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ABSTRACT
The response of flames to velocity perturbations is studied experimentally in a multinozzle lean-premixed (LPM) gas turbine combustor experiment, representative of a
realistic gas turbine combustor. Under fully-premixed fueling conditions, the system is
subject to velocity perturbations only, while under technically-premixed conditions, both
velocity and equivalence ratio fluctuations are present. The flame transfer function is
used to quantify the response of CH* chemiluminescence intensity fluctuations to
velocity perturbations. Literature is cited that shows chemiluminescence emissions
indicate heat release rate in fully-premixed, but not technically premixed flames. Under
technically-premixed conditions, chemiluminescence measurements are used as inputs to
a model to predict the flame transfer function. Results indicate that the fueling strategy,
whether fully-premixed (FPM) or technically-premixed (TPM), has a significant effect on
flame response. It is shown that the presence of equivalence ratio fluctuations in
technically-premixed flames can act to increase or decrease the flame transfer function
gain, compared to the fully-premixed case, depending on operating condition and forcing
frequency. This behavior is attributed to the interaction of flame response mechanisms.
The effect of forcing amplitude on fully- and technically-premixed flame response was
also studied. Nonlinear behavior and saturation of the heat release rate was observed at
several forcing frequencies as amplitude was increased. Explanations were developed for
the observed TPM flame response behavior, based on the interaction of flame response
mechanisms due to fluctuations of velocity and equivalence ratio.
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Chapter 1. Introduction

1.1. Background
Lean-premixed (LPM) combustors are commonly employed in power generating gas
turbine engines to reduce nitrogen oxide (NOx) emissions. Prior to regulations that
restricted NOx emissions, combustors typically featured diffusion flames. Lean-premixed
flames are preferred for low-emissions systems because they do not have the high
temperature stoichiometric regions present in diffusion flames, and form much less
thermal NOx [1,2]. However, while diffusion flames have proven to be stable under a
wide range of conditions, LPM combustion is prone to developing combustion
instabilities [1,3]. Combustion instabilities are unacceptably high, self-excited flow
oscillations in the combustor that result from the interaction between heat release and
acoustics [1-4]. Combustion instabilities encountered in gas turbine systems are
undesirable, and can cause flame extinction, flashback, variations in heat transfer, and
mechanical vibrations leading to component failure [1,3]. Figure 1-1 shows photographs
of two gas turbine burner assemblies that were damaged by combustion instabilities.

Figure 1-1: Damaged burner assemblies (center, right) compared to an undamaged
assembly (left) [2]
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LPM Gas turbine combustors have little inherent damping. Their closed nature
minimizes the radiation of sound energy out of the system, and most systems lack
internal features that dissipate energy. With minimal damping, the heat released by the
combustion process is large compared to the energy needed to drive acoustic motion [1].
Additionally, LPM combustors typically operate near the lean blowoff (LBO) limit, do
not use cooling air flows, and have acoustically compact flames. All of these factors
make LPM combustion systems susceptible to combustion instability.

1.2 Combustion Instabilities
Combustion instabilities are widely described as an energy feedback cycle (or loop)
between perturbations of flow and mixture; heat release rate oscillations of the flame; and
the acoustic field of the combustor [1-4]. This concept is illustrated in figure 1-2 below.
Generally, the feedback loop begins with a flow perturbation, such as an acoustic velocity
fluctuation, that arises from system noise or an external excitation. When this
perturbation reaches the flame, it creates a heat release rate oscillation in the combustor
through a flame response mechanism. These heat release rate oscillations can couple with
the acoustic field, according to Rayleigh’s Criterion. When the acoustic oscillations
propagate upstream, periodically initiating new flow/mixture perturbations, the feedback
loop is closed and the combustion instability is sustained [2,4].
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Figure 1-2. Combustion instability cycle schematic, adapted from [2]

The primary goal of LPM combustion dynamics research is to develop a fundamental
understanding of the physical phenomena that cause combustion instabilities.
Specifically, the development of accurate predictive models would better equip engineers
and scientists to avoid the problem, from design stages through operation [3,4]. To model
and predict combustion instabilities, every process occurring in the feedback cycle must
be well-understood. Each arrow in figure 1-2, representing the coupling processes
between the three types of oscillations, will be explained below:
1.) The coupling phenomena between heat release oscillations and the acoustic field
of the combustor is governed by Rayleigh’s Criterion [1,2,6]. Energy is added to the
acoustic field when pressure and heat release oscillations are in phase. When the
oscillations are out of phase, energy is removed. Rayleigh’s Criterion can be stated as:
,
Where p is pressure,

,

,

1

is the rate of heat release, and L is a damping force. The left

integral term (Rayleigh Integral) represents the rate of energy supplied to the acoustic
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field and the right integral term represents the rate of acoustic energy dissipation. In order
for a combustion instability to grow, energy must added to acoustic field by combustiondriven gas expansion faster than it is dissipated.
2.) The generation of flow/mixture perturbations from the acoustic field is also
necessary for sustaining combustion instability [1-3]. These phenomena involve complex
interaction with the turbulent flow field of the combustor and are not well understood.
Flow perturbations are perturbations to the velocity field, including particle velocity due
to acoustic motion, coherent flow structures, and turbulence [1]. Acoustic waves will
travel at the speed of sound, while coherent structures and turbulence convect with the
flow. Acoustic waves can also interact with the fuel supply, causing perturbations in the
mixture of fuel and air [1-3]. These mixture perturbations can be described as temporal
fluctuations in equivalence ratio.
3.) While the coupling between heat release rate and acoustics (1 above) is well
understood, the current understanding of the heat release rate response of flames to
flow/mixture perturbations is incomplete. Many theoretical and experimental studies have
addressed this problem, identifying several flame response mechanisms through which a
perturbation can cause a heat release rate fluctuation [1-3]. To introduce the topic,
consider the heat release rate of a premixed flame, which can be expressed as:
= ∆
Where
and

is the fluid density, ∆

2

is the heat of reaction,

is the laminar flame speed,

is the total flame area. A fluctuation in heat release rate can occur due to a change

in any of these parameters ( , ∆

,

"# ). For example, a bulk velocity oscillation will

increases the instantaneous mass flow rate of fuel and air to the flame, increase the flame
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area, and result in a positive fluctuation in heat release rate. Likewise, a positive
equivalence ratio fluctuation will cause an increase in flame speed and heat of reaction,
along with a decrease in flame area [7]. These simple examples of flame response
mechanisms can only begin to explain the complex physics occurring in turbulent LPM
systems. The nature of the flow/mixture perturbation and the instantaneous properties of
the flame will determine whether that perturbation is amplified or attenuated. Later
sections will further develop this topic, as it applies to LPM gas turbine combustion
systems.

1.3 Self-excited instabilities
As previously stated, combustion instabilities are self-excited phenomena,
occurring at distinct frequencies. Knowledge of the frequencies at which instabilities can
occur is important, to determine their cause and take corrective action in the design or
operation of the system. Knowing the amplitude of the instabilities is also important, to
determine whether their severity will cause damage or affect performance. Combustion
instabilities occur at specific frequencies that are related to system acoustics. Lowfrequency instabilities (<50 Hz) may correspond to Helmholtz resonance of the
combustor. Intermediate-frequency instabilities are due to resonant longitudinal modes of
the system, and typically occur at frequencies of 50-1000 Hz. At higher frequencies,
instabilities in can combustors can be associated with transverse acoustic modes [1].
The amplitude of a combustion instability is determined by the limit-cycle that is
reached when driving and damping processes are balanced, as shown in figure 1-3 [8].
Heat release rate fluctuations act to drive the instability. Damping processes include
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radiation and viscous dissipation of acoustic energy [9], along with heat transfer. During
a self-excited instability, nonlinearities in the feedback cycle are due to the heat release
rate, not gas dynamic processes. That is to say, the acoustic waves in the system remain
linear, while the heat release rate tends to saturate [10,11]. Heat release rate saturation
can be caused by several different mechnanisms and typically begins to occur at velocity
fluctuation amplitudes on the order of the mean flow, depending on the frequency of the
oscillation [8,12].

Figure 1-3. Illustration of acoustic driving (H) and damping (D) processes vs. amplitude
(A). The limit-cycle amplitude is indicated by the dashed line [8]

1.4 Flame response
This focus of this thesis is on one particular aspect of the combustion instability
problem, the heat release rate response of flames to flow/mixture perturbations, or simply
flame response. Flame response is readily studied while a limit-cycle combustion
instability is occurring, by measuring velocity and/or equivalence ratio perturbations and
the rate of heat release. However, this in situ approach has several disadvantages. Selfexcited instabilities are difficult to control, and are potentially damaging to system
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hardware. Modulating the amplitude and frequency of instabilities can involve changing
the acoustic length of system, adding complexity to experiments. Additionally, the flame
could potentially respond differently to a perturbation under self-excited conditions, due
to the presence of larger pressure fluctuations.
Flame response can be studied in the absence of combustion instability by
producing artificial perturbations. For example, a loudspeaker can be used to produce
acoustic waves, and a solenoid valve can be modulated to produce fluctuations in fuel
flow rate [1]. Subjecting a stable flame to forced perturbations of known amplitude and
frequency allows flame response to be isolated from the instability cycle, for direct study
[1-4]. Limiting the types of perturbations present in the system can facilitate the
investigation of individual flame response mechanisms.
Transfer functions are useful for describing the relationship between the input and
output of linear time-invariant systems in the frequency domain. Based on Fourier
Theory, a transfer function represents the Laplace transform of the impulse response of a
system. To obtain a transfer function experimentally, the system is excited with a
sinusoidal input of a known fixed frequency. The frequency response is obtained by
measuring and comparing the amplitude and phase of the output to the input, over the
desired range of frequencies [13]. This approach provides a simple description of the
input and output relationship of systems with complex behavior.
The flame transfer function (FTF) is used to characterize the response of heat
release rate fluctuations to a flow/mixture perturbation, in this case fluctuations in
velocity [14]:

*
' ′ &)/'
$%$ &, ) =
*
+′ &)/+
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3)

Where ' is the heat release rate and U is the mixture velocity of the reactants. Over-bars
indicate mean value, while prime symbols indicate fluctuating quantities. The FTF is
characterized by a gain, G, and phase, θ. The gain of the FTF indicates the degree to
which a flame will amplify or attenuate an input perturbation, while the phase determines
when the fluctuation in heat release rate occurs with respect to the perturbation. The FTF
can be determined experimentally, computationally, or analytically. Similar transfer
functions can be used to characterize the flame response to other types of perturbations,
such as equivalence ratio fluctuations. Many experimental studies have developed flame
transfer functions for gas turbine combustors by producing velocity perturbations at
different frequencies, and measuring the heat release rate fluctuations at different forcing
frequencies [3,15-20].
Flame response studies seek to identify the mechanisms by which a flame
responds to perturbations. In most of these studies, experiments and simulations are
greatly simplified compared to real gas turbine combustion systems. Experiments are
typically performed in small-scale, single-nozzle combustors. Actual gas turbine
combustors feature multiple nozzles in a can or annular arrangement, and operate at
higher temperatures, pressures, and velocities [15]. In laboratory experiments, fuel
injection is often configured so that equivalence ratio fluctuations are not produced, while
in actual systems, this is not the case. These simplified experiments are useful for
studying individual flame response mechanisms, such as the response to vortex shedding
or swirl fluctuations, or the interaction of two or more response mechanisms. However,
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the flame response phenomena occurring in actual systems, involving multiple
interdependent mechanisms, cannot be characterized with simplified experimental
hardware. To date, no known studies have considered the interaction of flame response
mechanisms in a realistic system, featuring multiple nozzles, practical fueling strategies,
and realistic operating conditions. This work presented in this thesis aims to study and
understand flame response under realistic conditions.

