Φ = 0.70.
Contrary to the two previous cases, Figure 5-14 shows a case that was stable over the full
range of the combustor length. The operating conditions were Tin = 473 K, Vin = 60 m/s, and Φ =
0.70, where the speed of sound was approximated as 727 m/s. There are two possible unstable
regions as marked in Fig. 5-14(a); one is centered at Lc ≈ 1080 mm where facs ≈ fmix and the other
is at Lc ≈ 1520 mm where facs ≈ fmax.gain. The spectrogram in Fig. 5-14(b) shows the two regions
are marginally stable. Though they appear to have considerable instability strength compared
with completely stable regions, the instability of these regions is not observed in the stability
maps shown in Fig. 4-3(d).
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(a)

(b)

Figure 5-14: Comparison between (a) estimated unstable region, and (b) spectrogram of
the measured combustor pressure, for an operating condition of Tin = 473
K, Vin = 60 m/s, and Φ = 0.70.
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Figure 5-15: Phase of CH* with respect to the combustor pressure (Rayleigh’s criterion),
Cτv, and the coherence, for varying combustor length at an operating
condition of Tin = 473 K, Vin = 60 m/s, and Φ = 0.70.
Figure 5-15 shows Rayleigh‟s criterion and Cτv for varying combustor length at the same
operating condition. One can see that the coherence is below one and the phase of CH* is far
from zero at most combustor lengths. In addition, Cτv deviates from unity in both regions.
Therefore, the reason there are no strong instability regions is because the time lag is not satisfied
at any combustor length at this operating condition.

5.6 Discussion and Concluding Remarks
The instability mechanism of flame-vortex interaction was investigated using a time lag
analysis and a characteristic frequency analysis. In the discussion on the time lag analysis in
Chapter 2, two criteria were identified as necessary for a strong instability: Rayleigh‟s criterion
and Cτv ≈ 1. The results of a time lag analysis applied to the data from the premixed experiments
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showed that satisfying these criteria is a necessary, but not sufficient, condition for flame-vortex
interaction driven instabilities. Since the time lag analysis only describes the phase relationship
between the underlying instability processes, a characteristic frequency analysis was introduced
to account for the effect of system gain on the instability. This accounts for the fact that the
system gain must be greater than the system damping for unstable combustion.
Two characteristic frequencies of the system were identified as playing an important role
in determining the observed instability frequencies. One is the frequency at which the maximum
gain of the flame was observed, fmax.gain, in the flame response measurements made in a
companion study. The second was the quarter-wave frequency of the mixing section, fmix. In other
words, the frequency of the strongest instabilities must satisfy one of the following conditions:
1) facs ≈ fmax.gain

(5.3)

2) facs ≈ fmix

(5.4)

In summary, the following two conditions must be satisfied in order to identify the
strongest instabilities:
1) The time lag should be satisfied: Rayleigh‟s criterion and Cτv ≈ 1.
2) facs should be close to either fmax.gain or fmix.
Figure 5-16 shows the controlling factors of facs and Cτv. facs is determined by the speed of
sound and the wavelength, which are related to the mean temperature in the combustor, T c, and
the length of the combustor, Lc, respectively. Cτv, on the other hand, is mainly dependent on the
location of the center of flame, Lflame, and the mean inlet velocity, Vin, which are the two major
parameters affecting the vortex convection process. Therefore, Cτv accounts for the effect of flame
shapes and locations on the instability characteristics for varying operating conditions. All of the
parameters, Tc, Lc, Lflame, and Vin, are dependent on operating conditions and combustor
geometry. The frequencies fmax.gain and fmix are also determined by operating conditions, as well as
combustor geometry, even though the controlling parameters of fmax.gain are not explicitly shown.
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Figure 5-16: Factors determining facs and Cτv.
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Chapter 6

Mechanism of Equivalence Ratio Fluctuations

6.1 Introduction
In the stability maps presented in Figures 4-4 and 4-5, it was observed that varying fuel
injection location has strong effects on the instability characteristics for partially premixed cases.
Fig. 6-1shows the instability characteristics with respect to combustor length and fuel injection
location at an operating condition of Tin = 473 K, Vin = 100 m/s, and Φ = 0.65. The instability
strength varies as the fuel injection location moves, and the instability becomes stronger or
weaker in partially premixed cases than in the premixed case, depending on the location of the
fuel injector.

