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ABSTRACT

Buschhagen, Timo Ph.D., Purdue University, May 2020. Self-Excited Instability Regimes
of Confined Turbulent Premixed Jet Flames. Major Professor: Carson D. Slabaugh.

The demand for more efficient and cleaner terrestrial gas turbine engines for energy

generation has accelerated with stringent emission regulations. Most terrestrial gas tur-

bine engine configurations utilize lean premixed jet stabilized flames for energy extraction.

These highly turbulent flames provide the necessary thermal power densities and low NOx

emissions but are prone to combustion instabilities. This work studies the stability of a

canonical premixed turbulent jet flame to changes in operation condition at elevated pres-

sure. The underlying coupling mechanisms leading to the excitation of different modes are

of interest. Different fuel injection schemes are considered, to delineate the influence of

system coupled excitation and flow field intrinsic mechanisms that lead to self-excitation

of longitudinal and transverse modes in an axisymmetric jet flame.

The fundamental longitudinal mode sensitivity to operation conditions was investigated

in a technically-premixed configuration, for which the fuel injector is exposed to the system

dynamics. Global equivalence ratio fluctuations (φ ′) paired with flame-vortex interactions

were observed to sustain the 1L mode, for which leaner operating conditions lead to an

increase of the limit-cycle amplitude.

To solely focus on the shear layer dynamics involved in the feedback loop of the 1L

instability a “fully-premixed” configuration (FPC) of the combustor was designed. The

elimination of potential φ ′ lead to the excitation of longitudinal as well as transverse, and

spinning modes, which can be associated with specific burner operation envelope regions.

1L mode coupled flame dynamics indicate axisymmetric emission patterns in OH∗ emis-

sion imaging corresponding to axisymmetric instabilities in the shear layer. Transverse

modes correlate with an asymmetric shear layer roll-up process and a flapping motion of
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the flame. Spinning modes are characterized by high levels of limit-cycle amplitude and a

single wave is observed that travels in the annulus of the recirculation zone. From the high

speed imaging an azimuthal wave speed of up to 90% of the Chapman-Jouguet velocity for

the natural gas - air mixture is computed.

The transverse mode is found to be sensitive to changes in chamber pressure and in-

jector velocity. For a baseline injector velocity at which 1T mode excitation occurs, an

increase in system pressure lead to an increase of the 1T mode amplitude. The 1T mode

excitation is found to be sensitive to the injector velocity, where the highest amplitude are

observed for a Strouhal number band of 1.6-1.7 based on the injector diameter.

A linear stability analysis (LSA) of the underlying base flow field is performed in order

to assess if the underlying shear layer instability modes determine the selection of the

instability regime for a given flame condition. Two flow perturbation modes are supported

by the flow field, Mode 1 is associated with the recirculation zone domain, where preferred

mode frequencies favors coupling with longitudinal acoustics chamber modes. Mode 2

resides in the mixture jet, for which preferred mode frequencies match local 1T acoustic

eigenfrequencies of the chamber. It is found that for 1T mode dominated operation cases,

the recirculation zone associated mode is stabilized leading to to the excitation of the 1T

mode in the injector near field. For operation cases showing predominantly longitudinal

combustion instability, the recirculation zone mode (Mode 1) shows elevated growth rates

in the injector near field paired with preferred frequencies that are compatible with the

longitudinal acoustic eigenmodes.

These observations indicate that the preferred shear layer perturbation modes impact

the selection of the combustion instability regime for a given flame operation condition.

These results can be utilized to build a model framework for the design of jet flame type

burners, to avoid geometries and operation regions that show a high potential for transverse

mode excitation by the underlying flow field.
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1. INTRODUCTION

The demand for more efficient and cleaner terrestrial gas turbine engines for energy gen-

eration has accelerated with stringent emission regulations. While the goal is the complete

transition to sustainable and renewable energy sources, fossil fuel based power generation

will continue to serve as a buffer source during times of high energy demand. Natural-

gas based gas turbine power plants are preferred over coal fired plants for that purpose,

due to their relative lower emissions and shorter ramp-up times. Most terrestrial gas tur-

bine engine configurations utilize lean premixed jet stabilized flames for energy extraction.

These highly turbulent flames provide the necessary thermal power densities and low NOx

emissions but are prone to combustion instabilities. Combustion instabilities emanate from

the resonant coupling between heat release, acoustics, and hydrodynamics in the combus-

tor resulting in high-amplitude pressure oscillations. The growth of these oscillations can

eventually reach large enough amplitudes to cause significant hardware damage.

The identification of coupling mechanisms leading to these dynamics and their miti-

gation has been subject of intense research, in which most experimental work has been

conducted in combustors operating close to atmospheric pressure. However, in order to

investigate the coupling processes relevant for practical combustors, the experimental con-

figuration needs to replicate the multi-scale characteristics of the reacting flow field present

in actual engines. For this purpose an optically accessible, natural gas fueled, high pressure

model combustor has been designed. The single element combustor VIPER-S operates at

jet Reynolds numbers of 5·105 and thermal powers of about 1.4 MW. Strong fundamen-

tal longitudinal instability behavior was observed for a technically-premixed configuration

(TPC) of the combustor, in which equivalence ratio fluctuations and flame-vortex interac-

tions act to drive and sustain combustion instabilities in the combustor. A fully-premixed

configuration (FPC) of the combustor was designed to eliminate potential equivalence ratio

fluctuations in the system and restrict the study of instabilities in the combustor to flame-
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vortex interactions. In this configuration, in addition to longitudinal mode instabilities,

high frequency transverse modes were observed. The dominant chamber modes were ob-

served to be a function of the mixture temperature and equivalence ratio. High amplitude

transverse modes were excited at particularly lean conditions, whereas richer flame opera-

tion resulted in low amplitude longitudinal dynamics. A first study revealed a connection

between hydrodynamic perturbation modes of the jet shear layer and the type of chamber

instability mode.

1.1 Combustion Instability And Jet Flames

The broad range of spatiotemporal scales present in turbulent jet-stabilized premixed

flames make them susceptible to combustion instabilities through resonance with cham-

ber acoustic frequencies. Fundamental insight into transverse instabilities in gas turbine

combustors has been primarily gained through studies in canonical atmospheric or moder-

ate pressure combustors with low thermal power densities that are accessible to laboratory

scale operation and detailed diagnostics [1, 2]. These canonical investigations have pro-

vided fundamental insight to thermoacoustic interactions under laboratory settings. Com-

plex chamber geometry, high flame-power density, and pressure found in actual engines

however alter the turbulent scales involved in driving combustion instabilities. Therefore

an accurate reproduction and scaling of these conditions is beneficial to assess coupling

mechanisms at realistic levels of turbulence that drive high frequency multi-kHz instability

modes that often result of the interaction between the turbulent flame and hydrodynamic

processes [3].

Transverse instabilities in air-breathing combustors are often encountered in multi-

injector combustor configurations through inter-element flame interactions. These have

also been reproduced in single-injector configurations through external excitation using

acoustic drivers or periodic forcing of the fuel-supply [4]. Such studies aid both, fur-

ther understanding of the problem as well as the development of predictive capabilities

for combustion dynamics through detailed and low-order computational models. Hum-
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mel and Berger characterized a traveling 1T mode in a swirl-stabilized atmospheric burner,

in which flame displacement and reaction zone deformation is shown to couple with the

acoustic field of the burner leading to a sustained limit cycle [5, 6]. Self-excited transverse

combustion instability in a jet-stabilized flame was investigated by Buschhagen et al [7]

in a natural gas fueled combustor at 7 bar. The presence of high frequency dynamics was

observed to be correlated closely with an asymmetric vortex shedding mode near the com-

bustor dump plane. Longitudinal instability modes were dominant in the absence of this

asymmetry.