1.5 Fueling Strategies
In many laboratory experiments, reactants are mixed far upstream of the
combustor, and often upstream of a choked orifice. In this fully-premixed (FPM)
configuration, air and fuel are perfectly mixed before combustion and the fuel injector is
isolated from the acoustics of the system. When studying the flame response of FPM
flames, only perturbations of velocity need to be considered [5,21].
In actual LPM gas turbine combustor systems, FPM fueling is not possible, due to
safety and design constraints. Having premixed reactants upstream of the injector
presents the risk of flashback and autoignition [2]. In an actual system, fuel is injected
into the flow of inlet air a short distance upstream of the combustor. In this case, the fuel
distribution in the combustor may be spatially non-uniform, and the injector is free to
interact with fluctuations of pressure and velocity. In these technically-premixed (TPM)
systems temporal fluctuations in equivalence ratio may result from acoustic motion. This
raises the importance of the flame's response to equivalence ratio fluctuations [3, 22].
Other fueling strategies employed in actual systems include the use of pilot flames, and
varying the fuel supply to individual nozzles in a multi-nozzle system.
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In all TPM systems, equivalence ratio fluctuations are coupled with velocity
fluctuations. Depending on the acoustic impedance of the fuel injector, coupling between
the pressure field and fuel injection may also occur [2, 4]. The equivalence ratio of the
air-fuel mixture at the location of fuel injection can be expressed in terms of fuel and air
mass flow rates [2]:
./ .1
−
---./ ---.1
=
.1
1 + ---.1

Where

4)

is equivalence ratio, ./ is the fuel mass flow rate, .1 is the air mass flow

rate, superscript ‘ refers to fluctuating quantities, and over-bars indicate mean quantities.
In the case of a stiff fuel injector, with large acoustic impedance, incident pressure
fluctuations do not result in changes in the fuel flow rate. Practically, this is achieved
with a large pressure drop across the fuel injector [22]. Here, a positive velocity
fluctuation passing the fuel injector at some instant in time will cause a local decrease in
the mixture equivalence ratio, and vice-versa. After being generated, equivalence ratio
fluctuations are transported convectively downstream into the combustor, where they are
attenuated by mixing processes, before reaching the flame front [16, 25]. Figure 1-4
shows acoustic waves (red) propagating past the fuel injector, causing a temporal
fluctuation in equivalence ratio (green) that travels as a convective wave. Both types of
waves are characterized by wavelengths defined by as ratio of their frequency and
velocity at which they propagate. Acoustic waves propagate at the speed of sound, while
convective waves travel at the mean flow velocity. It is important to note that for the
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frequencies of longitudinal combustion instabilities encountered in gas turbines, the
acoustic wavelength is much larger than the convective wavelength [1].

Figure 1-4. Illustration of acoustic waves interacting with fuel injection in a TPM
system, adapted from [45]

1.6 Experimental diagnostics and chemiluminescence
As previously discussed, flame response can be studied experimentally by
producing and measuring perturbations at different frequencies, and measuring the heat
release rate fluctuations at different forcing frequencies [3,16-20]. This requires accurate
measurements of the velocity or equivalence ratio perturbations and the heat release rate
of the flame. In the interest of identifying flame response mechanisms, spatially-resolved
2-D and 3-D measurements are of particular use.
The two-microphone (or multiple-microphone) method can be used to measure
acoustic velocity fluctuations [26]. Hot-wire anemometry [27], laser Doppler velocimetry
[28], and particle image velocitmetry [29] have been used to measure velocity
fluctuaitons. The latter two techniques are laser-based and can be used to obtain spatiallyresolved measurements of all three velocity components, but require seeding the flow
with particles. Laser-absorption of 3.39-µm infrared emission from a He-Ne laser by
molecules of hydrocarbon fuels can be used to measure equivalence ratio fluctuations
[30].
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Laser-induced fluorescence (LIF) of HCO can be used to directly measure heat
release rate, but the technique is limited by the pulse rate of current laser technology and
low signal-noise ratio. LIF of OH can be used to calculate turbulent flame area, which
indicates heat release rate in FPM flames [30]. Bobusch et al. use multiple-microphone
arrays upstream and downstream of a combustor to calculate the heat release rate of a
TPM flame [16]. It is well documented in the literature that chemiluminescence
emissions are a reliable indicator of heat release rates in LPM hydrocarbon flames, in the
absence of equivalence ratio and strain rate fluctuations [21, 30, 31]. Chemiluminescence
is light emitted from excited, short-lived radical species in the reaction zone of a flame.
Figure 1-5 shows a typical emission spectrum of a methane-air flame. Peaks are observed
near 309 nm and 430 nm corresponding to the OH* and CH* species emissions, while
CO2* emits across a broader range of wavelengths.

Figure 1-5. Typical chemiluminescence spectrum of a CH4-air flame [32]

Chemiluminescence can be used as a direct measure heat release rate in stable
flames with no spatial gradients of equivalence ratio. Chemiluminescence also indicates
heat release rate in fluctuating FPM flames, but not in fluctuating TPM flames, which are
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subject to both velocity and equivalence ratio perturbations. This is due to the
relationships between chemiluminescence intensity, mean velocity, and global
equivalence ratio. Under steady-state conditions, intensity has been shown to increase
linearly when heat release rate is increased by varying the inlet velocity, keeping all other
conditions constant [30, 31]. However, when heat release rate is increased by varying the
equivalence ratio of a lean flame, the increase in flame temperature causes an increase in
the production rate of chemiluminescent species. In this case, exponentially increasing
behavior is observed [30, 32]. These relationships also apply in the case of fluctuating
FPM flames. For the small equivalence ratio perturbations present in TPM flames, the
relationship between chemiluminescence intensity and equivalence ratio can be
approximated as linear. However, at mean equivalence ratios typical of LPM systems, the
intensity of the chemilumininescence emission is more sensitive to fluctuations in
equivalence ratio than to fluctuations in heat release rate. It is due primarily to this
difference in sensitivities that the instantaneous chemiluminescence intensity in
fluctuating TPM flames depends on both the heat release rate and equivalence ratio.
When only equivalence ratio fluctuations are present, such as in an otherwisestable flame subject to forced perturbations of the mass flow rate of fuel, heat release rate
can be determined from chemiluminescence intensity. An empirical correlation that
relates intensity to equivalence ratio at steady-state can be applied to correct for the
disparity in the sensitivity of intensity to heat release rate and equivalence ratio [18, 19].
In TPM flames, where both velocity and equivalence ratio are fluctuating, such a
correction cannot be applied, since in this case, there is no obvious relationship between
emission intensity, heat release rate, and equivalence ratio.
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Additional

applications

of

chemiluminescence

include

spatially-resolved

measurements of local heat release rates and characterization of flame structure. The
structure of axisymmetric flames can be obtained from a 2-D line of sight image using an
Abel transform. 3-D tomography of non-axisymmetric flames has been demonstrated by
Samarasinghe et. al [34], in the same multi-nozzle experiment used in this study. Several
studies have aimed to measure the equivalence ratio in the reaction zone of a LPM flame
(either globally or spatially-resolved) by considering the intensity ratio of certain
chemiluminescent species [35, 36]. This technique has limited applicability in most
practical TPM flames, due to the small equivalence ratio fluctuations in these systems
and resulting low signal-to-noise ratios of the chemiluminescence measurements.
The diagnostic techniques presented throughout this section allow researchers to
measure flame response, and identify the mechanisms through which it occurs. The
following sections will discuss in detail several mechanisms that are knows to govern the
response of FPM and TPM flames, citing both seminal and recent works. The state of the
art in TPM flame response studies will then be presented, focusing on recent works that
have demonstrated the use of chemiluminescence intensity measurements as inputs to a
model to predict the heat release rate of forced TPM flames [19, 20].

1.7 Fully-Premixed Flame Response
Equivalence ratio fluctuations do not occur in FPM systems, and only the flame’s
response to velocity perturbations needs to be considered [5, 23]. For the small pressure
amplitudes of combustion instabilities [11], the density term in equation (2) remains
approximately constant. In the absence of equivalence ratio fluctuations and neglecting
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strain rate effects [38], the density and flame speed terms are also constant. Equation (2)
can be reduced to:
~

5)

In FPM flames, heat release rate fluctuations are due to fluctuations in flame
surface area. This facilitates the study of flame response in FPM systems, since
experimental techniques can quantify flame area, and simplified models, such as the Gequation approach, can be applied in theoretical studies [1, 39].
The combustor velocity field can be perturbed by acoustic motion, coherent flow
structures, and turbulence [1]. Longitudinal acoustic waves propagating in the combustor
can produce fluctuations in the heat release rate. At the relatively low frequencies of these
oscillations, the wavelength of acoustic velocity fluctuations is much larger than the
flame length. The flame will respond to these oscillations in bulk, and is considered to be
acoustically compact. In an analytical study, Fleifil et al. [40] study this mechanism in
isolation, for a laminar flame in a cylindrical duct. FTF gain was found to exhibit lowpass filter behavior, decreasing with increasing frequency from a value of unity at 0 Hz.
In actual combustion systems, flames are turbulent, and are subject to both
acoustic and convective velocity disturbances. Flows entering combustors can encounter
steps and other geometric features that result in the formation of shear layers and
coherent vortices. Rogers and Marble [41] observed that acoustic velocity fluctuations
caused periodic shedding of vortices in a ramjet combustor. These vortices entrained
reactants and convected downstream before igniting after a time delay. This resulted in
fluctuations in the rate of heat release, feeding energy into the acoustic field and
completing the instability cycle. Schadow and Gutmark [42] review multiple
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experimental works and identify vortex shedding as the dominant flame response
mechanism in many gas turbine configurations. The relationship between acoustic motion
and vortex shedding is also discussed.
In swirl-stabilized configurations, reactants enter the combustor through a swirl
injector as an annular jet and encounter a dump expansion. For single-nozzle cylindrical
designs, the degree of swirl produced by a swirl injector and the dump ratio into the
combustor define the features of the flow field. Toroidal vortex structures form standing
recirculation zones, and shear layers are observed on both sides of the jet [1, 37]. In
multi-nozzle systems, the flowfield is further complicated by the interaction between
swirling jets. In swirl-stabilized combustors, fluctuations of the azimuthal velocity
component will affect the rate of heat release through flame area, and thus present an
additional flame response mechanism [17, 43-45]. When an acoustic perturbation
impinges on the inlet swirler, increasing the axial velocity, the azimuthal velocity
component also increases. The axial perturbation is transmitted and travels at the speed of
sound, while the azimuthal perturbation convects downstream with the flow. This results
in a convective wave of fluctuating swirl number.
In gas turbine combustors experiencing combustion instability, any number of
these mechanisms may be interacting to couple flow perturbations with heat release.
Several studies have considered the interaction of multiple velocity-driven mechanisms.
Palies and coworkers [43, 44] studied the relationship between swirl fluctuations and
vortex shedding in a gas turbine combustor experiment. Fluctuations in swirl were shown
to cause flame angle fluctuations in the upstream region of the flame. Flame transfer
function extrema were explained by in- and out-of-phase behavior of the upstream and
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downstream regions of the flame, corresponding to S-fluctuations and vortex shedding,
respectively. Building on the work of Palies, Bunce et al. [17] applied a similar analysis
technique to study swirl fluctuations and vortex shedding at FTF extrema. It is suggested
that swirl fluctuations at the base of the flame tend to damp Kelvin-Helmholtz
instabilities of the shear layer as the vortices interact with the hot products side of the
flame.