Figure 6-1: Stability map with respect to combustor length (Lc) and fuel injection location
(Linj) at Tin = 473 K, Vin = 100 m/s, and Φ = 0.65.
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As discussed in Chapters 1 and 2, the main cause of these instabilities is equivalence ratio
fluctuations, which are generated from the feed system coupling with the acoustic field nearby. In
this chapter, therefore, the combustion instability mechanism driven by the equivalence ratio
fluctuations will be investigated systematically. Note that, for simplicity and clarity, all data
presented in this chapter are at operating conditions of Tin = 473 K, Vin = 100 m/s, and Φ = 0.65,
unless otherwise specified.

6.2 Limitation of Time Lag Analysis
From the time lag analysis on equivalence ratio fluctuations presented in Section 2.3, it
was found that the combustor becomes unstable due to equivalence ratio fluctuations in the
current combustor configuration if

1
1


 m    n   m  
4
4



(2.15)

where m is a positive integer, and

n 

1  2  3  4
T

(2.10)

where T is a period, and

1 
2 

 pdumpVinj
360
Vinj inj
360

T

T

(2.11)

(2.12)
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Vin

L flame
Veff ,

(2.13)

(2.14)

Refer to Section 2.3 for the detailed definitions of each parameter in Equations (2.11 ~ 14). Note
that τ1, τ2, and τ3 are straightforward, once the acoustic field in the mixing section is resolved by
the two-microphone measurement. On the other hand, τ4 can be obtained by assuming the
distance from the tip of the centerbody to the center of the flame, represented by Lflame, and the
effective convection velocity of the equivalence ratio fluctuation in the combustor, represented by
Veff,Φ, is constant for a given operating condition.
Figure 6-2 shows a plot of the time lag analysis of the equivalence ratio fluctuations at a
fixed combustor length of Lc = 1041 mm at Tin = 473 K, Vin = 100 m/s, and Φ = 0.65. Note that
Lc = 1041 mm corresponds to the combustor length where the instability strength reaches
maximum for each fuel injection location, as shown in Fig. 6-1. The blue line in Fig. 6-2
represents the instability strength at the premixed condition, for comparison purposes. One can
see in Figs. 6-1 and 6-2 that the instability is amplified at Linj = 152, 254, 279, and 305 mm and
damped at Linj = 178, 203, and 229 mm, compared with the premixed case. The fuel injection
locations corresponding to amplified or damped instability do not, however, agree with the results
of the time lag analysis. In theory, Fig. 6-2 shows that the points in the white region (1.25 < nΦ <
1.75) should be weaker, while those in the shaded regions be stronger, than the premixed case.
Particularly, the magnitude of the pressure fluctuation should decrease to its minimum as nΦ
approaches 1.5, while it should increase to its maximum as nΦ approaches 1 or 2. Furthermore, a
simple calculation on the effect of varying fuel injection location on the phase change of the
equivalence ratio fluctuation predicts that the fuel injection location should be varied by 152 mm
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in order to change the phase of the equivalence ratio fluctuation by 180° to get an out-of-phase
effect. For example, if the strongest instability occurs at Linj = 152 mm, the instability strength
should decrease gradually as Linj increases, and the weakest instability should exist near Linj = 305
mm. This argument is not, however, borne out by Fig. 6-2.

Figure 6-2: Equivalence ratio fluctuation time lag analysis for varying fuel injection
location at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
In conclusion, the conventional time lag analysis is not applicable to the effect of varying
fuel injection location on the acquired instability characteristics shown in Figure 6-1. It is inferred
that the main cause of the problem stems from the way of assessing τ4 by assuming Lflame and
Veff,Φ are constant. Therefore, the underlying physical process as well as the way Lflame and Veff,Φ
vary during instability will be studied in detail in the next sections.

6.3 Effect of Varying Fuel Injection Location
To investigate the way changes in fuel injection location affect the instability
characteristics and how Lflame varies during unstable combustion, phase-synchronized CH*
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chemiluminescence images were taken for selected fuel injection locations. From the stability
map shown in Figure 6-1, we see that the instability was amplified to its maximum at Linj = 152
mm, while it was damped to the minimum at Linj = 203 mm, as compared with the premixed case.
Therefore, the instability characteristics at the three injection locations – Linj = premixed, 152, and
203 mm – for a fixed combustor length of Lc = 1041 mm at operating conditions of Tin = 473 K,
Vin = 100 m/s, and Φ = 0.65 were studied intensively.

6.3.1 Premixed Case
Figure 6-3 presents phase-synchronized CH* flame images for one period of unstable
combustion at the premixed case, which shows the dynamic movement of the flame during a
period. One can observe, in Fig. 6-4(a), the variation of overall CH* chemiluminescence intensity
obtained by integrating each image at every instant in Fig. 6-3. Fig. 6-4(b) shows the variation of
Lflame, which reaches its minimum of 45 mm at t/T = 0, and its maximum of 75 mm at t/T = 0.333.