Elevated power densities of rocket-type combustors paired with the extended range of

spatiotemporal scales found in these flows compared to gas turbine type combustors, lead

to an increased range of acoustic modes that can be excited by hydrodynamics interacting

with the reaction layer. Studies in a gaseous methane fueled single-element shear-coaxial

injector combustors demonstrated the effect of the inlet length on the excited longitudinal

dynamics [8, 9]. Computational studies of this experiment showed that the unstable opera-

tion is connected to a periodic interruption of the fuel supply, caused by compression waves

reflected from the sonic boundaries of the combustor inlet and outlet. The resulting periodic

flame detachment and reignition of reactants downstream of the dump plane where classi-

fied into a post coupled and vortex convection mode. A change in the inlet length hereby

altered the longitudinal system mode shape, which leads to distinct reignition processes

of the unburned fuel causing the instability [10]. A non-stationary fundamental transverse

mode in a single element liquid oxygen/methane propelled rocket combustor has been in-

vestigated in studies conducted at DLR [11]. The behavior of the transverse mode was

characterized based on the comparison of the experimental data with analytical solutions

of acoustic modes in circular ducts. A preferred orientation of the transverse mode was

found to be linked to a combustor asymmetry.

Jet-stabilized combustor configurations are characterized by a simple geometry, reliable

scalability, high fuel flexibility and low levels of NOx emissions at high process temper-

atures, thus providing a strong alternative to swirl-stabilized configurations for terrestrial

power generation [12–17]. The minimization of low velocity regions reduce the potential
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for flashback and the high velocity (u jet > 100 m/s) fuel-air mixture jets inhibit high axial

momentum that yield strong levels of combustion product recirculation and thus a reliable

flame stabilization mechanism. Vortices shed from the backward-facing step of the com-

bustor significantly affect the degree of mixing and transport of fresh reactants into the

combustion zone, which in turn modulates the heat release rate. Large scale vortices lead

to bulk modulation of the flame, such as flame-front stretching, whereas smaller scales in-

fluence the mixing processes between product gases, originating in the recirculation zone,

and incoming reactants and thus promote ignition. These scales are strong functions of the

reactant jet velocity, local temperature and density which in turn are coupled to local pres-

sure oscillations, representing the complex feedback loop leading to the natural propensity

of these flames to unstable behavior [1, 18].

1.2 Hydrodynamic Instabilities in Round Jets

Hydrodynamic instabilities within the complex flow fields found in practical combus-

tors are a fundamental link between pressure and heat release perturbations, as velocity

perturbations interact with the reaction layer and can induce local fluctuations in energy

release through flame surface alteration. As a major part of the reaction zone is located in

the shear layer that forms between the recirculating region and the jet potential core, the

flame is subject to the inherent instabilities of the confined jet flow. Eddies and subsequent

larger coherent structures forming in the shear layer downstream of the sudden expansion,

modulate the transport of heat, mass, and momentum within the reaction zone and lead

to fluctuations in the flame heat release. The interaction between these turbulent flame

processes and the resonant acoustic field are often linked through hydrodynamic character-

istics of the flow, which are strong functions of velocity, temperature, and density. Local

pressure oscillations in turn influence the gas properties which closes the complex feed-

back loop leading to the natural propensity to unstable behavior of turbulent flames. An

asymmetry in the flow field promotes spatial asymmetries in the distribution of local heat

release, which has the potential to drive transverse instability modes [19–25].
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Jets develop instabilities in the mixing or shear layer generated between the jet itself

and its environment. The axial growing shear layer structure acts like a waveguide in which

initial disturbances can evolve into different types of instability modes that travel around

the potential core of the spreading jet. These jet modes are characterized by their azimuthal

wavenumber m, that describes the periodicity in the azimuthal coordinate.

The most unstable modes are the fundamental axisymmetric (m = 0) and helical modes

(m =±1), from which only one dominates the shear layer in the jet near field. The spatial

mode of disturbances inherent in the pressure field close to the nozzle lip dictate the initial

jet mode selection. Planar disturbances evolve into an axisymmetric jet mode, whereas

azimuthal disturbances generate asymmetric modes. Random mode switching is observed

when stochastic disturbances are present. The counter-rotating helical modes (m =+1 and

m =−1) show essentially identical stability behavior, such that the a superposition of these

modes is more likely to observe than a single helical mode instability. If both helical modes

occur at the same frequency and amplitude, a flapping mode results, which is also consid-

ered as a fundamental mode. Forcing and superposition of all three fundamental modes

leads to a bifurcating, trifurcating or blooming jet, where the generated vortices travel on

distinct branches leading to spreading angles of up to 80◦. Mixing and entrainment be-

havior of the jet differ substantially between the fundamental modes, where helical modes

disintegrate over a shorter streamwise distance and thus transfer energy towards smaller

turbulent length scales more efficiently compared to axisymmetric modes [26].

A study of Worth [27] showed that the shear layer of a round jet centered at the nodal

line of a forced transverse pressure field is dominated by a flapping motion in the nozzle

near field. The pressure field phase change over the nodal line introduces an asymmetry in

the velocity field at the nozzle plane that leads to a periodic asymmetric shear layer roll-up.

This process generates two vortex rings for a forcing cycle that are inclined about the jet

axis at opposed angles. While convected downstream by the mean flow, the vortex rings

induce a velocity field upon each counterpart, forcing them to incline further towards the

jet axis. This process leads to strong interaction between the vortex rings and rapid break

down, causing an increased jet spreading rate compared to axisymmetric forcing.
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Single mode characteristics can be assessed through linear stability analysis of the jet

mixing layer [28]. In general the jet shear layer becomes more stable with growing axial

distance from the ejection plane, as the shear layer growths in width and the flow gradients

relax. For lower frequency regions the azimuthal instability (m = 1) shows consistently

larger growth rates compared to the axisymmetric mode, whereas for the higher frequency

the opposite is true. The critical frequency for which the dominant mode switch occurs

is increasing in the streamwise direction. An increase in jet Mach number leads to a sta-

bilization of both modes and mitigation of higher frequency oscillations, with the helical

mode being less affected than the axisymmetric mode. A confined jet is subject to a coaxial

flow generated by the recirculation zone, which can be estimated as U∞ = 0.22 ∗U0 [29].

Both modes are stabilized with increasing external flow magnitude, whereas the range of

unstable frequencies is extended.

Lrec

Lf

djet U0

Figure 1.1. Recirculation zone schematic and convective transport of tur-
bulent fluid pockets, adapted from [29]

The recirculation zone generated around the confined jet plays an important role in the

flame stabilization process, as it transports hot products towards the reaction zone and thus
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promotes the ignition of incoming reactants. The spreading angle of a fully turbulent jet

(Re = ρU0D/µ > 4000) is constant and estimated at ≈ 20◦ [29], thus the extent of the

recirculation zone (Lcirc) or the location of flow reattachment is only a function of the step

height H. As the jet spreads in diameter in the streamwise direction a positive pressure

gradient towards the jet nozzle is generated. Fluid particles located in the outer shear layer

region are redirected at the stagnation or reattachment point and flows upstream due to that

pressure gradient. Simultaneously the jet entrains fluid out of the created cavity, causing

a pressure gradient towards the jet axis and ultimately the circular motion. Recirculation

zones have been shown to undergo self-sustained oscillation, for which the actual reat-

tachment location fluctuates. The observed oscillation frequency of this periodic motion is

about two orders of magnitude lower than the preferred jet mode, which is usually found

in the region of St = f D/U0 = 0.3...0.5.

1.2.1 Linear Stability Analysis

Spatiotemporal linear stability analysis (LSA) has been successfully applied to deter-

mine the stability characteristics of complex flow fields, in which a distinction is made

between convectively (CU) and absolutely (AU) unstable flows. CU flows feature pertur-

bations that grow downstream of an initial impulse in space and time, but decay at the point

of initial impulse. In contrast, AU modes do not decay in time at the point of impulse and

have the potential to contaminate the whole flow field, if the absolutely unstable region

is sufficiently large, yielding a global mode with a behavior comparable to a self-excited

oscillator. [30, 31, 31, 32].

Juniper [33, 34] performed LSA of planar and round jet/wake flows and assessed the

effect of flow confinement, velocity ratio Λ, and density ratio S between the inner and outer

flows. Two instability modes in these type of flows are found, where the first mode is

associated with the instability of the shear layer itself, characterizing the roll-up process

due to the velocity difference between the inner and outer fluid layers with axial wave

numbers that scale with the local shear layer width. The second mode is associated with
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the bulk motion of the jet/wake at larger axial wavelength compared to mode 1, which

leads to bulging (m = 0), spiraling (m = ± 1) or flapping (combined m = + 1 and m =

− 1) of the jet/wake body depending on the involved azimuthal wave numbers m. The

shear layer instability (mode 1) in round jets is usually absolutely unstable for counter-flow

configurations (except for S > 2), whereas for co-flow configurations this mode is never

absolutely unstable. Mode 2 is more sensitive to changes in Λ and S leading to complex

stability maps in this parameter space. The bulk motion of the jet/wake (mode 2) is seen to

manifest as the fundamental mode (modes with zero group velocity, i.e. the wave behavior

at a fixed location) of the inner flow and the contrary is found for strongly confined flows.