1.8 Technically-Premixed Flame Response
Flame response in TPM systems involves all of the mechanisms that affect FPM
flames, along with additional mechanisms related to the presence of equivalence ratio
perturbations. Small equivalence ratio perturbations can cause large fluctuations in heat
release rate [46, 47]. Under TPM conditions, equivalence ratio fluctuations cannot be
neglected, and can even act as the dominant flame response mechanism.
Equivalence ratio fluctuations travel as convective waves along a path from the
fuel injector to the flame, so a distinction must be made between flame response to
perturbations at each of the two locations. The heat release rate response to equivalence
ratio perturbations at the flame front is determined by fluctuations in the properties of the
flame. The flame response to fluctuations at the injector characterizes these flame
property fluctuations, along with processes that affect the evolution of the perturbations
from the injector to the flame.
At the flame, equivalence ratio perturbations cause heat release rate fluctuations
through the superposition of heat of reaction, laminar flame speed, and total flame area
effects [7]. The process is illustrated in figure 1-6 below. In lean flames, the heat of
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reaction increases with equivalence ratio until stoichiometry is reached. Laminar flame
speed increases with adiabatic flame temperature, which also increases with equivalence
ratio to stoichiometry. Referring again to equation (2) below, it can be shown how
equivalence ratio fluctuations affect flame response.
= ∆

2)

For lean flames, a positive equivalence ratio perturbation results in an increase in
the heat of reaction and laminar flame speed, each causing a positive heat release rate
response. A decrease in total flame area also occurs, as the increased laminar flame speed
destroys flame area at an increased rate. This effect would act to decrease the
instantaneous global heat release rate. At Strouhal numbers of order unity and smaller,
the heat of reaction effect dominates [7].
Between the fuel injector and the flame, mixing processes act to attenuate the
amplitude of equivalence ratio fluctuations. Chishty et al. identify diffusion, turbulence,
large-scale structures, and imperfect mixing as possible processes affecting the evolution
of equivalence ratio fluctuations [25]. Bobusch et al. measure a mixing transfer function
between equivalence ratio fluctuations at a modulated fuel injector and a LPM flame.
Low-pass filter behavior was observed, which was modeled as a 1-D convectiondiffusion process [16].

19

Figure 1-6. Effects of equivalence ratio perturbations on flame response [7]

Several studies have investigated the response of flames to equivalence ratio
fluctuations, in the absence of velocity fluctuations. Lieuwen et al. [46] perform
theoretical calculations on the response of a conical laminar premixed flame to
equivalence ratio in a simple burner geometry. Low-pass response behavior was
attributed to spatial variations in heat release due to multiple convective equivalence ratio
periods occurring over the length of the flame at higher frequencies. Orawannukul et al.
studied the response of flames to forced equivalence ratio fluctuations in a swirlstabilized single-nozzle gas turbine combustor [18]. Equivalence ratio fluctuations are
measured in the nozzle, just upstream of the exit. Low-pass filter behavior of the transfer
function gain is generally observed, with gain values above unity at Strouhal numbers
below unity.
Relatively few works have considered the interaction of multiple flame response
mechanisms under TPM fueling conditions. Kim et al. [49] present experimental results
on the response of a TPM flame to perturbations of velocity and equivalence ratio in a
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LPM model gas turbine combustor. CH* chemiluminescence, is acknowledged as only a
semi-quantitative indicator of heat release, is used to study the nonlinear flame response
of a TPM flame to forced velocity perturbations, while equivalence ratio oscillations are
measured. The phase difference between fluctuations in velocity and equivalence ratio is
identified as an important factor governing TPM flame response. In a subsequent work,
Kim and Santavicca [50] consider the interaction of swirl fluctuations, vortex shedding
and equivalence ration fluctuations. During strong limit-cycle oscillations, these
convective mechanisms exhibited in-phase interference.
Recent studies have focused on developing experimental techniques and analyses
for measuring heat release rate in TPM flames. Huber and Polifke proposed a multipleinput single-output (MISO) model to describe a TPM flame’s heat release rate response
as a sum of the individual responses to velocity and equivalence ratio fluctuations [2224].
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is the heat release rate response of

is the response of the flame to equivalence

ratio fluctuations. This model is implemented as part of a larger CFD/system
identification model to simulate the flame response of a TPM burner.
Kim et al [20] applied the MISO model proposed by Huber et al. to study the
nonlinear response of a TPM flame. The individual CH* intensity-based responses of
flames to velocity and equivalence ratio fluctuations are summed to predict the TPM
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CH* intensity response. The summed response was then compared to the measured CH*
response of the TPM flame, subject to both types of perturbations.
Orawannukul et al. [19] experimentally studied the response of TPM flames over
a range of three operating conditions and forcing frequencies of 100-440 Hz. The MISO
model proposed by Huber was again employed to reconstruct the TPM flame response.
Following the same procedure as Kim [20], the approach was validated by reproducing
the expected chemiluminescence response, and comparing it to the measured response.
The difference between the measured and calculated gain values was less than 20% in
most cases. Additionally, a technique was presented and validated for reconstructing the
heat release response of a technically premixed flame from three separate measurements;
the fully premixed flame response, the chemiluminescence intensity response of the
partially premixed flame, and a steady-state relationship between chemiluminescence
intensity and equivalence ratio. This was referred to as the reverse-reconstruction
technique. This analysis is particularly useful when experimental hardware is capable of
supplying forced velocity perturbations, but not forced equivalence ratio perturbations
[19].
The results of the work by Kim, et al and Orawannukul et al. demonstrate that
chemiluminescence intensity measurements can be used to determine the heat release rate
response of a forced TPM flame. Further details of the reverse-reconstruction analysis,
which is applied throughout this work, are presented in section 2.4.
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1.9 Nonlinear Flame Response
Knowledge of flame response mechanisms and their interaction in gas turbine
combustors is required to develop models for predicting combustion instability. A linear
modeling approach, using a FTF to characterize flame response, has the potential to
predict the frequency at which an instability may occur. However, according to linear
theory, a flow perturbation would grow exponentially with time, so the amplitude of the
combustion instability cannot be determined with this type of analysis [10]. To develop a
predictive model for both frequency and amplitude, knowledge of the amplitudedependent flame response is required. This can be represented as a set of FTF's across a
range of perturbation amplitudes, known as the Flame-Describing Function (FDF). A
FDF can be obtained experimentally by collecting flame transfer functions across a
sufficient range of forcing amplitudes. To completely characterize the amplitudedependent response of the flame, FDF amplitudes must be large enough to capture
saturation behavior of the heat release rate.
A significant limitation of the multi-nozzle experiment is that it lacks the
capability to control or measure equivalence ratio perturbations. By using
chemiluminescence measurements as inputs to a model for TPM flame response, we have
developed the means to calculate the amplitude and phase of equivalence ratio
fluctuations in a TPM flame. As previously discussed, these fluctuations are coupled
through velocity and pressure fluctuations in the system. Thus, varying the velocity
forcing amplitude also provides a means of modulating equivalence ratio fluctuations.
The interaction of flame response mechanisms driven by velocity and equivalence ratio
can now be studied with different amplitude and phase relationships. This will provide
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insight into how the mechanisms contribute to TPM response, and how they would affect
the growth of a self-excited instability.
Several studies have investigated nonlinear flame response in LPM gas turbine
combustors, while few have considered the effect of equivalence ratio fluctuations.
Lieuwen and Neumeier [11] measure the response of a flame to acoustic pressure
fluctuations, using CH* chemiluminescence. Fuel is injected on the upstream side of a
swirler, 6cm upstream of the combustor. Although not addressed in the study, the
implications of this TPM fueling configuration is that equivalence ratio fluctuations will
likely be present and the CH* chemiluminescence emissions will not reliably indicate the
rate of heat release. Schimek et al. studied nonlinear flame response in a swirl-LPM
combustor [48]. Fuel is injected on the upstream side of the swirler. Again, although not
mentioned, equivalence ratio fluctuations will likely be present and the OH*
chemiluminescence will not reliably indicate heat release rate. Flames are forced at one
operating condition and 14 frequencies to obtain a FDF from 0-320 Hz. Forcing
amplitudes of at least 50% were achieved, resulting in nonlinear transition at several
frequencies. At the lower range of frequencies tested (0-235 Hz), partial extinction is
identified as the dominant mechanism causing saturation of the response. At the higher
range of frequencies, observations suggest an additional mechanism is present. Saturation
coincides with the presence of vortex-like structures in the OH* intensity images,
propagating downstream from the outer recirculation zone.
It is interesting to note that in the two studies summarized here [11, 48], the
combustor hardware is configured for TPM fueling. Since no specific measurements of
equivalence ratio fluctuations were made, their presence is unknown. However, in similar
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experiments such as [16, 19, 20], the magnitude of equivalence ratio fluctuations are the
same order of magnitude as the velocity fluctuations. If this is the case, the saturation
behavior observed in the chemiluminescence intensity fluctuations could be due to the
saturation of some combination of equivalence ratio fluctuations and heat release rate.
One study that does consider the role of equivalence ratio fluctuations in the
nonlinear response of a TPM flame was performed by Kim et al. [20].