Figure 6-3: Phase-synchronized CH* chemiluminescence images for Linj = premixed at
Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
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Figure 6-4: Variation of (a) CH* chemiluminescence intensity, and (b) Lflame, with time for
Linj = premixed at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
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6.3.2 Case of Linj = 152 mm
Figure 6-5 shows CH* images at Linj = 152 mm, which is the case where the instability is
amplified to its maximum as compared with the premixed case. CH* intensity and the variation of
Lflame are also presented in Figs. 6-6(a) and (b), respectively. The net CH* intensity, which is the
difference between the CH* intensity of Linj = 152 mm and that of Linj = Premixed, is also
presented in Fig. 6-6(a). From the fact that there is only the effect of flame-vortex interactions in
the premixed case, while both the flame-vortex interactions and equivalence ratio fluctuations are
present in the partially premixed cases, it is concluded that the net CH* intensity represents the
net effect of the equivalence ratio fluctuation on the rate of heat release.

Figure 6-5: Phase-synchronized CH* chemiluminescence images for Linj = 152 mm at Tin
= 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
Figure 6-6 shows that the positive effect of the equivalence ratio fluctuation reaches its
maximum at t/T = 0.333, which is coincident with the timing of the largest rate of heat release
due to the flame-vortex interaction in the premixed case, shown in Fig. 6-4(a). Therefore, the two
instability mechanisms act constructively to amplify the instability, as observed previously.
Consequently, the overall CH* intensity is concentrated at the time near t/T = 0.333, as the rich
mixture arrives at the flame at exactly the same time of maximum rate of heat release due to the
flame-vortex interaction. The lean mixture arrives at t/T = 1, which is the time when the heat

104
release rate due to the flame-vortex interaction is small, and thus the CH* intensity is weaker than
that of the premixed case. Lflame in Fig. 6-6(b) also changes with time, though the trend is not
identical to that of the premixed case in Fig. 6-4(b). The figure shows that as the rich mixture
tends to be ignited early, the distance to the center of flame is reduced to Lflame = 68 mm from
Lflame = 75 mm at the premixed case at t/T = 0333.

Figure 6-6: Variation of (a) CH* chemiluminescence intensity, and (b) Lflame, with time for
Linj = 152 mm at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
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6.3.3 Case of Linj = 203 mm
Figure 6-7 shows CH* images for the case where the instability is damped to its
minimum, which is at Linj = 203 mm. Presented in Figs. 6-8(a) and (b) are CH* intensity and the
variation of Lflame, respectively, at the fuel injection location. The difference between the CH*
intensity at Linj = 203 mm and at Linj = premixed, represented as the net CH* intensity, is also
presented in Fig. 6-8(a).

Figure 6-7: Phase-synchronized CH* chemiluminescence images for Linj = 203 mm at Tin
= 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
Unlike the case at Linj = 152 mm, it shows that the greatest negative effect of the
equivalence ratio fluctuation is felt at t/T = 0.333, which is coincident with the timing of the
largest rate of heat release due to the flame-vortex interaction in the premixed case, as shown in
Fig. 6-4(a). As a result, the lean mixture which arrives at time near t/T = 0.333 makes the overall
CH* intensity drop, as compared with that of the premixed case. On the other hand, one can see
that the rich mixture arrives in the range of 0.6 < t/T < 1, which is the time when the heat release
rate due to the flame-vortex interaction is small, and thus it induces the CH* intensity in the range
of time larger than that of the premixed case. The two instability mechanisms are destructively
coupled to damp the instability at Linj = 203 mm, as observed in Figs. 6-1 and 6-2. Lflame in Fig. 68(b) also changes with time, but its trend is also quite flat compared with those at Linj = Premixed
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and 152 mm in Figs. 6-4(b) and 6-6(b), respectively. Due to the out-of-phase relationship
between the flame-vortex interactions and the equivalence ratio fluctuations, the CH* intensity is
relatively even over the whole time, and Lflame does not vary much, as compared with the
premixed case.

Figure 6-8: Variation of (a) CH* chemiluminescence intensity, and (b) Lflame, with time for
Linj = 203 mm at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
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Comparison of phase-synchronized images from partially premixed and premixed cases
enables us to identify the timing when the rich or lean mixture arrives at the flame, and thus,
resolve the effect of equivalence ratio fluctuations on the instability characteristics. The distance
from the tip of the centerbody to the center of the flame, Lflame, varies with time periodically, and
its distribution over time is different for different fuel injection locations. The times for the
maximum and minimum Lflame are, however, virtually the same for all cases, which are
approximately at t/T = 0.333 and 1.0, respectively.