At intermediate confinement levels, the fundamental modes of bulk motion of the inner

and outer flow interact and are seen to generate combined modes due to resonance if their

wave numbers are compatible, generating a standing wave. These flows are particularly

unstable, whereas flows with larger wave number separation in the inner and outer regions

are generally more stable.

LSA applied to combustion instability problems can help to elucidate the nature of the

underlying coupling mechanisms, where the concepts of convective and absolute flow in-

stabilities are employed [35–37]. Often instability modes are readily assigned to acoustic

eigenfrequencies of the combustor geometry, for which the acoustic field of the enclosed

flow field resonates due to the synchronization of acoustic perturbations and heat release

fluctuations, which result from alterations of the reaction layer by hydrodynamic perturba-

tions. The existence of modes with frequencies that are non-acoustic points to the presence

of an AU global mode of the flow, for which the flow field itself acts as a resonator. Both

scenarios can be achieved by convective and absolute flow instabilities. AU modes are

self-sustained hydrodynamic oscillations that in turn yield heat release fluctuations due to

flame-flow interaction, which result in pressure oscillations at the global mode character-

istic frequency, given that the acoustic field does not provide sufficient damping at that

frequency. AU flows with characteristic frequencies similar to combustor acoustic eigen-

modes generate high amplitude limit-cycle behavior. CU flows readily amplify flow per-

turbations over a wide range of frequencies, though a preferred frequency exists for which
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the downstream amplification is maximum. If the preferred frequency is similar to natural

acoustic resonance of the combustor, the flow-acoustic coupling sustains the convective in-

stability, yielding synchronized heat release fluctuations that in turn provide energy to the

acoustic field.

Ghoniem et al. summarized evidence for the existence of AU global modes in shear-

stabilized premixed combustion systems [35]. Focusing on a backward-facing step config-

uration, a global mode was identified that characterizes the shedding of coherent vortices

and the subsequent pairing of these in the region of recirculating flow, that exists for lean

and near stoichiometric operation points. The frequency of this process is a function of the

downstream distance of the sudden expansion, from where the Strouhal number decreases

from St = f H/U = 0.3 to 0.083 halfway through the recirculation zone length. This transi-

tion in frequency is paired with a growth in amplitude of the corresponding hydrodynamic

fluctuations, starting from the center of the recirculation zone to the point of flow reat-

tachment, from where the amplitude decays in the downstream direction. An isothermal

LSA at several axial locations of the base flow obtained from a numerical simulation for

this configuration revealed that the most unstable mode, which is the wake/recirculation

zone mode associated with the vortex shedding/pairing process described above, is AU

from the center of the recirculation zone to the point of flow reattachment. The mode is

CU downstream of the reattachment point and in the near field downstream of the sudden

expansion. The frequency of the mode was found to be constant within the range of abso-

lute instability, corresponding to the characteristic global mode frequency St = 0.083. A

subsequently performed LSA with analytical velocity and temperature profiles, allowed to

assess the mode sensitivity to the magnitude of back-flow, the shear layer thickness, tem-

perature ratio and offset between maximum shear stress and temperature inflection point.

High back-flow magnitudes paired with small shear layer thicknesses were found to support

a CU to AU transition of the global mode. Small flame-shear offsets, the distance between

the maximum of shear stress and the temperature inflection point, paired with low temper-

ature ratios were found to support absolute instability, explaining the suppression of the

AU mode for intermediate equivalence ratios. The flame-shear offset increases with down-
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stream distance, as the center of the shear layer slopes towards the containment wall while

the reaction layer moves towards the jet center while consuming the mixture. The flame-

shear offset also increases with equivalence ratio, as the reaction layer is able to anchor

in higher velocity regions due to the increased turbulent flame speed. Large flame-shear

offsets paired with high temperature ratios also showed to support AU modes, where these

parameter combinations are associated with locations downstream of the recirculation zone

in stoichiometric mixtures, consistent with the experimental observations.

Manoharan et al. [37] performed a similar study on a modeled base flow for a backward-

facing step configuration, yielding similar results for the affect of back-flow magnitude

and shear layer thickness on the transition from CU to AU for the most unstable mode,

which they associate with the Kelvin-Helmholtz instability in the shear layer. A collocation

of the inflection points within the density and velocity profile was found to suppress an

AU mode and a positive/negative displacement was found to decrease/increase the mode

growth rate, representing the reaction layer moving towards the jet center or recirculation

zone respectively. The interaction of the velocity perturbations and the base flow vorticity

gradient was found to be responsible for the Kelvin-Helmholtz instability and the vorticity

production due to baroclinc mechanisms either further amplifies or dampens the mode,

depending on the location of the reaction layer relative to the shear layer center.

Oberleithner et al. [38] applied spatiotemporal LSA to an atmospheric swirl-stabilized

flame and studied the influence of the flame shape on the existence or suppression of a

precessing vortex core (PVC) located in the shear layer separating the inner recirculation

zone from the annular swirling jet. Here the density profile associated with the different

flame shapes studied was found to determine if the global flow field mode related to the

presence of the PVC is AU or CU. An detached flame, leading to a more homogeneous

density field close to the burner inlet allows for the AU mode and the PVC is present, for

an attached flame the strong gradients in the density field dampens the mode and no PVC

forms. Turbulence models used to close the viscous incompressible Navier-Stokes equation

system used for the study were found to influence the growth rate predictions, although the

frequency prediction was found to be independent of the closure method.
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Paredes et al. [39] compared the predictive capabilities of local and global LSA, for

which the LSA is formulated within the entire domain of interest, rather then at distinct

axial locations for which the parallel flow assumption holds. A similar atmospheric swirl-

stabilized flame at different conditions, some displaying a PVC, with drastically varying

flame shapes were analyzed. The local LSA predicted global mode frequencies and growth

rates were comparable to the global analysis for flame cases with lower swirl numbers,

closer resembling a parallel flow, whereas a global analysis is necessary in cases where the

flow is highly non-parallel and the local analysis yields overestimated growth rates.

1.3 Objectives

Combustion dynamics in model gas turbine combustors have been extensively studied

at atmospheric conditions. While this work provides fundamental insight into the underly-

ing mechanisms leading to coupling between hydrodynamics, heat-release and acoustics,

the involved spatiotemporal scales of the reacting flow field change drastically with thermal

power densities. The objective of this work is to study the stability of a canonical premixed

turbulent jet flame to changes in operation condition. The underlying coupling mecha-

nisms leading to the excitation of different modes at elevated pressure are of interest and

this work aims to extend the knowledge gained from work performed at atmospheric pres-

sure. Hereby different fuel injection schemes are considered, to delineate the influence of

system coupled excitation and flow field intrinsic mechanisms that lead to self-excitation

of longitudinal and transverse modes in an axisymmetric jet flame. The structure of the

document that summarizes the efforts towards this objective is briefly outlined below.

1. A “technically-premixed” configuration (TPC) of the experimental combustor was

used to study the fundamental longitudinal mode (1L) sensitivity to flame conditions

and fuel injection position relative to the sudden-expansion. The experimental con-

figuration is described in chapter 2.1 and the results from this study are laid out in

chapter 3.
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2. The dynamics observed in TPC indicated that the 1L mode is driven by a combination

of global equivalence ratio fluctuations φ ′ and axisymmetric shear layer dynamics

altering the flame structure. The focus on the following study laid in characterizing

these hydrodynamics and a “fully-premixed” configuration (FPC) of the combustor

was designed, which allowed to eliminate potential φ ′ as driving mechanism of the

longitudinal dynamics. The FPC hardware is described in chapter 2.2 and the results

are summarized in chapter 4.

3. Self-excitation of the 1L and fundamental transverse chamber mode (1T) was ob-

served in the parametric study conducted in FPC. Corresponding flame dynamics

indicated different types of shear layer coupling for these instabilities, where ax-

isymmetric emission patterns observed in OH∗ emission imaging correspond to ax-

isymmetric instabilities in the shear layer, that effectively couple with longitudinal

unstable modes in the chamber. Transverse modes in contrast were seen to couple

with an asymmetric shear layer roll-up process and a flapping motion of the flame.