CH*

chemiluminescence was used to measure the response of TPM NG/H2 flames in a model
gas turbine combustor. Equivalence ratio fluctuations were measured using IR
absorption. The amplitude of equivalence ratio fluctuations at the measurement location
in the injector was shown to increase linearly with increasing forcing amplitude, while
the phase between the two fluctuations changed only with frequency, not forcing
amplitude. Saturation in the intensity fluctuations was observed, but only when velocity
and equivalence ratio fluctuations were in-phase. The saturation was attributed to flame
extinction and re-ignition during the forcing cycle.

1.10 Objectives
This thesis documents the measurement and analysis of TPM flame response in a
multi-nozzle combustor experiment, that complements an existing dataset collected under
FPM conditions [15]. TPM flame response is obtained using the reverse-reconstruction
method, as documented above. The effect of forcing amplitude on TPM flame response is
then considered. The objective of this research is to explain the measured flame response
behavior by identifying the flame response mechanisms, and how they interact. This
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study also aims to thoroughly explain the reverse-reconstruction procedure, so that the
calculations can be repeated in future work.
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Chapter 2. Experimental Setup

2.1 Multi-Nozzle Combustor
Experiments were performed in the multi-nozzle combustor facility at Penn
State’s Turbulent Combustion Laboratory (figure 2-1), which features an opticallyaccessible quartz combustor at atmospheric pressure, with five swirl-stabilized nozzles in
a can configuration. The experimental setup is representative of an actual gas turbine
combustor, having multiple nozzles and a practical fuel injection system that can be
configured to operate fully-premixed or technically-premixed. When running FPM, fuel
is injected into the inlet air far upstream of the combustor, before flowing through a
choked orifice. For TPM operation, fuel is injected through multiple injection holes
located on the upstream side of the swirler in each nozzle, approximately 70mm upstream
of the combustor dump plane.
The multi-nozzle experiment consists of several components that bring the flows
of fuel and preheated air into the combustor at controlled mass flow rates. The
experiment is primarily constructed of welded stainless steel pipe and connected with
bolted flanges. The air supply system consists of two compression stages supplying a
maximum flow rate of 20 kg/min at 2 MPa, for an inlet velocity of 35 m/s. The mass flow
rate of air is controlled with a needle valve and a Sierra mass flow meter. Inlet
temperature is elevated up to 250 C using a Tempco 50 kW electric process heater and
temperature controller. Natural gas fuel is obtained from a low-pressure supply and
compressed into a bank of cylinders at 17 MPa. From the high pressure storage, the
natural gas is first throttled to 11.7 MPa, reheated, and then throttled to 1.4 MPa before
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the experiment. At the experiment, the flow is split into FPM and TPM circuits, each
controlled by needle valves and a shared Teledyne Hastings mass flow meter.
Downstream, the FPM fuel is injected into the inlet air flow after the process heater,
while the TPM fuel enters a manifold to dispense fuel to each of the five nozzles. The
distribution between nozzles is controlled by five rotameters.

Figure 2-1. Fully-instrumented multi-nozzle combustor experiment (left) and solid model
of major components (right)

Acoustic velocity perturbations are generated by an air siren (figure 2-2), a
rotating device consisting of a fixed stator with one flow passage, and a circular rotor
with four holes through which the inlet air may flow. The frequency of the perturbations
is determined by the rotational speed of the rotor, which is driven by a brushless-DC
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motor. The amplitude depends on system acoustics, and can be controlled by portioning
the flow between the siren and a bypass circuit. Under FPM conditions, the siren forces
perturbations in the air/fuel mixture while for TPM tests, only the inlet air is subject to
forcing by the siren. The siren is operated over a frequency range of 100-400 Hz, where it
produces forcing amplitudes of at least 5% of the mean flow velocity, and up to 75% at
some frequencies.

Figure 2-2. Air siren and motor

Downstream of the siren, a manifold directs the flow into each of the five nozzles.
To ensure even distribution, the length of tubing between the manifold and each nozzle is
the same, and perforated plates are installed upstream of each nozzle to introduce a
uniform pressure drop. Each nozzle has an internal diameter of 50 mm with a 30 mm
diameter center-body. Each nozzle has a swirler that produces counter-clockwise swirl
with 8 vanes angled at 45 degrees, yielding a geometry-based swirl number of 0.75 [1].
The swirlers are recessed 80 mm from the combustor dump plane and the ends of the
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centerbodies are also recessed by 20mm from the dump plane. The five nozzles terminate
flush at a solid stainless steel dump plate. The 257 mm diameter and 305 mm long quartz
glass combustor is oriented vertically and is cooled with air jets that impinge on its outer
surface. Figure 2-3 shows a schematic of the major components of the experiment, and a
cutaway view of the nozzles showing TPM fuel injection location.

Figure 2-3. Top view of experiment (L), cutaway side view of combustor (R)

Table 2-1 shows the range of operating conditions used in the tests performed for
this study. These operating conditions are comparable to those of industrial combustors,
except mean pressure, which would be elevated up to 20 atm. The open nature of the
combustor used in this study limits tests to atmospheric pressure. Another effect of the
open combustor is enhanced sound radiation, which increases system damping and
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exposes operators to large sound pressure levels. The air supply system has the capability
to provide a 35 m/s inlet velocity, but the range of the inlet air mass flow meter limits this
to 30 m/s. Operating at equivalence ratios above and below the given range presents the
problems of flashback and blowoff, respectively, and are avoided. At certain inlet
velocities, a 250 C inlet temperature is possible, but the temperature control is unstable
and this condition is avoided.

Inlet velocity, U
15-30 m/s
Temperature, T
50-200 °C
Pressure, P
1 atm
0.5-0.7
Equivalence Ratio,
Forcing Frequency, f
100-400 Hz
Table 2-1. Summary of operating conditions

2.2 Measurements
A variety of sensors are employed to facilitate safe operation of the experiment
and to obtain measurements needed to study instability and flame response. K-type
thermocouples, with a measurement range of -200 to 1250 C are installed throughout the
system to monitor component temperatures and provide feedback for the inlet air
temperature controller. A thermocouple is installed in each nozzle, 25 mm upstream of
the dump plane, with the middle nozzle being used for temperature control. The
temperature of the nozzle centerbodies is monitored with thermocouples on the inside
surfaces of the nozzle caps, which can provide information on flame attachment and
indicate flashback. Additional temperature measurements are made of the air flow
immediately after the heater, the inlet to the siren, and the ambient room temperature.
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The internal temperature of the resistive coils in the air heater is also measured, as this
must be kept below 500 °C to prevent thermal damage.
Electronic differential dynamic pressure (DDP) sensors measure the pressure drop
across each swirler. Based on Bernoulli’s principle, each DDP is individually calibrated
to measure mean velocity in the nozzle from the pressure drop. PCB 112A22 dynamic
pressure transducers measure fluctuations in pressure at several locations in the
experiment. These types of transducers produce a voltage linearly related to mechanical
strain when sound waves act on a crystal, deforming it [9]. In each nozzle, two
transducers are installed 51mm upstream of the dump plane with a spacing of 38mm. In
this configuration, the sensors are used to obtain a two-microphone measurement (TMM)
of the acoustic velocity fluctuations in the system [26]. An additional transducer was
installed in the combustor dump-plane, providing a means of measuring longitudinal
pressure fluctuations.
Global chemiluminescence emission was measured using photomultiplier tubes
(PMT’s). Two Hamamatsu H7732-10 PMT’s were fitted with 308 nm and 432 nm
bandpass optical filters to measure OH* and CH* chemiluminescence, respectively. Both
PMT’s were installed in the same housing, and a beam splitter was used to supply each
with an equal amount of light intensity from the combustor. Only CH*
chemiluminescence is considered in this study, due to the more favorable signal-to-noise
ratio compared the OH* emission. 2-D spatially-resolved chemiluminescence
measurements are obtained with a Photron Fastcam SA4 high-speed ICCD camera. The
camera is used in conjunction with a 432nm optical filter and an Invisible Vision image
intensifier. Both instruments are installed perpendicular to three of the nozzles at a
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distance of 2 meters, and capture the entire flame. The camera is mounted on a track,
allowing 90 degrees of rotation about the axis of the combustor. This configuration is
designed for acquiring images at different angular positions around the flame, for the
purpose of reconstructing the phase-averaged three-dimensional flame structure using
tomographic techniques.

2.3 Data Processing
At each test condition, data is collected for 32 seconds at a sampling rate of 8192
Hz, allowing for oscillations of up to 4096 Hz to be resolved. For the purpose of
statistical calculations, each 32 second sample is divided into 32 sets of 1 second, and
each set is analyzed individually. The sampled chemiluminescence, pressure, and
velocity signals are analyzed in the frequency domain by applying the Fast Fourier
Transform (FFT) to each set. Fluctuation amplitude and phase of the signals are extracted
at the forcing frequency. At each test condition, a flame transfer function gain and phase
is obtained by calculating the mean values of the chemiluminescence intensity and
velocity fluctuation, across all sets. The standard deviation is also calculated to quantify
random error in the measurements.
The two-microphone method was used to measure acoustic velocity fluctuations
in each of the nozzles. The technique uses two pressure inputs to solve Euler’s equation
for one-dimensional longitudinal waves [26]. Linearized for small perturbations, the
Euler equation can be expressed as [9]:
>

?:
@A
= −∇
?

7)

33

The pressure inputs can be used as a finite difference approximation to the
pressure gradient term, and the particle velocity can be solved with numerical integration.
This technique is only capable of measuring particle velocity due to acoustic motion, and
cannot measure the mean flow velocity or convective fluctuations such as vertical
structures. Also, the sensitivity of the calculation to errors in the input data depends on
frequency. Depending on microphone spacing and acoustic wavelength, the measurement
can be considered accurate only within a range of frequencies [51, 52]. For this reason, a
minimum forcing frequency of 100 Hz is used in this experiment. An additional
transducer was installed flush in the combustor dump-plane, providing a means of
measuring pressure fluctuations in the combustor.
Chemiluminescence images are collected for one second at 4000 frames/second
for each test condition. Images are filtered at the forcing frequency by applying the FFT
to the time-series intensity of each pixel. This allows for the calculation of the local RMS
amplitude and phase of the chemiluminescence intensity fluctuation. The ICCD camera
captures only an intensity value at each pixel, and throughout this thesis, images are
presented in pseudo-color corresponding to intensity. Color scales will be shown below
each image.