6.4 Effective Convection Velocity

6.4.1 Identification of Determining Parameters
It was mentioned earlier that the main problem in the time lag analysis results from
assuming that τ4 is constant, which implies that Lflame and Veff,Φ are also constant (from Equation
(2.14)). Lflame was shown, however, to vary during a period of instability, in Section 6.3. In this
section, the way Veff,Φ behaves during unstable combustion is investigated. Based on the acoustics
in the mixing section obtained using the two-microphone measurement, one can identify
approximately the shape of the equivalence ratio fluctuation at the dump plane, using the time lag
analysis and Equations (2.11) ~ (2.13). Even though the exact magnitude of equivalence ratio
fluctuation may not be acquired, its phase can be resolved from the time lag analysis quite
accurately, because the required parameters for calculating τ1, τ2, and τ3 in Eqs. (2.11) ~ (2.13) are
straightforward. Once the equivalence ratio fluctuation at the dump plane is known, one can
obtain Veff,Φ, as explained below.
Figure 6-9 shows, at Linj = 152 mm, the time traces of the equivalence ratio fluctuation
and the velocity oscillation at the dump plane, represented by Φ′dump and Vdump. The net CH*
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intensity with time, from Fig. 6-6(a), which represents the net effect of the equivalence ratio
fluctuation at the flame, is also plotted in Fig. 6-9. Note that in the figure, the unit of the
magnitude of Φ′dump is arbitrary, and thus, only the phase is meaningful. Observing Φ′dump and the
net CH* intensity with time, one can identify τ4, the convection time of the equivalence ratio
fluctuation from the dump plane to the flame. Particularly, one can observe that the convection
time for the rich mixture, τ4,rich, and that for the lean mixture, τ4,lean, are completely different,
which confirms that the assumption of constant τ4 is not justifiable. Furthermore, the convection
of the rich mixture is faster than that of the lean mixture because the velocity at which the rich
mixture departs the dump plane, Vdump,rich, is almost 160 m/s while the velocity of the lean
mixture, Vdump,lean, is less than 40 m/s.

Figure 6-9: Analysis of the effective convection velocity of the equivalence ratio
fluctuation in the combustor for Linj = 152 mm at Tin = 473 K, Vin = 100 m/s, Φ
= 0.65, and Lc = 1041 mm.
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Figure 6-10: Analysis of the effective convection velocity of the equivalence ratio
fluctuation in the combustor for Linj = 203 mm at Tin = 473 K, Vin = 100 m/s,
Φ = 0.65, and Lc = 1041 mm.
Figure 6-10 shows time traces of Φ′dump, Vdump, and the net CH* intensity at Linj = 203
mm. It shows that τ4 is not constant, and contrary to the previous case, the convection of the lean
mixture is faster than that of the rich mixture, because the velocity of the lean mixture (Vdump,lean ≈
130 m/s) is much greater than that of the rich mixture (Vdump,rich ≈ 80 m/s).
The observations in Figures 6-9 and 6-10 indicate that the convection time of equivalence
ratio fluctuations in the combustor, τ4, varies periodically according to the magnitude of velocity
oscillation at the dump plane. In other words, the acoustic velocity at the dump plane governs the
convection characteristics of the equivalence ratio fluctuations in the combustor. When τ4 and
Lflame is known from phase-synchronized flame images, the effective convection velocity of the
equivalence ratio fluctuations, Veff,Φ, is calculated by

Veff , 

L flame

4

(6.1)
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Note that because both τ4 and Lflame vary with time, Veff,Φ in Equation (6.1) is also a function of
time.

6.4.2 Characterization of Effective Convection Velocity
Based on the discussion in Section 6.4.1, the effective convection velocity of the
equivalence ratio fluctuations, Veff,Φ, can be obtained for various conditions. Using phasesynchronized CH* images for each fuel injection location at the fixed combustor length of Lc =
1041 mm and at the operating condition of Tin = 473 K, Vin = 100 m/s, and Φ = 0.65, Veff,Φ was
calculated and is shown in Table 6-1. Also shown in the table is the instantaneous acoustic
velocity at the dump plane, Vdump, for comparison purposes. The table shows clearly that Veff,Φ
varies considerably, even though the mean inlet velocity is fixed as Vin = 100 m/s, and it is
closely connected to Vdump.

Table 6-1: Calculated effective convection velocity for various cases.