These results suggested that shear layer hydrodynamics affect the instability mode

selection in this flame configuration. A parametric study was carried out to test this

hypothesis and investigate the 1T mode sensitivity to changes in system pressure

and injector velocity. An inlet immersion was also tested for which resonators were

added as an attempt to reduce the 1T limit-cycle amplitude. These results are detailed

in chapter 5.

4. The observed dynamics in FPC lead to the hypothesis that shear layer instability

modes determine the selection of the instability regime for a given flame condition.

To test this hypothesis a linear stability analysis (LSA) of the underlying base flow

field was performed. The model formulation and base flow reconstruction is laid out

in chapter 6 and tested against analytic solutions of duct acoustics.

5. Chapter 7 describes the application of the linear stability model to a representative

set of FPC test, that show distinct combustion instability regimes for changes in
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operation condition. The temporal LSA results indicate that the preferred shear layer

modes correlate well with the resulting instability mode.

Chapter 8 summarizes the findings of this work and its potential use in the design of

high power-density gas turbine combustors.
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2. EXPERIMENT DESIGN

The single element natural gas (NG) fueled model combustor, VIPER-S (Versatile Inter-

mediate Power Experimental Rig- Single element) was designed to promote self-excited

combustion instabilities in a canonical experiment operated at conditions typical of gas

turbine combustors used for power-generation. The typical specific thermal power density

was 37 MW/m2.bar (based on the burner surface area). The combustor was operated at a

mean chamber pressure of 8 bar (maximum design pressure of 22 bar) with an air tempera-

ture of 600-923 K. Two distinct hardware configurations of the experiment were evaluated,

with several geometrical and operating parameter variations for both. The “technically-

premixed” configuration (TPC) comprised of an injector provided by Siemens Energy, Inc.

that was installed in a premixing length. The length of the premixing duct along with the

injector geometry resulted in ’technically’ premixed injection of reactants into the combus-

tor. The second configuration comprised of an external premixer where reactants were pre-

mixed. The combustor was isolated from the external premixer using a choked orifice plate

which ensured an isolation of the reactant supply from the chamber dynamics. This config-

uration is identified as “fully-premixed” configuration (FPC) for the rest of the document.

The geometrical details and experimental diagnostics of TPC and FPC are highlighted in

the current chapter.

2.1 Technically-Premixed Configuration

2.1.1 Design

The TPC is designed to promote self-excited combustion dynamics at frequencies cor-

responding to the fundamental longitudinal (1L) chamber mode. The combustor is capable

of operating at chamber pressures up to 22 bar, inlet air temperatures of up to 923 K and
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mass flow rates of 1.3 kg/s, conditions typical for land based power generation gas turbine

engines. A schematic diagram of the three TPC of the combustor is presented in Figure

2.1 and a detailed description of the supporting infrastructure has been reported previ-

ously [40]. The three configurations differ in their effective premixer duct length, varying

the baseline length of lin j = 395 mm for configuration 1 by ± 40 mm for configuration 2

and 3 respectively.

The experiment is divided into an air plenum, a premixer, and the combustion chamber.

The plenum provides a large volume upstream of the premixer to dampen any response of

the air supply to the dynamics in the combustion chamber. Air enters the plenum through a

choked sonic nozzle to provide a well-defined acoustic and flow inlet boundary condition.

The premixer supports the injector assembly and creates a cross-sectional area reduction

from the plenum to the premixer duct. A backward-facing step stabilizes the flame down-

stream of the jet-exit into the combustor, which features a cylindrical optical access at its

upstream end for optical diagnostics of the combustion zone. The chamber length is de-

signed to obtain the desired fundamental longitudinal (1L) mode frequency of ≈ 330 Hz

and can be varied in discrete increments to alter this frequency. A choked nozzle at the

exit of the chamber provides a well-defined acoustic exit boundary condition and enables

system pressurization. Table 2.1 along with Figure 2.1 provide geometry information to

replicate the system for low order models and simulation purposes.

Table 2.1. Design Envelope for the VIPER-S TPC

Geometry Dimension

Effective Premixer Duct Length 353 / 393 / 433 mm

Premixer Duct Diameter 40 mm

Combustion Chamber Diameter 80 mm

Combustion Chamber Length 1200 mm

The double-windowed configuration is used to provide optical access at the head-end

of the combustion chamber, in order to ensure safe operation of the system in the presence
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of potential high amplitude pressure fluctuations. A quartz tube, supported by two inter-

face flanges, provides the chamber geometry definition and is subjected to the thermal load

from the flame. The thickness of the quartz tube is limited to 3.125 mm to limit optical

distortion through the curved surfaces of the tube and minimize steep thermal gradients in

its thickness. The quartz tube is surrounded by a pressurized cavity, which is connected to

the plenum of the combustor. This interface allows the pressure differential over the quartz

tube to be minimized during ignition events and the combustion period. The internal pres-

sure of the cavity is contained by outer windows, which are relieved of strong temperature

gradient changes due to the cavity volume and thus primarily support the pressure load

during operation.

Combustion instabilities occur through a feedback mechanism between flow-field fluc-

tuations (u′), heat release fluctuations (q′) and acoustic pressure oscillations (p′) in the com-

bustor. To sustain self-excited instabilities, the pressure and velocity fluctuation amplitudes

at the location of fuel injection and at the combustion zone and their phase relationship with

heat release from the flame are critical. In the design phase, Linearized Euler Equations

(LEE) were solved in the acoustic module of COMSOL R© to determine the pressure and

velocity mode-shapes of the combustor [41–43] at target instability frequencies. In order

to mimic the flow properties throughout the combustor domain, gas property profiles are

generated based on estimated gas properties. These profiles include pressure adjustments

due to flow acceleration and deceleration as well as pressure losses. Temperature is ad-

justed corresponding to flow velocity changes throughout the domain, fuel injection and

combustion occurring downstream of the dump plane. Changes in flow composition within

the premixer due to fuel injection and downstream of the dump plane due to combustion

are captured in the profile of specific heat for constant pressure cp as well as in the profile

for molecular weight. Density in the domain is then computed based on the ideal gas law.

The highest Mach number between the choked inlet and outlet boundaries of the system

occurs in the premixer with M < 0.23. The frequency shift associated with mean-flow is

considered to be small and was neglected.
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Figure 2.2 shows the acoustic pressure mode shape in the system, which corresponds

to a 1L mode in the chamber at 330 Hz. The pressure field in the premixer establishes anti-

nodes at the inlet and exit of the premixer, promoting a pressure coupled response between

premixed duct and the combustion chamber.

0 0.25 0.5 0.75 1.0

-1.0

-0.5

0.0

0.5

1.0

p'
/p

m
ax

x/LFlame A Flame B

p'
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Figure 2.2. Computation results for 1L chamber pressure mode

2.1.2 Instrumentation and Diagnostics

Pressure and Temperature Measurements

The pressure and temperature instrumentation used in the TPC combustor is indicated

with colored markers in Figure 2.3. An array of high frequency piezoresistive pressure

transducers (Kulite WCT-312M-10/35BARA;0.1% FSO), is installed throughout the com-

bustor (indicated in blue) and sampled at the standard facility rate of 180 kHz (DSPCon

DataFlex-1000). The transducers are installed in a recessed cavity with a port resonance

frequency (> 9 kHz) significantly higher than frequencies of interest in this study. Table

2.2 specifies the axial location relative to the dump-plane and their respective azimuthal

position as indicated in Figure 2.3. Low frequency pressure transducers (GE Sensing

UNIK50E6) with an accuracy of 0.04% FSO (indicated in green), and Omega K-type ther-

mocouples (indicated in red) are sampled at 100 Hz and located at multiple axial locations
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throughout the combustor and in the fluid supply system. These measurements are used for

condition monitoring during test operation.