2.4 Reverse-reconstruction Analysis Procedure
The primary assumption of the reconstruction and reverse-reconstruction techniques
[19, 20] is that the response of the TPM flame can be superposed from the independent
response components of that flame to fluctuations in inlet velocity and equivalence ratio.
Following this assumption and the discussion of chemiluminescence in section 1.6, the
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chemiluminescence intensity response of the TPM flame can also be superposed from the
intensity response of the two components.
For the reverse-reconstruction procedure, the flame’s response to velocity
fluctuations is measured by forcing the system under FPM conditions, using
chemiluminescence as an indicator of heat release rate. The flame’s response to
equivalence ratio fluctuations must be calculated. In the first step of the reversereconstruction procedure, the measured TPM chemiluminescence intensity response is
decomposed into two components; the heat-release rate response of the flame due to
velocity fluctuations, and an intensity-based response of the flame due to equivalence
ratio fluctuations that depends on the heat release rate fluctuation and the equivalence
ratio fluctuation itself. In terms of fluctuations:
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Where I is the chemiluminescence intensity of the TPM flame,
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the chemiluminescence transfer functions representing the intensity-based responses of
the flame to velocity and equivalence ratio fluctuations, respectively. Since equivalence
ratio fluctuations in the injector are induced by velocity fluctuations but cannot be
measured, an additional transfer function,
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The left-hand term of equation (9) is the contribution of the TPM intensity fluctuation
due to equivalence ratio fluctuations only, and thus carries information about the
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equivalence ratio fluctuation at the flame. Since the terms in equations (9) are fluctuating
quantities at the same frequency with a distinct magnitude and phase, the above
operations must be carried out with complex numbers. This operation is illustrated in
figure 2-4, where the red vector represents the result obtained from equation (9).

Figure 2-4. Vector illustration of equation (9)

By applying the measured relationship between intensity and equivalence ratio
for steady flames, the equivalence ratio fluctuation at the flame can be calculated, and
F7<

<78

8J

I 8* K can be corrected to obtain the contribution of the TPM heat release rate

fluctuation due to equivalence ratio fluctuations. Three assumptions must first be made.
First, the convective wavelength of the equivalence ratio fluctuation is much greater than
the length of the flame. The second assumption is that an equivalence ratio fluctuation at
the flame will produce a proportional fluctuation in heat release rate. Third, the elapsed
time between an equivalence ratio fluctuation reaching the flame and a fluctuation in heat
release occurring is assumed to be small. These assumptions are justified by the results
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presented by Orawannukul et al. [19], which show good agreement between TPM
transfer function results obtained with the reconstruction and reverse-reconstruction
techniques.
Based on the discussion in section 1.6, chemiluminescence intensity is assumed to
be proportional to heat release rate in the FPM case. From here, the desired result of the
flame transfer function of a TPM flame, based on the heat release rate can be obtained by
again applying the superposition principle to combine the two contributions to the heat
release rate fluctuation.
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From a modeling and operations standpoint, this is very useful information, as it tells us
how TPM fueling will affect the stability characteristics of the flame. Equation (10) is
represented vectorally in figure 2-5, which illustrates that the heat release rate fluctuation
of the TPM flame depends on the magnitude and phase of its components due to velocity
and equivalence ratio fluctuations.
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Figure 2-5. Vector illustration of equation (11)
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Chapter 3. Results

3.1 Combustor Stability Assessment
Flame response at a specific frequency cannot be measured accurately in the presence
of self-excited instabilities occurring at other frequencies. Self-excited instabilities will
occur at specific frequencies that correspond to resonant modes in the system [1].
Experiments were performed to determine if any self-excited instabilities occurred within
the operating range of the combustor. For this purpose, a self-excited instability is
defined as an acoustic velocity fluctuation with an amplitude on the order of the smallest
forced perturbations used in this study, 5%.
For FPM fueling at an inlet temperature of 200 °C, varying velocity and equivalence
ratio, figure 3-1 shows the peak rms velocity and pressure fluctuation amplitudes as a
function of global equivalence ratio. These values were calculated by extracting the
fluctuation at the largest peak in the frequency spectra. Note that for data points are
missing for high equivalence ratios at 30 m/s and 25 m/s. Measurements could not be
acquired at these conditions because of the presence of potentially damaging combustion
instabilities, as judged by the experiment operators. At 15 m/s and 20 m/s, combustion in
stable at all equivalence ratios tested. At 25 m/s, combustion instability occurs at
phi=0.65 and higher. Data was recorded for an instability at phi=0.65, where a velocity
fluctuation of 5.6% was measured at 520 Hz. Figure 3-2 shows the pressure, velocity, and
chemiluminescence linear spectra at this condition. Based on the pressure spectra,
approximately 80% of the acoustic fluctuation energy occurs at the instability frequency.
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The low frequency content in the velocity spectra can be attributed to errors in the two-
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microphone method that arise at low frequency [51, 52].
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Similar tests were performed under TPM fueling, as shown in figure 3-3. Again, data
could not be collected for high equivalence ratios at 30 m/s and 25 m/s, due to the
presence of instabilities that could potentially damage the experimental hardware. Stable
combustion was observed for all of the conditions tested. Evidence of a combustion
instability beginning to grow with increasing equivalence ratio is observed in the pressure
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spectra at 25 m/s and ф =0.675.
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Figure 3-3. T=200 °C, TPM: Self-excited peak velocity (L) and pressure (R)
fluctuation amplitudes

The results of the combustor stability assessment for FPM and TPM flames with 200
°C inlet temperature are shown in table 3-1. Flame response measurements will be
acquired only at operating conditions marked in green. Stable combustion at a certain
operating condition during unforced tests does not guarantee combustion instabilities will
not be encountered in forced tests. For example, a 520 Hz instability was encountered at
200 °C, 27.5 m/s, 0.6, that grew in amplitude with increasing forcing frequency, as
shown in figure 3-4. During forced experiments, the globe valves are used to portion flow
between the siren and bypass circuits, each having different lengths. During the test, the
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valve to the siren circuit was increasingly opened with increasing forcing frequency, to
maintain a 5% velocity fluctuation. Opening the valve changed the effective acoustic

ф

length of the system, affecting system resonance.
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Table 3-1. T=200 °C, FPM (left) and TPM (right) stability map
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Figure 3-4. Growth of 520 Hz combustion instability during forced experiments
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3.2 Flame Structure
Flame structure and flame length have been shown to be important factors
affecting flame response [50]. The effect of operating condition on flame structure and
flame length in this multi-nozzle experiment has been thoroughly documented by
Szedlmayer [15], for both forced and unforced flames. Therefore, only brief results are
presented here. Filtered CH* chemiluminescence images are used to assess flame
structure, and provide a means of calculating a characteristic flame length.
Line-of-sight images presented in figure 3-5 show that the structure of the multinozzle flame varies significantly from the axisymmetric annular v-flame observed in the
single-nozzle experiment, both using the GE-15 nozzle. The multi-nozzle flame sheet is
highly asymmetric, consisting of distinct v-flames that expand from each nozzle before
interacting with neighboring flames further downstream. Not visible in these images, the
base of each flame is anchored at the centerbody in each nozzle, which terminates 20 mm
upstream of the dump plane. Both flames impinge on the combustor walls and experience
some degree of confinement.

0
max. '
Figure 3-5. Example of stable multi-nozzle (left) and single nozzle flames (right)
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Characteristic flame length is an important parameter because it will affect
convective time scales between upstream perturbations and heat release rate [50]. The
multi-nozzle flame is highly turbulent and wrinkled, with flame-flame and flame-wall
interactions occurring. Defining flame length in this case is not trivial, as it is for simpler
topologies such as laminar conical flames. Flame length in the multi-nozzle combustor is
defined as the axial distance between the attachment point at the centerbody, to the axial
location with the highest heat release rate. Flame length was calculated for stable FPM
flames at 200 °C, from line-of-sight chemiluminescence images. The 20 mm portion of
the flame between the centerbody and dump plane is also accounted for. As shown in
figure 3-6, flame length generally increases with velocity. This is a result of the increase
in flame area needed to consume the additional fuel flow rate. The flame length is shown
to decrease with increasing equivalence ratio. This is expected, due to the increase in
reaction rate, laminar flame speed, and turbulent flame speed that occurs with increasing
equivalence ratio.
Stable FPM flame, T=200 C

flame length [mm]

110

15 m/s
20 m/s
25 m/s
30 m/s

100
90
80
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0.5

0.55
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0.65
global equivalence ratio φ

0.7

Figure 3-6. 200 °C: flame length vs. equivalence ratio, for different velocities
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For stable, unforced flames with no spatial equivalence ratio gradients, CH*
chemiluminescence will indicate heat release rate, regardless of fueling strategy. Figure
3-7 shows that few differences can be distinguished between the stable flame structure of
FPM and TPM flames at the same condition. This result suggests that TPM fueling does
not produce spatial equivalence ratio gradients in the multi-nozzle combustor. Acetone
PLIF measurements acquired in the single-nozzle combustor have also shown a uniform
fuel-distribution for TPM fueling using the same GE-15 nozzle [18].

0
Figure 3-7. 200 °C, 20 m/s,

max M ∗
=0.6: FPM (left) and TPM (right) stable images

3.3 Chemiluminescence Relationships
Experiments were performed to verify that the chemiluminescence intensity
measured in the multi-nozzle test facility showed the same behavior observed in the
literature, as discussed in section 1.6. This was done by varying operating condition and
measuring the time-averaged global CH* chemiluminescence intensity of a stable flame
using a PMT. Figure 3-8 shows the relationship between inlet velocity, equivalence ratio,
and global intensity. Linear regression fits were applied to the intensity vs. velocity data,
while the intensity vs. equivalence ratio data was fit with exponential curves of the form:
D +, ф

O Pф

11
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Table 3-2 shows the coefficients obtained for the exponential fits. These correlations will
be applied during the reverse-reconstruction analysis.
For a constant inlet temperature and equivalence ratio, intensity is shown to
increase linearly with inlet velocity, as reported by Lee and Santavicca [30] and Haber et
al. [31]. This is due to the proportional increase in heat release rate with velocity, at
constant temperature and equivalence ratio. At constant inlet temperature and velocity, an
exponentially increasing relationship is observed between intensity and equivalence ratio,
as reported by Lee and Santavicca [30] and Najm et al. [32]. Two effects contribute to
this behavior. With increasing equivalence ratio, there is a proportional increase in heat
release rate, along with an increase in the CH* production rate at higher flame
temperatures [54].
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Figure 3-8. CH* I vs. U and phi for stable flames at 200 °C
RS
U [m/s]
A [a.u.]
B [ф7Q ]
0.997
15
0.073
6.437
0.999
20
0.105
6.352
0.999
25
0.129
6.308
0.991
30
0.221
5.605
Table 3-2. Exponential fits of CH* intensity vs. equivalence ratio for stable flames at
200 °C, 15-30 m/s