Linj
(mm)

Lean mixture

Rich mixture

Lflame
(mm)

τ4 (ms)

Veff,Φ
(m/s)

Vdump
(m/s)

Lflame
(mm)

τ4 (ms)

Veff,Φ
(m/s)

Vdump
(m/s)

152

48

1.56

31

33

68

1.21

56

159

203

71

1.51

47

127

60

1.63

37

79

229

73

1.60

46

130

59

1.73

34

60

254

76

1.47

52

150

58

1.71

34

55

279

61

1.49

41

160

63

1.74

36

40

305

63

1.63

39

110

71

2.01

35

80
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To correlate Veff,Φ with Vdump, one needs to consider the physical processes that determine
Veff,Φ. First of all, the flow should be decelerated to some extent, due to the abrupt expansion of
the flow path at the dump plane. This is just a general idea, and one can reason that Veff,Φ has a
certain linear relationship with the mean inlet velocity, Vin. Secondly, a closer look at Table 6-1
suggests that the faster the mixture at the dump plane is, the more it decelerates, and the slower it
is at the dump plane, the less it decelerates. This can be implemented by relating Veff,Φ to the
magnitude of the fluctuating velocity component at the dump plane, V′dump. As a result, one can
devise a relationship between Veff,Φ and Vdump,


Veff ,  Vdump   2Vdump

(6.2)

where β is a proportionality constant, and the relationship of Vin  Vdump is used because Vin is the
mean inlet velocity. In particular, the selection of the second order effect of V′dump is quite
arbitrary and was made to implement the idea of more deceleration of faster mixtures. Using the
data on Veff,Φ and Vdump in Table 6-1, one can find β for each case from Equation (6.2), and the
results are shown in Table 6.2. The table presents that β varies generally from 0.38 to 0.44, and is
quite uniform for both lean and rich mixtures at various fuel injection locations.
The results in the table, however, are based on the varying Lflame, which were acquired
from the phase-synchronized flame images, during a single period. To simplify and generalize the
analysis so that it can be applied to cases where no phase-synchronized images are taken, Veff,Φ
and β can be adjusted with respect to Lflame for stable conditions, instead of using time varying
Lflame. At operating conditions of Tin = 473 K, Vin = 100 m/s, and Φ = 0.65, the distance to the
center of the stable flame is measured as Lflame,stable = 69 mm. Consequently, the adjusted Veff,Φ
and β based on Lflame,stable for various Linj are given in Table 6-3.
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Table 6-2: Calculated β for various cases.

Linj
(mm)

Lean mixture

Rich Mixture

152

0.44

0.44

203

0.42

0.40

229

0.41

0.41

254

0.43

0.42

279

0.34

0.52

305

0.38

0.38

mean

0.40

0.43

Table 6-3: Adjusted effective convection velocity and β for various cases.

Lean mixture

Linj
(mm)

Rich mixture

τ4 (ms)

Veff,Φ
(m/s)

Vdump
(m/s)

β

τ4 (ms)

Veff,Φ
(m/s)

Vdump
(m/s)

β

152

1.56

44

33

-

1.21

57

159

0.45

203

1.51

46

127

0.41

1.63

42

79

0.47

229

1.60

43

130

0.39

1.73

40

60

0.50

254

1.47

47

150

0.39

1.71

40

55

0.52

279

1.49

46

160

0.38

1.74

40

40

0.67

305

1.63

42

110

0.40

2.01

34

80

0.37

mean

0.39

0.50
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The adjusted β with respect to Lflame,stable varies more than the original value in Table 6-2
because the effect of varying Lflame is accounted for in the adjusted β. In any case, the adjusted β
relates the effective convection velocity of equivalence ratio fluctuations with the instantaneous
acoustic velocity at the dump plane. From Table 6-3, for more simplification, β is set as a
constant for all conditions by taking the mean of all values as the representative value, that is,

  0.45

(6.3)

Therefore, the effective convection velocity of equivalence ratio fluctuations is calculated for any
case by

 (t )
Veff , (t )  Vdump   2Vdump

(6.4)

Then, one can calculate τ4 for any case by

 4 (t ) 

L flame, stable

(6.5)

Veff , (t )

It is obvious in Equation (6.5) that τ4, the convection time of the equivalence ratio fluctuation in
the combustor, is dependent on the acoustic velocity oscillation at the dump plane and, therefore,
varies with time.
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6.5 Mechanism of Equivalence Ratio Fluctuations in Flame
Knowing τ4 from Equations (6.4) and (6.5), one can calculate the rate of heat release due
to the equivalence ratio fluctuations at the flame and see the role of equivalence ratio fluctuations
on the instability characteristics for various fuel injection locations. Figure 6-11 shows the
instability characteristics with respect to fuel injection location at the operating condition of Tin =
473 K, Vin = 100 m/s, and Φ = 0.65 at a fixed combustor length of Lc = 1041 mm. The figure is
basically the same as Fig. 6-2, and is presented here as a reference for further discussion.