Table 2.2. VIPER-S TPC HF probe locations

HF Probe 001 002 003 004 005 06A 06B

x (cm) / -70.0 -42.5 -27.5 -7.5 20 20

θ (◦) / 0 0 0 0 0 180

HF Probe 07A 07B 008 09A 09B 09C 010

x (cm) 68 68 104.5 54 54 54 -86.5

θ (◦) 0 180 0 0 180 315 0

OH* Chemiluminescence Imaging

Chemiluminescence measurements are commonly used as a qualitative indicator of the

spatio-temporal dynamics of the heat release rate from hydrocarbon flames. OH*, CH* and

C2 are the most common species used for chemiluuminescence detection. The OH radi-

cal luminescence mainly forms through the reaction: CH +O2 = CO+OH which occurs

in the reaction zone of the flame. The OH* concentration then decays in the combustion

products with emission peaks at 306.36, 306.76 and 309.04 nm [44, 45] wavelengths. The

OH* chemiluminescence measurements in this work are performed at 10 kHz through the

optically accessible section using a high-speed camera coupled to a UV image intensifier

(Phantom V411 and LaVision HS-IRO, respectively). A mirror is placed in front of the

combustor side window with a 45◦ angle with respect to the combustor axis. The reflec-

tion is then imaged through a 50 mm optical band-pass filter centered at 320 nm (Semrock

320/40 BrightLine R© Bandpass) and UV-lens (Sodern 98 F/2.8 type CERCO R© 2178) as-

sembly with an image size of 800 by 456 pixels resulting in a final resolution of 0.175

mm/pixel.
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Particle Image Velocimetry

Particle Image Velocimetry (PIV) measurements at the central axial plane of the TPC

hardware were performed at a repetition rate of 10 kHz. The technical specifications of the

laser system and the experimental configuration used for these measurements are summa-

rized in Table 2.3 and Figure 2.4.

Table 2.3. DPSS based axial plane PIV system specifications

DPSS System CMOS Camera Seeding System

Pulse Rate 10 kHz Type Phantom V411 Material TiO2

Pulse Power 6-8 W fps 20k d̄ 1.5 µm

Pulse Sep. 4-6 µs Exposure 48.9 µs ṁ 0.05ṁair

Pulse Len. 200 ns Resolution 384 x 384 px λ 85%

48

52

76.2

8080

Raw Image

Figure 2.4. Axial plane PIV configuration for VIPER-S TPC, all dimensions in mm
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2.2 Fully-Premixed Configuration

2.2.1 Design

The dynamics encountered in the technically-premixed configuration suggested that

flame-vortex interactions amplify the equivalence fluctuation based feedback loop lead-

ing to the strong 1L instability. The fully-premixed configuration (FPC) was designed to

replicate the frequency of dynamics observed in the TPC with the elimination of potential

equivalence ratio fluctuations in the injection system. The simplified premixed injection

scheme with premixed reactants helped study the flame-hydrodynamic interactions in the

presence of the chamber acoustics in a canonical jet-stabilized flame at operating condi-

tions and confinement typical of a practical gas turbine combustor. The sensitivity of the

chamber instability mode on the mixture jet properties φ and T3 are of interest.

FPC TPC

Figure 2.5. Computed 1L chamber pressure mode shape for TPC and FPC

Linearized Euler equations were again used for the design of premixed duct lengths

in the FPC design. The length of the duct was scaled to replicate the acoustic mode-shape

present in the TPC configuration. Using identical gas property profiles in the TPC geometry

and the new combustor design, an Inlet duct length of 720 mm was determined. This length

closely corresponds to a half-wave acoustic modeshape at the chamber 1L frequency. A
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comparison of the computed pressure mode shape at the chamber 1L frequency is shown

in Figure 2.5. To decouple the reactant supply completely from the combustor dynamics,

the inlet duct needs to satisfy the acoustic boundary condition u′ = 0, leading to a pressure

anti-node at the upstream end of the inlet section. The final inlet duct length results in a

system pressure mode shape that replicates the TPC configuration, allowing comparison of

dynamics between the two configurations.

Inlet

External-Premixer

50 cm

72 cm

NG Injection

Air

Choke-Plate

Burner-Face Probe

Mixture

Figure 2.6. Isometric view of VIPER-S FPC Hardware

Figure 2.6 shows an isometric view of the FPC hardware, which is divided into an

External-Premixer, Choke-Plate, two Inlet sections and a modified Inlet-Flame-Cube inter-

face that connects the FPC hardware with the VIPER-S combustion chamber. The External-

Premixer supplies the reactant mixture to the modified combustor. Preheated air is injected

through a sonic metering nozzle in the 3” pipe body. Natural gas is injected through four

1/2” fuel lances, that each inject fuel in a counter-flow scheme through six 0.027” orifices.

The External-Premixer performance was assessed through an ANSYS simulation us-

ing the CFX module. The internal premixer geometry including the injection lances were

modeled and, based on symmetry considerations, split along the XY-plane. The resulting

mesh included the internal geometry of the air CFVN from the nozzle throat downstream,

in order to simulate the high velocity jet exciting into the External-Premixer. The mesh
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is comprised of tetrahedrons with an average cell size of 2 mm, resulting in ≈ 1 million

elements. To solve a compressible flow problem with sonic/supersonic regions within the

domain the heat transfer option “Total Energy” was chosen. The Shear-Stress-Transport

(SST) turbulence model is used because of its suitability for flow fields with strong veloc-

ity gradients (strong shear flow). A summary of simulated operating parameters is tabulated

in Table 2.4.

Table 2.4. CFX Simulation Parameters

ṁair ṁNG φ Tair TNG p2 pair,0 pair Tair,0

0.26 0.011 0.7 723 298 7.52 23.5 14.494 723

kg/s kg/s - K K bar bar bar K

The objective of this simulation was to determine the mixing efficiency of the dip-tube

injection concept and determine the necessary External-Premixer length. The simulation

domain fluid was defined as an ideal gas mixture of air and NG, where the NG properties

MW = 17.306 g/mol, cp = 2.3 kJ/kg/K, µ = 4.5 ·10−6 Pa·s and k = 1.43 mW/m/K are pre-

scribed. The air inlet was defined as pressure inlet, with a prescribed total (pair,0) and static

(pair) pressure and total temperature Tair,0 in the supersonic flow regime. A zero NG mass

fraction (xNG) is set at the air inlet. The fuel lance inlet was defined as constant mass flow

inlet with xNG = 1. The domain outlet was defined as a constant mass flow outlet with a

prescribed total mass flow rate of ṁtot = ṁair+ṁNG. The domain intersection with the XY-

plane was defined as symmetry boundary and all walls were defined as smooth, no slip and

adiabatic walls. The simulation was terminated once the RMS values for mass, momen-

tum, turbulent kinetic energy (TKE), system enthalpy and NG mass fraction asymptotically

converged.

To evaluate the mixing performance the “unmixedness” (UM) of the flow at XZ-plane

downstream of the NG injection location was computed as:

UM =
stdev(xNG)

xNG
(2.1)
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20 cm

Fuel Lance Location

D 7.4 cm

a)

c)

0.02 0.10.06

0 1.831.0

Mach Number

NG Mass Fraction

60 cm

y = 25 cm

y = 35 cm

y = 45 cm

y = 55 cm

0 0.050.03

NG Mass Fraction

b)

Figure 2.7. a) X-Y plane Mach Number contour b) X-Z cross-sections of
the NG mass fraction and c) isometric view of the volumetric rendering of
the NG mass fraction in the simulation domain
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A Mach number contour plot, XZ cross-sections of the and a volumetric rendering of

the NG mass fraction distribution in the simulation domain is given in Figure 2.7. From

these results a premixer length of 0.5 m was presecribed, based on a UM < 2% value at an

axial length of 0.55 m.

The orifice plate (Choke-Plate) downstream of the external premixer provides a sonic

flow interface that decouples the reactant supply from the combustor dynamics, eliminat-

ing fluctuations in the equivalence ratio φ . The total pressure ratio of pu,0/pd,0 ≈ 2 over

the Choke-Plate was chosen to ensure critical flow conditions throughout the combustor

operation envelope. 53 holes with a diameter of 2.53 mm comprise the interface between

Inlet and External-Premixer with an overall discharge coefficient of Cd ≈ 0.85. The re-

stricted flow area is 93.7% based on the External-Premixer duct area of A = π/4 · 0.0742

with t/D = 0.628, where t is the Choke-Plate thickness and D the orifice diameter.