46

3.4 Chemiluminescence flame transfer functions
To study the TPM flame response of the multi-nozzle combustor, where velocity and
equivalence ratio fluctuations are superposed, the response to perturbations of only inlet
velocity must be determined. Velocity-forced flame transfer function data was collected
at different operating conditions under FPM conditions, with 5% velocity fluctuation
amplitude, and a frequency range of 100-400 Hz, in 20 Hz increments. In figure 3-9,
flame transfer function (FTF) results are shown for different inlet velocities at 200 °C
inlet temperature and ф=0.6. The left plot shows FTF gain, while the right plot shows
FTF phase. Qualitatively similar gain is observed at the three inlet velocities, with
alternating regions of increasing gain followed by decreasing gain. A distinct gain
minimum occurs between two gain maxima. The gain minimum frequency is shown to
increase with inlet velocity, from 200Hz at 20 m/s, to 240Hz at 25m/s. Inflection or
“jumps” are observed in the phase plots near the gain minima for each condition.
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Figure 3-9. FPM FTF at 200 °C, ф=0.6, 5% forcing amplitude, different inlet velocities
The general trends observed in the transfer functions gain and phase has been
documented in several swirl-stabilized experiments across the range of frequencies
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studied here, including the single-nozzle [17, 19, 20] and multi-nozzle [15] experiments
at Penn State's TCL. One explanation for the FPM gain behavior is the interaction
between swirl fluctuations and vortex shedding [17, 42]. The linear phase behavior is due
to the decreasing wavelength of acoustic and convective oscillations with increasing
frequency. For purely acoustic disturbances, assuming a constant sound speed of 343 m/s
and flame length of 80 mm at the 20 m/s condition, the expected slope of the phase is 0.14 deg/Hz, compared to the measured value of approximately -2 deg/Hz. The relatively
large measured slope suggests the flame response is dominated by convective, rather than
acoustic mechanisms.
Figure 3-10 shows TPM intensity-based transfer function results for different mixture
velocities at 200°C, ф=0.6. As discussed previously the gain and phase of the
chemiluminescence intensity fluctuation in a TPM flame is not the same as that of the
heat release rate fluctuation in a FPM flame. The (intensity-based) gain is higher than that
in the FPM case, above unity for all frequencies. For the three operating conditions in
figure 3-10, the gain increases to a local maximum at 140 Hz before decreasing to a local
minimum, followed by a second maximum. The phase decreases in a nonlinear fashion
with inflection occurring at both gain maxima. The gain minimum near 200-240 Hz
occurs at the same frequencies as the FPM case, suggesting that the mechanistic
interactions causing the FPM minimum are preserved in the TPM case. No phase jumps
are observed at the gain minimum frequency, and the inflections that do occur at other
frequencies are much smaller than the jumps observed in the FPM case.
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Figure 3-10. TPM FTF (I-based) at 200 °C, ф=0.6, 5% forcing amplitude, different inlet
velocities

While the trends observed in the TPM intensity-based transfer functions are
interesting, they do not provide an accurate indication of flame response based on heat
release rate fluctuations. A large gain value may suggest that the flame will amplify a
disturbance, but it could just as easily suggest the presence of a large equivalence ratio
fluctuation at an attenuating gain. Similarly, the phase of the intensity transfer function
will be influenced by both the phase of equivalence ratio fluctuations at the flame, and
the phase of heat release rate fluctuations due to both velocity and equivalence ratio
fluctuations. However, useful results can be inferred from this data, by applying the
reverse-reconstruction analysis.

3.5 Reverse-reconstruction analysis
The first result we can calculate is the contribution of the equivalence ratio
fluctuations to the TPM intensity gain and phase. The response of the TPM flame can be
modeled as the superposition of its components due to velocity and equivalence ratio
fluctuations and the measured TPM chemiluminescence response can also be
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decomposed into two components. Referring again to equation (9), the intensity-based
response of the flame due to velocity fluctuations can be subtracted from the TPM
chemiluminescence fluctuation, to obtain the intensity-based response of the flame due to
equivalence ratio fluctuations:
F7<

<78
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Using equation (9), the FPM flame response results shown in figure 3-9 are
subtracted from the TPM instensity-based response results shown in figure 3-10. Again,
this yields contribution of the chemiluminescence intensity response of the TPM flame
due to equivalence ratio fluctuations. Since this contribution is due solely to equivalence
ratio fluctuations, it also carries information about the equivalence ratio fluctuation at the
flame. Using the steady-state relationships between CH* intensity and equivalence ratio,
the fluctuations in equivalence ratio at the TPM flame can be inferred, yielding a result
that allows for the reconstruction of the TPM FTF gain with the available measurements.
First,

F7<

<78

8J

I 8* K obtained from equation (9) is transformed to the time

domain, yielding a time series of intensity values fluctuating about zero. Due to the
nonlinear intensity vs. phi relationship, an appropriate mean value of the fluctuating
intensity is needed. Results show that the mean value of CH* intensity depends only on
operating condition and is not affected by perturbations of mixture or flow. The mean
intensity value of the steady-state flame is thus used to obtain an intensity time series that
fluctuates about a positive value. The steady-state chemiluminescence relationship is then
applied to these values to obtain a time-series of equivalence ratio values at the TPM
flame at instants in time during the forcing cycle. Transforming the time series back to
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the frequency domain provides the magnitude and phase of the equivalence ratio
fluctuation.
In building towards the objective of reconstructing the TPM FTF gain, the heat
release rate fluctuation of the TPM flame due to equivalence ratio fluctuations can be
calculated from the intensity fluctuation that is now known, again using the steady-state
CH* relationships. Operating under the stated assumptions, this heat release rate
fluctuation component should be proportional to the instantaneous equivalence ratio
fluctuation at the flame. A gain and phase can be calculated between this fluctuation and
the velocity perturbations in the injector. Figure 3-11 shows these results, the contribution
of the TPM flame response due to equivalence ratio fluctuations.
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Figure 3-11 200 °C, ф=0.6, 5% forcing: TPM flame response contribution due to
fluctuations

400

-

These transfer functions results only capture the result of velocity forcing on the
flame’s equivalence ratio in a “black box” sense. In reality, multiple processes and
mechanisms interact to govern the evolution of equivalence ratio fluctuations from where
they are generated in the injector, along their downstream propagation path to the flame
[16]. For instance, it was explained in the introduction that mass flow rate through a
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“stiff” fuel injector would be constant and equivalence ratio fluctuations could only result
from fluctuations in inlet air velocity moving past the fuel injector. In this case, the
magnitude of equivalence ratio fluctuations would have an upper limit set by the velocity
fluctuation and mixing processes could only attenuate the fluctuations between the
injector and the flame. It is evident in figure 3-11 above that more complex physics are
occurring with our combustor hardware. For the 22.5 m/s case at 260 Hz, the gain is
larger than one, indicating that the equivalence ratio fluctuation at the flame is larger than
the velocity fluctuation at the injector. This suggests that pressure waves propagating in
the system are coupling with mass flow rate of fuel through the fuel injector, providing an
additional mechanism for the generation of equivalence ratio fluctuations.
The final result of the reverse-reconstruction analysis is the flame transfer
function of a TPM flame, based on the heat release rate. The MISO model is again used
to superpose the two contributions to the TPM heat release rate fluctuation, as shown in
equation (5). Knowing the TPM heat release rate fluctuation, the FTF gain and phase are
calculated and shown in figure 3-12. Qualitatively similar behavior is observed in the
gain for all conditions tested. The gain increases from an initial frequency near 100 Hz to
a maximum at 140 Hz for all cases. It then decreases to a minimum near 240-260Hz. A
second, smaller gain maximum is reached near 300-340 Hz, before the gain again
decreases. The phase plots show a decreasing trend, with several inflection points. The 20
and 22.5 m/s cases have a small negative inflection near the first gain maximum. For
three velocities, large inflection is observed within 20 Hz of the first minima, after which
a linearly decreasing behavior is resumed.
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Figure 3-12. 200 °C, ф=0.6, 5% forcing: reconstructed TPM (heat release rate-based)
flame response

3.6 Technically-Premixed Flame Response
The results of figure 3-12 show that the presence of equivalence ratio fluctuations
in a TPM flame drastically affects the flame response. Depending on frequency and
operating condition, the TPM flame can have a higher or lower gain compared to the
FPM flame. Compared to the FPM case, shown in figure 3-9, the reconstruction TPM
flame transfer function gain is higher at lower frequencies, and lower at high frequencies.
Results from one operating condition case will be considered in detail to assess
how the relative magnitude and phase of the two response contributions affects the
reconstructed TPM flame transfer function gain, and how it compares to the FPM FTF
gain. Figure 3-13 shows results for the 20m/s case. Below 220 Hz, the TPM gain is
higher, and at 220 Hz and above, it is lower than in the FPM case (labeled HQ-u). This
behavior can be explained by considering the gain and phase of the individual response
contributions. From 100-180Hz, the contributions to the TPM response due to velocity
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and equivalence ratio fluctuations have a small phase difference, below 50 degrees at all
frequencies, which can be considered to be in-phase. Because the contributing
fluctuations are in-phase, they interfere constructively, acting to increase the TPM FTF
gain. At 200 Hz and above, the contributions display an out-of-phase behavior, with a
phase difference between 110 and 170 degrees. Destructive interference is then expected,
as one contribution causes a positive fluctuation in heat release rate at some point during
the forcing cycle, while the other contribution fluctuates below its mean value. This
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Figure 3-13. 200 °C, 20m/s, ф=0.6, 5% TPM: magnitude and relative phase of response
contributions
From the above results, it can be concluded that small phase differences between
the contributions of the heat release rate fluctuations cause high TPM FTF gain, while
phase differences near 180 degrees cause lower gain. A common trend observed among
the different mixture velocity cases between 20-25 m/s is that at a certain frequency, near
the FPM gain minimum, a transition from in-phase to out-of-phase behavior is observed.
This corresponds to the “jump” in the phase that is observed in the FPM FTF
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measurements, which is not seen in the TPM intensity-based transfer function
measurements.
The phase jump observed in the FPM data suggests a decrease in the time delay
between an acoustic velocity perturbation in the injector and a fluctuation in heat release
rate caused by a velocity-driven flame response mechanism. It is assumed that in the
TPM case, this velocity-driven mechanism occurs, and experiences the same change in
phase as in the FPM case, at the same frequency. Images showing the 2-D amplitude and
phase of the chemiluminescence intensity fluctuation are presented in figure 3-14. These
images were obtained with a high-speed ICCD camera and are filtered at the forcing
frequency of 200Hz. The images suggest that at 200 Hz, a local region in the downstream
portion of the flame experiences a 180 degree shift in phase, compared to 180 Hz, while
the distribution of the heat release rate fluctuations remains relatively unchanged.