Figure 6-11: Instability characteristics for varying fuel injection locations at T in = 473 K,
Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
Figure 6-12 shows the assessed heat release rate oscillations due to the equivalence ratio
fluctuations at the flame, Q′Φ, for Linj = 152 mm at the given operating condition. Also shown are
the total rate of heat release, Qtotal, represented by the overall CH* chemiluminescence signal, and
the rate of heat release due to flame-vortex interactions, Qv, represented by overall CH* signal at
the premixed case. The pattern of Q′Φ is distorted slightly from a perfect sinusoid. Considering
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that the equivalence ratio fluctuation at the dump plane is sinusoidal, the time varying convection
velocity in the combustor causes this distortion of the pattern. Secondly, the positive effect of Q′Φ
is nearly in phase with Qv. As a result, Qtotal is amplified strongly and has a very sharp peak
compared with Qv, which, in turn, causes stronger instability than in the premixed case, as shown
in Fig. 6-11.

Figure 6-12: Assessment of the rate of heat release due to equivalence ratio fluctuations
for Linj = 152 mm at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
Figure 6-13 presents the heat release rate oscillations due to equivalence ratio
fluctuations, Q′Φ, as Fig. 6-12, but at the fuel injection location, Linj = 203 mm. It can be observed
again that the pattern of Q′Φ is not a perfect sine wave. In this case, the concentrated lean mixture
is in-phase at the flame with Qv, while the rich mixture is out-of-phase and distributed broadly
over time. Therefore, the total rate of heat release, Qtotal, is damped and flattened, which, in turn,
makes the instability weaker than in the premixed case, as shown in Fig. 6-11.
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Figure 6-13: Assessment of the rate of heat release due to equivalence ratio fluctuations
for Linj = 203 mm at Tin = 473 K, Vin = 100 m/s, Φ = 0.65, and Lc = 1041 mm.
Figures 6-12 and 6-13 confirm that the pattern of Q′Φ is highly dependent on the velocity
oscillation at the dump plane, where the perturbation is introduced to the combustor. Furthermore,
the relative phase between the equivalence ratio fluctuation and the velocity at the dump plane,
represented by Φ′dump and Vdump, respectively, controls the pattern of Q′Φ. And finally, the phase
relationship between Q′Φ and Qv determines whether the instability becomes stronger or weaker
depending on constructive or destructive coupling of the two effects. In conclusion, varying
equivalence ratio convection time in the combustor, τ4(t), makes useful contribution to the
analysis of different instability characteristics for various fuel injection locations.