The Inlet is comprised of two sections to allow discrete changes in the premixed duct

length. The original fully-premixed hardware is sized to present half-wave acoustic mode-

shape in the Inlet duct for a fundamental longitudinal mode (1L) in the combustion chamber

with a total Inlet duct length of ≈ 720 mm (see Figure 2.5). Removal of the first Inlet

section decreases the Inlet length by a factor of ≈ 2, which allows to study the effect of

duct-chamber coupling on the chamber dynamics. The Inlet sections and the Choke-Plate

were designed with metal o-ring sealed interfaces and centering features to smooth duct

geometry and repeatable assembly.

Several modifications to improve ease of assembly and additional instrumentation were

made in the combustor configurations over the period of the study. Hardware modifications

were made to imporve following features of the experiment:

1. Pressure measurements at the burner-face

2. Increase spatial pressure resolution at chamber head-end

3. Provide additional optical access for introduction of laser induced spark-ignition

The improvements in the hardware isolated near the chamber dump plane are summarized

in Figure 2.8. To allow for pressure measurements at the burner-face the interface between
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A

A

HF Probe

access to HF probe

Additional Cube Probe

Ignition Window

Ignition 
Window

Cavity
Pressurerization

Section A-A

Inlet Section II

Inlet/Flame-Cube Interface Burner-Face Adapter

Flame-Cube Flame-Cube/Chamber Interface

Figure 2.8. Modified FPC hardware with burner face dynamic pressure ports

Inlet sections and Flame-Cube was redesigned and separated into two parts. The Burner-

Face Adapter features three HF probe ports clocked by 90◦ about the combustor axis. The

intention for these measurements was to spatially resolve the high frequency transverse and

azimuthal modes that were observed in the FPC configuration. The Adapter is mounted on

an interface plate and the probes and flow path are sealed with a combination of two metal

o-rings. The interface between probe and Adapter is sealed with copper gaskets, which is

the usual seal used for HF instrumentation throughout the system. The cooling water tubing

and instrumentation cables are fed through three access ports in the redesigned interface

flange and modified Inlet section. Cables and tubing are protected from the combustor

surfaces through a heat-shielding sleeve that extents from the probe through the access

ports.

An Ignition Window was added to utilize all three windows for imaging purposes and

laser sheet access to the flame zone. Due to this addition the cavity pressurization port

needed to be modified and was included in the Flame-Cube, instead of a blank insert that

occupied the Ignition Window pocket in the TPC hardware. Pressure is equalized between

the flame tube cavity and chamber center (1L chamber mode node) in the FPC hardware, to

avoid cavity contamination with mixture from the inlet duct.To increase the spatial pressure

resolution at the chamber head-end a second HF probe insert was included directly opposed

of the original insert, to allow for the detection of transverse modes in the flame zone.
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The remaining components of the FPC hardware are identical to those used in the TPC

experiments, which are detailed in section 2.1. Table 2.5 along with Figure 2.6 and 2.9

provide geometry information to replicated the system for low order models and simulation

purposes.

Table 2.5. Design Requirements for VIPER-S FPC

Geometry Dimension

Inlet Duct Length 720 mm

Premixer Duct Diameter 40 mm

Combustion Chamber Diameter 80 mm

Combustion Chamber Length 1200 mm

2.2.2 Instrumentation and Diagnostics

Pressure and Temperature Measurements

All instrumentation utilized in the FPC combustor is indicated as colored markers in

Figure 2.9. An array of high frequency piezoresistive pressure transducers (Kulite WCT-

312M-10/35BARA;0.1% FSO), is installed throughout the combustor (indicated in blue)

and sampled at the standard facility rate of 180 kHz (DSPCon DataFlex-1000). Table

2.6 specifies the axial location relative to the dump-plane and their respective azimuthal

position as indicated in Figure 2.9. A high-frequency transducer installed in the External-

Premixer is monitored to ensure isolation of the premixed reactant supply from the com-

bustor dynamics. Low frequency pressure transducers (GE Sensing UNIK50E6) with an

accuracy of 0.04% FSO (indicated in green), and Omega K-type thermocouples (indicated

in red) are sampled at 100 Hz (1 kHz in ZL8) and located at multiple axial locations

throughout the combustor and in the fluid supply system. These measurements are used

for condition monitoring during test operation.
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Table 2.6. VIPER-S FPC HF probe locations

HF Probe 002 003 004 05A 05B 05C 06A

x (cm) -66 -45 -7.5 0 0 0 20

θ (◦) 0 0 0 180 90 0 0

HF Probe 06B 07A 07B 008 09A 09B 09C

x (cm) 20 68 68 104.5 54 54 54

θ (◦) 180 0 180 0 0 180 315

OH* Chemiluminescence Imaging

Chemiluminescence (CL) emission images, from electronically excited hydroxyl radi-

cals are recorded at 50 kHz in the optical section of the combustion chamber. A UV filter,

centered at 320 nm with 40 nm bandwidth (Semrock 320/40 Brightline Bandpass), isolates

the signal from background luminosity. The light is collected by a 98 mm focal-length,

f/2.8 objective lens (Cerco Sodern Type-2178), then amplified by a Lambert HiCATT 25

intensifier with 1:1 relay lens, and recorded with a Phantom v2512 high speed CMOS cam-

era with a spatial resolution of 0.197 mm/pixel. The CL imaging configuration is shown in

Figure 2.10.
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Figure 2.10. CL imaging configuration for the VIPER-S FPC combustor
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Particle Image Velocimetry

The PIV configuration for velocimetry measurements in the FPC hardware is identical

to the TPC setup. Please refer to subsection 2.1.2. Seed particle were injected in the

external premixer to ensure proper mixing of fluid and particles and avoid any affect of the

combustor dynamics through the particle injection as shown in Figure 2.9.
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3. TECHNICALLY-PREMIXED CONFIGURATION

The multi-scale nature of combustion dynamics and their coupling mechanisms makes the

experimental investigation of the phenomena challenging. High thermal power density

flames present in gas turbine combustors are naturally unstable, due to the high turbulence

levels required to promote sufficient heat and mass transport for flame stabilization. Prop-

erly phased interactions between flame dynamics and resonant modes of the combustor can

couple and lead to the amplification of pressure perturbations in the system with potentially

destructive results. The majority of work focused on vortex-flame interactions has been

performed in atmospheric pressure laboratory scale burners, where the acoustics are forced

externally using speakers or sirens. While these studies provided valuable fundamental

insight, a different set of spatial and temporal scales participate in coupling processes in

high power density environments [3]. Thus discriminating cases of combustion dynamics

need to be studied in adequately scaled experiments, which are able to generate self-excited

dynamics at relevant engine conditions. Such studies aid both, further understanding of the

problem as well as the development of predictive capabilities for combustion instabilities

through detailed and low-order computational models.

For this purpose, an experiment was developed to accurately represent the nature of

thermo-acoustic instabilities in a model combustor operated at elevated pressure with a

Siemens Energy, Inc. natural gas injector. The installation of the injector provided techni-

cally premixed reactants to the combustion chamber as detailed in 2.1. A parametric survey

of operating conditions (T3 and φ ) was performed for three distinct injector locations in the

premixing duct of the combustor. For the baseline configuration, two test cases that present

discriminating instability behavior are analyzed in detail using OH*-chemiluminescence

and acoustic measurements. Phase conditioned analysis of deconvoluted chemilumines-

cence images, a Rayleigh index analysis and dynamic mode decomposition (DMD) are
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performed to study the global heat release modes and their relationship with the acoustic

field in the combustor to identify possible active coupling mechanisms in this system.

3.1 Parametric Survey

Three TPC configurations were studied where the fuel injection location with respect to

the dump plane was changed. A baseline configuration yields a nondimensionalized time

lag τ = tconv ∗ f1L in a range of 1.1 to 1.3, where tconv describes the convection time of fluid

from the injection point to the dump plane. Configurations 2 and 3 (schematics shown in

Figure 3.1) relocate the fuel injection in the premixer duct, allowing to shift the time lag

range by ≈±0.1 in respect to the baseline condition.

Configuration 2

Configuration 3

Figure 3.1. Cross-Sections of configurations 3 & 2 of TPC

A flow parameter (FP) target range was defined to FP = 1.5−2, which was defined by

Siemens and corresponds to the typical GT operating range for terrestrial power generation

systems and is defined as:

FP =
ṁair ∗

√
T3

p3
(3.1)
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where ṁair is the air mass flow rate in kg/s, T3 the plenum air temperature in K and p3 the

plenum air pressure in bar, defining FP in units of msK0.5.