0%

max. %

-180°
180°
Figure 3-14. Local heat release amplitude (top) and phase (bottom) at 180 Hz (left) and
200 Hz (right)
The slope of the phase of the
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release rate fluctuation due to equivalence ratio fluctuations, does not change near 200
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Hz, as shown in figure 3-11. This suggests that the convective process that delivers
equivalence ratio fluctuations to the flame remains unchanged at 200Hz. An explanation
can be proposed for the TPM flame response behavior, based on the interaction of flame
response mechanisms. A sudden change occurs in the time delay between acoustic
velocity perturbations in the injector and velocity-driven heat release rate fluctuations
near 200 Hz. No large changes are observed in the flame length or time-averaged flame
structure across the phase jump, indicating that the mean flow field remains unchanged.
Meanwhile, equivalence ratio fluctuations are generated 180 degree out of phase with the
acoustic velocity fluctuations in the nozzle. After travelling downstream, the phase of the
equivalence ratio fluctuations at the flame front depends on a convective time determined
by the mean flow velocity, flame length, and combustor geometry. The propagation of
equivalence ratio fluctuations is independent of the velocity-driven flame response
mechanism causing the phase jump, and the phase of the equivalence ratio fluctuations
remains unchanged. This causes a transition from constructive to destructive interference
between the flame response mechanisms, and results in a decrease in TPM gain after 200
Hz.

3.7 The Effect of Forcing Amplitude
In TPM flames, equivalence ratio fluctuations are coupled through velocity and
pressure fluctuations in the system. As velocity perturbations increase in amplitude, the
amplitude and relative phase of equivalence ratio fluctuations may also change. In this
section, the effect of velocity-forcing amplitude on FPM flame response is first
investigated, since any velocity-driven nonlinear effects will also occur in the TPM
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flame. Then, the effect of forcing amplitude is studied in the TPM case, to provide insight
into how velocity and equivalence ratio-driven flame response mechanisms interact, and
how this would affect the growth of a self-excited instability.
Results were obtained at the operating condition of 200 °C, ф=0.6, 20 m/s for
frequencies ranging from 100-400 Hz. Velocity fluctuation amplitudes were varied from
5% of the mean flow velocity, up to the maximum achievable forcing amplitude. The
maximum forcing amplitude depended on forcing frequency, and whether the system was
fueled TPM or FPM. Figure 3-15 shows the maximum forcing amplitude at the
frequencies tested, which was always obtained by closing the air bypass circuit and
directing all of the inlet air flow through the siren. To investigate nonlinear behavior,
fluctuation amplitudes on the order of the mean flow velocity are desired [8,12]. This was
satisfied at frequencies of 100-220 Hz, but not at 240 Hz and above.
200C, 20 m/s, φ=0.6
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Figure 3-15. Maximum achievable forcing amplitude
Although relatively high amplitudes were measured under FPM conditions at 100140 Hz, problems were encountered at these frequencies that have forced us to dismiss
the data. Two types of error can be quantified in these measurements. The first is random
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errors in the TMM and global PMT measurements, and the second is a systematic error
between TMM velocity fluctuation measurements in different nozzles. The systematic
error could be due to the pressure transducers responding differently, or nozzle to nozzle
differences in the fluctuations themselves. At the low frequency conditions of 100-140
Hz large nozzle-nozzle differences in the velocity fluctuation measurements were
observed. TPM data was not collected below 160 Hz, due to these nozzle-nozzle
differences. TPM data was not collected above 320 Hz, due to low forcing amplitudes
In the linear flame response regime, fluctuations in the rate of heat release
increase linearly with increasing perturbation amplitude, and the FTF gain is independent
of forcing amplitude. Figure 3-16 shows the chemiluminescence intensity-based gain and
phase for all amplitudes tested at 200 °C, ф=0.6, 20 m/s. For FPM fueling, this represents
the heat release rate response of the flame, or a flame-describing function.
Chemiluminesence intensity does not directly indicate heat release rate in the TPM tests.
Since adequate forcing amplitudes were not possible at some frequencies, the FDF does
not completely characterize the amplitude-dependent flame response over the frequency
range of interest. Nonlinear behavior was observed at several frequencies under FPM and
TPM conditions. In figure 3-16, nonlinear behavior is evident when amplitude data points
at a specific frequency show a large vertical spread, such as at the 200 Hz TPM
condition. The phase is well-behaved in the FPM case, with few points deviating from the
general behavior discussed in section (3.2) for the 5% case, a linearly decreasing trend
with a jump near the gain minimum. For technically-premixed intensity fluctuations, the
phase is shown to have a larger dependence on forcing amplitude.
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Linear regression models were fit to the chemiluminescence intensity fluctuation
vs. velocity fluctuation amplitude data to help identify nonlinear behavior. This was done
for the range of frequencies from 160-240 Hz, which is constrained by velocitymeasurement errors at lower frequencies, and too few data points (<4) at higher
frequencies. Adjusted coefficient of determination values were calculated from the leastsquared fit for each case.
U- V

1−

W X − 1)
% Y)

12)

Where SSE is the summed square of the residuals, SST is the sum of squares
about the mean, n is the number of points, and v is the number of degrees of freedom.
The adjusted-U V is useful when comparing models applied to data sets with different
numbers of data points. Results are shown in table 3-3 for FPM and TPM fueling. In the
linear regime, it is expected that a linear regression model could be applied to
chemiluminescence intensity fluctuation vs. velocity fluctuation amplitude data with an
adjusted-U V value near unity. Lower values are expected for frequencies where nonlinear
behavior occurs. Conditions highlighted in red showed strong evidence of nonlinear
behavior, and will be examined in detail.

F [Hz]
160
180
200
220
240
FPM
0.9929 0.8414 0.9884 0.9954 0.9094
TPM (I) 0.9421 0.974
0.8832 0.8602 0.8982
Table 3-3. Adjusted R-squared values of linear regression for I’/I vs. u’/u
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Figure 3-16. 200 °C, ф=0.6, 20 m/s: Flame-describing function gain (left) and
phase (right). Note that TPM values are based only on chemiluminescence intensity
For FPM fueling, nonlinear flame response was observed at 180 Hz and 240 Hz.
Figure 3-17 shows the global heat release rate fluctuation and linear fits, vs. forcing
amplitude, for the cases that showed nonlinear behavior. Distinct saturation of the flame
response was observed after 10% forcing at 240 Hz. At 180 Hz, there is an increase in
slope at 55% that follows a decrease beginning at 45%. Similar nonlinear behavior was
observed in FPM flame response by Thumuluru and Lieuwen [55]. The authors attribute
positive and negative inflections to the superposition of multiple response mechanisms
driven by flow field oscillations and flame stabilization.
Under TPM conditions, where chemiluminescence intensity does not directly
indicate heat release, the relationship between intensity fluctuations and the amplitude of
the forced velocity fluctuations was nonlinear at all frequencies. Distinct saturation of the
intensity fluctuation is observed at frequencies from 180-240 Hz. At 160 Hz, saturation is
observed after 30%, but it is followed by a slight increase in slope after 45%.
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Figure 3-17. 200 °C, ф=0.6, 20 m/s: measurements with nonlinear behavior
Under FPM conditions, saturation can be caused by the individual saturation of
flame response mechanisms, or a change in phase resulting in out-of-phase interference
between

mechanisms

[48,

49].

Figures

3-18

and

3-19

show

line-of-sight

chemiluminescence images over a forcing cycle for the 240 Hz case at 5% and 22.5%,
respectively. These images represent the local heat release rate of the flame.
In figure 3-20, local amplitude and phase of the heat release rate fluctuation are
shown. These images show that the location and phase of the downstream fluctuations,
which dominate the flame response, remain mostly unchanged, indicating the mechanism
causing these fluctuations is present at the higher amplitude. At 22.5%, relatively smaller
fluctuations are occurring in upstream regions of the flames. Larger fluctuations are
observed in between the nozzle jets in the upstream portion of the image. These
fluctuations are approximately 90 degrees out of phase with the downstream fluctuations,
and may account for part of the global saturation trend that is observed.
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Figure 3-18. FPM, 200 °C, 20 m/s, ф=0.6: line-of-sight images over one forcing cycle
240 Hz, 5%
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Figure 3-19. FPM, 200 °C, 20 m/s, ф=0.6: line-of-sight images over one forcing cycle
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Figure 3-20. 200 °C, 20 m/s, ф=0.6, 240 Hz: Line-of-sight local heat release rate
fluctuation amplitude (top) and phase (bottom)
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At the range of frequencies considered in this study, equivalence ratio
perturbations, and the heat release rate fluctuations they cause, are in-phase [7]. Thus, the
saturation trends observed at certain TPM frequencies, but not at the same FPM
frequencies, could be due to saturation of equivalence ratio flame response
mechanism(s). Alternatively, increasingly out-of-phase behavior between equivalence
ratio and velocity contributions could also be occurring, causing destructive interference
of heat release rate fluctuations. The reverse-reconstruction analysis was applied to
reconstruct the heat release rate fluctuation at the TPM conditions, identify nonlinear
behavior, and explain it in terms of mechanistic interactions. Figure 3-21 shows FPM and
reconstructed TPM heat release rate gain and phase, vs. forcing amplitude. Table 3-4
shows the adjusted r-squared statistics. TPM gain values are now comparable to the FPM
values, and the vertical spread of the data is generally reduced.
F [Hz]
160
180
200
220
240
TPM (Q) 0.9799 0.8755 0.982
0.9891 0.9166
Table 3-4. Adjusted R-squared values of linear regression for Q’/Q vs. u’/u
200C, 20 m/s, φ=0.6
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Figure 3-21. 200 °C, ф=0.6, 20 m/s: Flame-describing function gain (left) and
phase (right), based on heat release rate
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Figure 3-22 shows the global heat release rate fluctuation and linear fits, vs.
forcing amplitude, for the TPM case. Compared to the FPM case (blue), the TPM flame
(red) at 160-200 Hz exhibits a larger heat release rate fluctuation for a given velocity
perturbation amplitude. At higher frequencies, the TPM gain is lower than the FPM gain
for high amplitudes. At 180 Hz, the heat release rate saturates after a 35% forcing
amplitude is reached. For the 160 Hz case, it appears that saturation is occurring after

Heat release rate fluctuation Q`/Q

35%, but this is followed by an increase in slope after 45%.
TPM: 200C, 20 m/s, φ=0.6
0.5
0.4
0.3
0.2
0.1
0
0

160 Hz
180 Hz
200 Hz
220 Hz
240 Hz
0.2
0.4
0.6
0.8
Velocity fluctuation u`/u

Figure 3-22. 200 °C, ф=0.6, 20 m/s: reconstructed TPM heat release rate fluctuations
Chemiluminescence images have limited value in the TPM case, since they do not
indicate the local rate of heat release. To investigate possible mechanistic reasons for the
saturation behavior exhibited in the TPM data, we will consider the flame response
contributions due to velocity and equivalence ratio fluctuations.
Using the same reverse-reconstruction analysis procedure as presented in section
(2.4), figure 3-23 shows the reconstructed TPM response and its contributions, at 160 Hz.
In the gain plot, a constant gain indicates a linear response, while a negative slope
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indicates saturation. The top plot shows that saturation in the TPM gain after 35% forcing
corresponds to saturation of the
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component.