6.6 Investigation of the Effect of Velocity Fluctuation at Dump Plane
As shown in Section 6.5, the shape of the heat release rate oscillations due to the
equivalence ratio fluctuations at the flame, Q′Φ, is determined by the equivalence ratio fluctuation
and the velocity at the dump plane, Φ′dump and Vdump, respectively. In this section, the effect of
Vdump on the pattern of Q′Φ is investigated systematically. Assuming perfect sinusoidal velocity
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and equivalence ratio fluctuations at the dump plane with constant magnitudes, one can consider
four specific cases of different relative phase between the two signals. They are:
1) Case 1: (ΔθΦ′-V)dump = 0°
2) Case 2: (ΔθΦ′-V)dump = 90°
3) Case 3: (ΔθΦ′-V)dump = 180°
4) Case 4: (ΔθΦ′-V)dump = 270°
Note that (ΔθΦ′-V)dump represents the phase difference between Φ′dump and Vdump. The heat release
rate oscillations due to the equivalence ratio fluctuations at the flame, Q′Φ, for the four cases were
obtained by applying the concept of varying equivalence ratio convection time and Equations (6.4)
and (6.5).
First of all, the three signals, Φ′dump, Vdump and Q′Φ, for Cases 2 and 3 are shown in Figure
6-14. In particular, Fig. 6-14(b) shows the patterns of Q′Φ; none of them is sinusoidal, which
confirms that the relative phases of Φ′dump and Vdump determine the shape of Q′Φ. In addition, as
the shapes of Q′Φ are distorted, the spans of the time of effect of rich and lean mixtures at the
flame can be quite different. For example, looking at the curve for Case 2 in Fig. 6-14(b), the rich
mixture is concentrated in the short time span of 0.24T while the lean mixture is distributed over
the long time span of 0.76T. In Case 4, which is not shown here, the trend is completely reversed
from that of Case 2.
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Figure 6-14: (a) Equivalence ratio and velocity fluctuations at the dump plane, and (b)
the heat release rate oscillations due to the equivalence ratio fluctuations at
the flame, for Case 2: (ΔθΦ′-V)dump = 90° and Case 3: (ΔθΦ′-V)dump = 180°.
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One important point from Figure 6-14 is that the phase of rich or lean mixture at the
flame does not vary according to the amount of phase change at the dump plane. In other words,
even though the fuel injection location can be moved by a certain amount to vary the time lag of
equivalence ratio fluctuations, the efficacy of such a move may be reduced by the distortion of
the waveform of Q′Φ. Comparing Cases 2 and 3 shown in Fig. 6-14, the phase difference of Φ′dump
between the two cases is 90° by definition. This means that the rich mixtures of the two cases also
have a phase difference of 90°, as do the lean mixtures of the two cases, as shown in Fig. 6-14(a).
Q′Φ for the two cases, however, show that the phase difference of the effect of the rich mixtures
between Cases 2 and 3, marked by Δθrich,3-2 in Fig. 6-14(b), is only 36°, while that of the effect of
the lean mixtures between the two cases marked by Δθlean,3-2 is 133°.
For another example, comparison between Cases 1and 3 is presented in Figure 6-15. It
shows that the phase difference of Φ′dump between the two cases is 180°, which means that the rich
mixtures of the two cases have a phase difference of 180° at the dump plane, as marked in Fig. 615(a). At the flame, however, the effective phase difference between the rich mixtures of Cases 1
and 3, represented by Δθrich,3-1 in Fig. 6-15(b), is only 86°. This means that even though one
moves the fuel injection location to change the phase of equivalence ratio fluctuation by 180°, the
actual effect of the rich mixtures at the flame may only vary by 86°. Similar to the rich mixtures,
the effective phase difference between the lean mixtures of Cases 1 and 3, represented by Δθlean,3-1
in Fig. 6-15(b), is only -72°.
Differences between phases of rich and lean mixtures in other cases are presented in
Table 6-4. It shows that phase differences of rich and lean mixtures at the dump plane are not
conserved at the flame. The original phase difference at the dump plane can become either much
smaller or larger at the flame, in reality. This is the reason why the instability strength observed in
Figure 6-1 has changed drastically although the fuel injector is shifted by only 51 mm; it was
amplified to its maximum at Linj = 152 mm but damped to its minimum at Linj = 203 mm.
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Figure 6-15: (a) Equivalence ratio and velocity fluctuations at the dump plane, and (b)
the heat release rate oscillations due to the equivalence ratio fluctuations at
the flame, for Case 1: (ΔθΦ′-V)dump = 0° and Case 3: (ΔθΦ′-V)dump = 180°.
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Table 6-4: Phase differences of rich and lean mixtures at the dump plane and at the
flame between various cases.

Cases

Phase difference of Φ′dump,
Δθ = Δθrich = Δθlean

Phase difference of Q′Φ
Δθrich

Δθlean

2-1

90°

50°

155°

3-2

90°

36°

133°

4-3

90°

166°

50°

1-4

90°

104°

22°

3-1

180°

86°

-72°

2-4

180°

155°

-176°

6.7 Concluding Remarks
The proposed method of assessing the equivalence ratio fluctuation convection time in
the combustor, τ4(t), is also successful in explaining the instability characteristics for varying fuel
injection locations at other operating conditions, e.g., at Tin = 473 K, Vin = 60 m/s, Φ = 0.60, and
Lc = 1524 mm, though they are not presented here. Therefore, it is concluded that, in self-excited
combustion instability of turbulent premixed flames, the resultant equivalence ratio fluctuations at
the flame are highly dependent on the velocity oscillations at the dump plane. In particular, this
dependency is closely related to flame shapes. As the convection time of equivalence ratio
fluctuations in the combustor increases when the flame becomes longer, more distortion of the
pattern of equivalence ratio fluctuations at the flame is possible. Consequently, this distortion
becomes remarkable if Φ decreases and/or Vin increases. Conversely, when Φ is relatively high
and Vin is low, the effect of varying τ4 is minimized, due to short flame length. In such cases, the
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pattern of equivalence ratio fluctuations at the flame remains almost sinusoidal, and, therefore,
the conventional time lag analysis on equivalence ratio fluctuations is useful for the analysis of
data for unstable combustion (Lieuwen, 1999).
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Chapter 7