For a constant exit nozzle area, pressure and mass flow rate are directly proportional

and thus would not affect the flow parameter. In addition the system pressure would de-

crease/increase with decreasing/increasing air mass flow rate and miss the target plenum

pressure. Thus the air mass flow rate is unsuitable to adjust FP during a test operation day.

To achieve the desired sweep through the target range of FP with a constant air mass flow

rate and nozzle exit area, the equivalence ratio φ and air plenum temperature T3 are varied.

The change in plenum air temperature T3 directly impacts the flow parameter, whereas φ

indirectly influences FP, since it alters the adiabatic flame temperature Tad and thus the

overall system pressure.

Figure 3.2 summarizes the results of this experimental campaign, where FP as a func-

tion of τ is presented and the color code refers to the averaged p′/pCH of the particular test.

From Figure 3.2 it can be observed that the 1L mode dynamics show a maximum in the

range of τ ≈ 1.15− 1.25. High amplitude dynamics are especially generated for configu-

rations 1 and 3, whereas configuration 2 maintains lower amplitude dynamics throughout

FP space.

Two major coupling mechanisms can be identified for the TPC combustor:

1. Equivalence ratio fluctuations

2. Flame-Vortex interactions

The injector orifices are not choked, which is usually the case for industrial systems due

to the additional cost associated with additional pressure budget, and thus respond to the

dynamic pressure field in the premixer duct. The coupled mode shape corresponding to

the chamber 1L frequency, a COMSOL R© computation is shown in Figure 2.2. Resulting

fuel flow rate modulations generate equivalence ratio fluctuations (φ ′) that are convected

downstream towards the flame front. GIM computations for this combustor utilizing a n−τ

model revealed that nondimensionalized time lags in the region of τ = [0−0.25,0.75−1]

lead to an amplification of the 1L mode.
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Figure 3.2. Stability map for technically-premixed combustor configurations

For configurations 1 and 3 the injector is located in phase-synchronized pressure field

region compared to the flame zone. The positive φ ′ pockets generated at the injection loca-

tion are convected into the flame zone and arrive during the compression phase of the acous-

tic cycle at the chamber head end, thus adding energy into the acoustic field to augment the

compression process. For configuration 2 the injector is located in a phase-opposed pres-

sure field region and the positive φ ′ pockets arrive during the expansion phase in the flame

zone. The resulting phase mismatch of p′ and q′ lead to an increased dampening of the

1L mode. In configuration 3, the injector is located closer to the the pressure anti-node

location at the premixer duct exit, resulting in stronger φ ′ compared to configuration 1 and

the potential for higher 1L pressure fluctuations.

Flame-vortex interactions are also identified to augment the chamber dynamics through

modulation of the reaction zone. Pressure oscillations at the chamber head end modulate

the pressure drop over the combustor dump plane, leading to a pulsation of the jet velocity

at the 1L frequency. Periodically shed large scale vortices with length scales in the order

of step height H are formed that transport hot products from the recirculation zone towards

the reaction zone and promote ignition. During this process the flame surface is increased
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leading to an increase in heat release in the domain and an augmentation of the 1L dynam-

ics. During the expansion phase of the acoustic cycle, the jet recovers and flame surface

modulations are decreased. These flame-flow interactions are highly nonlinear processes

that contribute to the high amplitude instability modes observed in this combustor.

3.2 Particle Image Velocimetry

PIV measurements were attempted in the TPC configuration to understand the flow-

flame interactions in the chamber near the dump plane. The introduction of the laser sheet

through the curved optical access resulted in glare that limited the effective field of view.

Figure 3.3 presents a phase conditioned analysis for a 0.5 s sample of case C1 032 obtained

in the red marked region included in Figure 2.4. The phase-conditioned scalar fields repre-

sent the mean velocity fields (averaged over 350 vector fields) during the phase angles indi-

cated in the pressure trace for the chamber head-end. Singular Spectrum Analysis (SSA) is

used to obtain the velocity and pressure signals presented in Figure 3.3, where modes corre-

sponding to a frequency range of 340-380 Hz have been extracted from the original signals.

Jet pulsing as a response to the system pressure field can be observed, leading to u′ values

as high as 22 m/s. Recirculation zone dynamics are resolved in φ = [90,135,270,317],

where the axial u′ component in the recirculation zone region seem to lead the jet response

to the acoustic field at the chamber head-end.

Although jet dynamics are clearly resolved, the recirculation zone could not be fully

captured due to high glare regions in the outer shear layer that decrease the signal to noise

ratio drastically. The glare issues originate in the chamber flame tube which creates high

intensity reflections if the incoming laser sheet is not perfectly aligned with the tube axis.

Unfortunately careful alignment and glare minimization during test preparations do not

guarantee high quality measurements, as the tube can move out of alignment due to ther-

mal expansion of the experiment during the warm-up period. These high glare regions

(observed in Figure 3.3) locally saturate the detector and eliminate any signal originating
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Figure 3.3. 1L chamber mode conditioned axial plane PIV data for case C1 032 (TPC)

from particles in the particular imaging areas. Design and diagnostic modifications are

underway to reduce the glare issued from the flame tube.

3.3 Case Discussion

Two distinct operation conditions have been chosen for this analysis, Flame A and B

(Table 3.1). Figure 3.4 summarizes the pressure data at the aft-end of the chamber, just

upstream of the exit nozzle for both flames. Figure 3.4 a) presents the raw pressure time

series for the test periods. An initial pressure spike at t = 0s indicates the ignition event

followed by the increase of overall system pressure until a limit cycle is reached. A 1 s

pressure sample, free of transient processes, is obtained during the 2 s test duration, as

indicated in Figure 3.4 a). From the raw pressure histories it can be observed that Flame A

reaches limit cycle behavior approximately 100 ms earlier compared to Flame B.
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Figure 3.4. a) Pressure time history and b) histogram for Flame A & B

Table 3.1. OPERATION CONDITION SUMMARY

Flame ṁair φ p3 T3 Tad St1L
p′
pc

A 0.55 0.86 8.27 719 2335 0.128 26

B 0.53 1.01 7.59 693 2448 0.125 14

kg/s - bar K K - %

Figure 3.4 b) depicts the pressure sample histograms as well as the 1% and 99% cu-

mulative percentage locations, defining the minimum and maximum fluctuation magni-

tude, for both flames. Flame B shows a bimodal distribution, typical of a sinusoidal os-
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cillation superimposed with noise, indicating a dominant frequency in the chamber. In

contrast to that, Flame A presents a multimodal distribution with two distinct peak pairs,

which suggests two major dynamic processes of different amplitudes modulating the pres-

sure fluctuation in the chamber. In addition, the distribution of Flame A is noticeably

right-skewed (skewness = 0.21), whereas Flame B depicts a more-symmetric distribution

(skewness =−0.05). This behavior suggests that the compression and expansion phase of

the oscillation cycle of Flame A are asymmetric, with a higher sample count in the expan-

sion phase indicative of a more triangular temporal wave structure.
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Figure 3.5. a) High-Pass filtered pressure trace and b) PSD for Flame A & B

Pressure fluctuation amplitudes of 23% of the mean chamber pressure are observed

within the limit cycle over the 1 s sample period for Flame A in contrast to 12% for Flame
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B. Figure 3.5 a) presents a high-pass filtered pressure time history for both flames, in which

the clear sinusoidal nature of the pressure fluctuations for Flame B are observable, as sug-

gested by the sample distribution. The dominant modulating frequency is overlaid with

low amplitude high frequency dynamics (HFD) throughout the acoustic cycle. Flame A in

comparison generates higher amplitude HFD which is superimposed on the first longitudi-

nal mode frequency of the pressure oscillation, responsible for the multimodal character of

the sample distribution. In addition, Flame A shows steep-fronted compression waves com-

pared to a more sinusoidal behavior in the expansion phase of the acoustic cycle, leading

to the right-skewed distribution observed in Figure 3.4 b).

Figure 3.5B depicts the pressure time series PSD (over 40 1L cycles) for both flames.