TPM: 200C, 20 m/s, φ=0.6, 160Hz
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Figure 3-23. 200 °C, ф=0.6, 20 m/s, 160 Hz, TPM: flame response contribution
components gain (top), phase (bottom left), phase difference (bottom right)

At this condition, the response components are generally in-phase, with phase
differences of less than 45 degrees for all amplitudes. The phase difference decreases for
the amplitudes where saturation occurs and increases again when the gain levels off
above 50%. If saturation was due to phase differences between velocity and equivalence
ratio flame response mechanisms, the opposite behavior would be observed. It can be
concluded that the saturation behavior of the TPM gain is due to saturation of the
equivalence ratio fluctuation at the flame. The increase in response after 50% is due to an
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increase in the flame response to velocity fluctuations, possibly due to the triggering of a
new flame response mechanism or the strengthening of an existing mechanism.
Figure 3-24 shows the TPM FTF and its components for 200 Hz. This frequency
is significant because it represents the gain minimum of the FTF for all tested amplitudes
at this condition. In this case, the TPM gain increases until an amplitude of 25% is
reached, then decreases to the maximum achievable amplitude of 50%. The velocity
contribution to the TPM response increases with amplitude up to 30%, before leveling
off. The equivalence ratio contribution shows strong evidence of saturation after 20%.
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0.5
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Figure 3-24. 200 °C, ф=0.6, 20 m/s, 200 Hz, TPM: flame response contribution
components gain (top), phase (bottom left), phase difference (bottom right)
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At 5% forcing amplitude, the two components are out of phase. The phase
difference between the components decreases with increasing amplitude, and at 50%, the
components have a phase difference of only 15 degrees. The TPM gain at low amplitudes
is dominated by heat release rate fluctuations due to equivalence ratio fluctuations. The
increase is gain up to 20% is due to both to nonlinear strengthening of the response to the
velocity field, and a transition from destructive to constructive interference between the
velocity and equivalence ratio mechanisms.
An interesting phenomenon is observed at 220 Hz. As shown in figure 3-25,
despite strong saturation of
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after only 15% forcing amplitude, the TPM

response shows nonlinearly increasing gain behavior from 5% to 35% forcing amplitude,
before showing weak evidence of saturation after 35%. This behavior can be attributed to
a steady decrease in the phase difference between components, from 160 degrees at 5%
to 95 degrees at 35%. At low amplitude, heat release rate fluctuations due to velocity and
equivalence ratio perturbations, interfere destructively. This behavior transitions to
constructive interference at higher amplitudes up to 35%. At the highest amplitudes of
35% to 45%, the phase difference between components is approximately constant, while
the equivalence ratio fluctuation response continues to saturate, slightly decreasing the
TPM gain.
One common trend observed among all of the TPM results presented is the
saturation of the heat release rate fluctuations produced in response to equivalence ratio
fluctuations. The saturation of equivalence ratio fluctuations at the flame is one possible
explanation for this behavior. Figure 3-26 shows the relationship between velocity
fluctuations and the mean equivalence ratio fluctuations at the flame, calculated with the
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reverse-reconstruction technique. For 240 Hz, the equivalence ratio fluctuations at the
flame are comparable to the velocity fluctuation, increasing linearly up to about 15%,
where the slope lessens and then decreases. For the other frequencies shown, equivalence
ratio fluctuations grow linearly with velocity fluctuation amplitude with a lesser slope
than in the 240 Hz case, before saturating after 15-30 % velocity amplitude. Below 20%,
the equivalence ratio fluctuation amplitudes are smaller than the velocity fluctuation
amplitude by factors of 1.5 to 2.5.
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Figure 3-25. 200 °C, ф=0.6, 20 m/s, 220 Hz, TPM: flame response contribution
components gain (top), phase (bottom left), phase difference (bottom right)
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TPM: 200C, 20 m/s, φ=0.6
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Figure 3-26. 200 °C, ф=0.6, 20 m/s, TPM: Calculated equivalence ratio fluctuation at the
flame
If equivalence ratio fluctuations were generated only by velocity fluctuations in
the nozzle, their amplitude at the flame should be significantly attenuated, due to mixing
processes [16]. The exceptionally large equivalence ratio fluctuation amplitudes at 240
Hz suggest that pressure fluctuations are interacting with the fuel injector. These results
can be compared to results from the literature. Kim et al. [48] measured equivalence ratio
fluctuations in the injector with an IR absorption measurement, and observed linear
behavior with velocity fluctuations in the range of 0-30%, as shown in figure 3-27. The
amplitude of the equivalence ratio fluctuations was an order of magnitude lower than the
velocity fluctuations, which was attributed to mixing between the injector and the flame.
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Figure 3-27. Technically-premixed equivalence ratio fluctuation amplitude,
from Kim et al. [66]

Assuming equivalence ratio fluctuations between the injector and flame front
behave as 1-D convective waves and characteristic flame length does not change, it is
expected that the phase of equivalence ratio fluctuations is not affected by the amplitude
of the acoustic velocity fluctuations. However, in reality, equivalence ratio fluctuations
can interact with the velocity field of the combustor. The flowfield of the combustor will
feature coherent structures, and the location of the flame front moves periodically. For
example, a vortex convecting downstream could entrain regions of reactants where the
equivalence ratio is leaner or richer than the mean, and affect the time delay before those
reactants are ignited.
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Chapter 4. Conclusions

4.1 Conclusions
A study of flame response was conducted in a technically-premixed multi-nozzle
experiment, representative of a realistic gas turbine can combustor. Using
chemiluminescence measurements as inputs to a MISO model, the TPM flame response
was calculated, and results were compared to FPM flame response measurements. It was
found that the presence of equivalence ratio fluctuations in TPM flames can result in
increased or decreased FTF gain, compared to FPM case. This was shown to depend on
the relative magnitude and phase of the heat release rate fluctuation contributions due to
velocity and equivalence ratio fluctuations. Velocity and equivalence ratio fluctuations
are related through the acoustics of the combustor, injector, and fuel line. Constructive
interference phenomena and higher TPM FTF gain was observed at low frequencies,
while destructive interference and lower gain was seen at the higher frequencies. An
explanation was proposed for the TPM flame response behavior, based on the interaction
of flame response mechanisms.
The effect of forcing amplitude on flame response under TPM and FPM
conditions was also studied. Nonlinear behavior was observed at several forcing
frequencies as the velocity perturbation amplitude was increased up to 75% of the mean
in some cases. Saturation of the rate of heat release occurred at several of the TPM and
FPM conditions tested. The amplitude of equivalence ratio fluctuations and their phase
relative to velocity fluctuations both affected flame response in the TPM case. Saturation
of the equivalence ratio fluctuation at the flame was observed, causing saturation of heat
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release rate at several TPM conditions. However, in other cases, the phase difference
between velocity and equivalence ratio fluctuations decreased with increasing forcing
amplitude, causing a nonlinear increase in the rate of heat release.
The reconstructed TPM flame response results presented herein exemplify results
that would be invaluable for the predictive modeling of combustion instabilities in a gas
turbine system. It is the author’s hope that attention will be paid to the importance of
equivalence ratio fluctuations in studying dynamics and instability in many types of
practical combustion systems.

4.2 Future Work
This work presented in this thesis is the first known study of flame response in a
gas turbine system with multiple nozzles and TPM fueling. Future work should continue
to address dynamics and flame response in practical configurations, to elucidate the
physical phenomena causing combustion instability in industrial systems. Fundamental
studies of simplified configurations also remain important, since specific processes can
be isolated, and studied individually.
Significant work is currently being undertaken to understand the role of flame
interaction on combustion dynamics in multi-nozzle systems. These studies should
continue to progress to include the nonlinear response regime, where flame interaction
may be a contributing mechanism of nonlinearity.
Measuring the rate of heat release under TPM conditions remains as the biggest
challenge for studying flame response in practical systems. The techniques applied
throughout this thesis provide invaluable results, but additional validation could be
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performed. In the multi-nozzle experiment, adding the capability to produce and measure
forced equivalence ratio perturbations would be helpful for further validating the results.
The application of laser diagnostics, the simultaneous measurement of multiple
chemiluminescent species, and acoustic methods should also be further investigated.
Besides having multiple nozzles and TPM fueling systems, industrial gas turbine
systems have other features that that distinguish them from most laboratory-scale
experiments. Industrial systems are operated at high mean pressures of up to 20 atm.
Experiments should be performed at elevated pressures to determine the effect this may
have. For the results presented throughout this thesis, each nozzle was supplied with the
same amount of fuel. Operating strategies of multi-nozzle systems may involve supplying
different amounts of fuel to individual nozzles, to decrease the lean-blowoff limit and
operate at a lower global equivalence ratio. The effect of this fueling strategy on
dynamics and flame response should be further investigated. Some preliminary results are
shown in the appendix.
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APPENDIX

A.1 Repeatability of results
Since the multi-nozzle test facility does not have the capability to directly
measure heat release rate or equivalence ratio fluctuations, the reverse-reconstruction
results presented throughout this work have not been validated in this particular system.
As previously mentioned, the technique was validated by [19] by reconstructing the
chemiluminescence response of a TPM flame, in a single-nozzle test rig using the same
GE15 injector. Demonstrating the repeatability of the measured and inferred results from
measurements collected at the same condition on different days presents a first step
towards validation in the multi-nozzle experiment. For measurements collected during
testing sessions approximately one month apart, figures A-1 and A-2 show results for the
measured FPM FTF and calculated TPM FTF gain, respectively. Good agreement is
observed in both gain and phase, capturing all of the minima, maxima, and trends. Note
that on 10/18/2013, measurements were collected only up to 360 Hz, due to technical
issues with the DAQ system.
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Figure A-1. 200 °C, 20 m/s, ф=0.6, FPM FTF
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Figure A-2. 200 °C, 20 m/s, ф=0.6, reconstructed TPM (Q-based) FTF

A.2 Over-fueling of Nozzles
Practical fueling strategies employed in the operation of gas turbine combustors
may involve supplying different amounts of fuel to individual nozzles in a multi-nozzle
system. This was investigated briefly. Due to the limitations of our measurement
techniques, the effect of this fueling strategy on stability and flame response could not be
assessed. The multi-nozzle experiment has the capability to supply variable amounts of
fuel to different nozzles only under TPM conditions. The equivalence ratio field will have
a 2-D distribution, violating an assumption of the reverse-reconstruction method.
Figure A-3 shows shows chemiluminescence images of stable flames with
different amounts of fuel supplied to the middle nozzle. Figure A-4 shows
chemiluminescence intensity-based flame transfer functions for an over fueled TPM case,
along with a uniformly-fueled TPM and FPM cases for comparison.
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Figure A-3. 200 °C, 20 m/s, outer nozzles ф=0.6, middle nozzle enriched
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Figure A-4. 200 °C, 20 m/s, ф=0.6, over-fueled and uniformly-fueled intensity-based
FTF
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