Conclusions and Recommendations for Future Work

7.1 Conclusions
A comprehensive set of experiments was conducted to characterize the combined effects
of flame-vortex interactions and equivalence ratio fluctuations on unstable combustion in a swirlstabilized lean premixed gas turbine model combustor. Of special interest were the identification
of the mechanisms by which flame-vortex interactions and equivalence ratio fluctuations
contribute to combustion instability as well as the relative importance of and the interaction
between the two instability mechanisms.
Overall instabilities were found to occur in one of two instability regimes, a lower
frequency regime (~220 Hz) and a higher frequency regime (~340 Hz). It was also found that
instabilities shift from the lower frequency regime to the higher frequency regime as the
equivalence ratio increases. Later, it was shown that the lower frequency regime is closely related
to the maximum gain frequency from the forced flame response measurements while the high
frequency regime is related to the quarter-wave frequency of the mixing section.
The strength of the instability changed significantly when the fuel injection location was
varied. Changes in instability strength due to changes in fuel injection location, however, did not
influence the phase of acoustic pressure and velocity fluctuations in the mixing section. A
comparison of time series of pressure and CH* chemiluminescence signals suggested the
constructive and/or destructive coupling of the two mechanisms.
To identify the combustion instability mechanism of flame-vortex interactions, the
experimental data on premixed cases were analyzed, and the time lag and the characteristic
frequency analyses were found to be useful. Based on the fact that the time lag only describes the
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phase relationship between parameters, the characteristic frequency analysis was introduced to
account for the system gain as the other factor for the instability because the combustor becomes
unstable if the gain overcomes the intrinsic system damping. The maximum gain frequency in the
forced flame response measurement (fmax.gain ≈ 220 Hz) and the quarter-wave frequency of the
mixing section (fmix ≈ 340 Hz) were found to be characteristic frequencies for the combustor
configuration. As a result, two conditions were identified as the requirements for the observed
instability due to the flame-vortex interactions: i) the time lag should be satisfied: Rayleigh‟s
criterion and Cτv ≈ 1, and ii) the acoustic frequency of the combustor, facs, should be close to either
fmax.gain or fmix. Spectrograms drawn from the measured combustor pressure signals for varying
combustor length confirmed that the proposed instability mechanisms of the flame-vortex
interaction are valid.
In analyzing the combustion instability mechanism of equivalence ratio fluctuations, the
data for premixed and partially premixed cases were compared with each other. A new way of
assessing the equivalence ratio fluctuation convection time in the combustor, τ4(t), was found to
be successful in explaining the instability characteristics for varying fuel injection locations at a
given operating condition. This analysis led to the conclusion that, in self-excited combustion
instability of lean premixed flames, the resultant equivalence ratio fluctuations at the flame were
highly dependent on the velocity oscillations at the dump plane. The comprehensive experimental
results confirmed that the flame-vortex interactions interact with the equivalence ratio
fluctuations, and both of them contribute to driving the instability characteristics in partially
premixed conditions.
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7.2 Recommendations for Future Work
Though the high frequency instability regime was found to be related to the quarter-wave
frequency of the mixing section at the given inlet temperature, a study on the effect of the mixing
section geometry on instability characteristics is recommended. Specifically, it should include the
effect of the mixing section length and varying inlet temperature. It should also consider the
effect of various swirler configurations, such as different swirl angles and fin geometries.
Because some swirlers may influence the acoustic field in the mixing section, the corresponding
self-excited instability characteristics will also be changed.
The effect of non-choked fuel injectors on equivalence ratio fluctuations should be
investigated. In such a case, not only the velocity oscillations but also the pressure perturbations
in the mixing section will affect the generation of equivalence ratio fluctuations because of the
oscillating pressure drop across the fuel injection holes, which induces fuel flow rate fluctuations
in addition to the air flow rate oscillations.
In the current study, the equivalence ratio fluctuations at the dump plane were obtained
by considering the time lags in the mixing section and the combustor. As the fuel concentration
can be measured using the IR absorption technique, however, the equivalence ratio fluctuations
near the dump plane can be identified experimentally. The actual phase and the wave form of the
equivalence ratio fluctuations could thus be measured, which would further support the argument
for the identified instability mechanism of equivalence ratio fluctuations.
Finally, from the fact that a vortex begins to shed when the magnitude of velocity
oscillations at the dump plane exceeds a certain criterion, the investigation of the differences in
the unstable regime with and without vortex shedding will be interesting. In forced flame
response measurements, vortex shedding is a key parameter for determining the non-linearity in
the flame transfer function. In case of self-excited instabilities, even though it is by nature non-
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linear, the presence of a vortex will shed light on the different characteristics of weak and strong
instabilities.
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