For Flame A, the strongest mode in the combustor occurs at a Strouhal number of St1L =

0.128 which corresponds to the first longitudinal mode in the chamber. Distinct harmonics

of this mode are present and neither the amplitude nor the frequencies of these modes are

seen to shift throughout the duration of the test. Thus it can be noted that the flame thermal

power is high enough that the transient heat loss does not significantly affect the flow

temperature and thus the frequencies observed. The 1L mode for Flame B is characterized

by a Strouhal number of St1L = 0.125 which dominates the spectrum followed by the first

and second harmonics. Higher harmonics are present with a lower energy content compared

to Flame A.

The phase shift between the transducer signals is analyzed using a band-pass filter at

the 1L frequency ± 1% for the pressure data collected in the chamber at three locations

(indicated in Figure). Using this data the mode shape for both flames can be reconstructed

and is shown in Figure 3.6. The data points represent the averaged instantaneous pressure

magnitude during the maximum of the compression phase at the aft-end of the chamber. A

least-square fit of a sinusoidal half wave is performed on both data sets, while enforcing

an anti-node at the exit nozzle plane (d p′/dx = 0). The position of the chamber head-end

anti-node is estimated as x/L = 0.062 for Flame A, whereas Flame B generates the anti-

node close to the dump plane x/L = 0. These aspects are considered and further explored
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Figure 3.6. 1L mode shape reconstruction

using a phase conditioned analysis of the OH*-chemiluminescence data in the subsequent

section.

3.3.1 Phase-Conditioned Analysis

The OH* chemiluminescence data was analyzed over 100 acoustic cycles of the 1L

mode, during the limit cycle period to provide a sufficiently large sample to achieve statis-

tical convergence of first and second order central moments throughout the field [46, 47].

Figure and 3.6 illustrate that the head-end pressure transducer, located immediately down-

stream of the optical access, is situated close to a pressure anti-node, and the transducer at

the chamber center at a node with associated low p′. The phase angles are defined using

the chamber aft-end pressure transducer in the absence of a measurement location at the

flame location. The distances between the aft-end probe to the nozzle exit plane lies within

the length of the optical access (0.11L) and can thus be utilized for the flame pressure field

quantization. The maximum pressure at the flame corresponds to the minimum pressure at

the chamber aft-end, defined as a phase angle of 90◦. Similarly, the minimum pressure at

the flame is defined as 270◦ and the nodes as 0◦ and 180◦ respectively.
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Figure 3.7. Band-Pass filtered pressure for Flame A indicating assigned phase angles

These phase angles and the 45◦ midpoints represent the center locations of the eight bins

utilized for image sorting in the phase conditioned OH* CL analysis. Figure 3.7 indicates

the bin center points in the band-pass filtered pressure signal. The intensity of the phase

conditioned images is normalized by the time-averaged intensity field for the respective

flame condition over the entire sample. A three-point Abel deconvolution algorithm is

applied to the upper half of the phase conditioned emission fields to estimate a spatially

resolved emission distribution from the line-of-sight integrated chemiluminescence images

of the axisymmetric flame [45,48]. Although both flames extend downstream of the optical

access, the general behavior of the two flames can be assessed through the analysis.

Figures 3.8 and 3.9 summarize the phase-conditioned deconvoluted emission fields for

the eight phase angles corresponding to the 1L mode pressure cycle of Flame A and Flame

B respectively. A general comparison of the emission intensity indicates that the heat re-

lease is concentrated closer to the dump plane for Flame A than for Flame B. Flame B also

appears more stretched, with a strong intensity modulation zone extending past the optical

access. For Flame A, starting from ψ = 0◦, the pressure increases to the cycle maximum at

ψ = 90◦, corresponding to an increase in emission intensity throughout the whole reaction

zone length. In addition, the flame moves towards the dump plane, corresponding to a com-

pression of the chamber head-end gases and deceleration of the incoming reactants. The
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Figure 3.8. OH* chemiluminescence phase conditioned images for Flame A

curved structure of the reaction zone and high intensity elliptical patterns in the emission

field indicate strong interactions between vortices originating from the dump plane and the

compressed flame. These interactions enhance mixing of combustion products and fresh

reactants, which generates an increase in heat release.

In the expansion phase of the cycle (ψ = 90−270◦) the increasing pressure differential

and corresponding acceleration of the incoming reactants translates the flame farther down-

stream of the dump plane, where it anchors in the shear layer of the jet. The flame structure

stretches axially and reaction zone modulations through vortices are reduced, leading to
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Figure 3.9. OH* chemiluminescence phase conditioned images for Flame B

a more uniform emission field and a heat release reduction. Stepping back into the com-

pression phase of the instability cycle ψ = 270−90◦, the premixed reactant jet decelerates

due to the decreased pressure differential and the reaction zone translates back towards

the dump plane. An increase in emission intensity is observed in the shear layer zone, in-

dicative of an increase in vorticity and thus mixing. From phase angles ψ = 0 to 45◦, the

re-intensified high level of flame-vortex interactions in the shear layer lead to strong coher-

ent heat release, due to the enhanced mixing of fresh reactants and combustion products

originating in the outer recirculation zone.
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Flame B shows a significantly different behavior. With increasing pressure in the insta-

bility cycle from ψ = 0−90◦, the major reaction zone moves upstream due to the deceler-

ating mixture jet. A thin reaction zone is located in the shear layer of the mixture jet during

this second half of the compression cycle. A high intensity elliptical pattern in the emission

field can be observed 1.5 chamber diameters downstream of the dump plane, indicative of

flame surface modulation by large vortex structures. The flame roll-up at this location in

the chamber is indicative of a delayed interaction of large vortex structures and jet break

down with the reaction zone, locally enhancing mixing and promoting heat release.

During the expansion phase of the instability cycle (ψ = 90− 270◦) the thin reaction

zone in the jet shear layer translates farther downstream, due to bulk flow acceleration.

While the accelerated bulk flow decreases the flame-vortex interactions, the thin reaction

zone in the jet shear layer anchors 0.75 jet diameters downstream of the dump plane. With

the start of the compression phase of the cycle (ψ = 270−45◦) the mixture jet decelerates

and the reaction zone translates upstream towards the dump plane. The decelerated flow

field allows for intensified shear layer burning and flame-vortex interactions (x/D = 1.5D),

which lead to an increase in heat release due to augmented flame surface modulations. The

comparison of the two flames suggests that the reaction zone for Flame B can stabilize in a

higher velocity region of the shear layer, where the flow field lacks larger coherent vortex

structures, and is thus less modulated throughout the acoustic cycle. In contrast to that, the

reaction zone of Flame A needs to reside in lower velocity regions of the shear layer where

the effect of the outer recirculation zone is more pronounced and larger vortex structures

are located. These structures result in strong modulation of the reaction zone throughout

the acoustic cycle for Flame A.

Figure 3.10 compares the fluctuating pressure and OH* emission intensity fluctuation

normalized by their mean over the sample period for both flames. Not only are the intensity

fluctuations larger for Flame A compared to Flame B, the heat release leads the pressure

oscillations whereas for Flame B it is approximately in phase during the phase angles Ψ =

0− 180◦. In addition Flame A shows a steep increase in emission intensity between Ψ =

0−90◦ whereas Flame B maintains a sinusoidal oscillation over the whole acoustic cycle.
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Figure 3.10. Comparison of phase conditioned OH* emission fluctuations
for a) Flame A and b) Flame B

These emission modulations for Flame A result of the increased flame surface area during

the compression phase in which strong flame-vortex interactions take place close to the

dump plane in contrast to the more uniform reaction behavior of Flame B. During the phase

angles Ψ = 180−360◦ of the acoustic cycle, the emissions lag the pressure fluctuations for

Flame B whereas Flame A shows the opposite behavior. Thus, Flame A promotes the gain

of pressure oscillations due to properly modulated heat release fluctuations, whereas Flame

B generates more uniform heat release fluctuations which maintain the pressure oscillation

but lack the higher energy influx provided by Flame A to the system.

3.3.2 Rayleigh Index Analysis

To compute a Rayleigh index distribution the fluctuating emission intensity is calculated

from the instantaneous images and multiplied with the corresponding pressure amplitude

obtained from the band-pass filtered data. 100 instantaneous Rayleigh index maps are then
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averaged over each phase bin and normalized by the product of the maximum fluctuating

quantities, as defined in equation 3.2. Analogous to the phase conditioned data, reasonable

axisymmetry of the spatial distribution allows for a reduction of the analysis to the upper

half of both flames, shown in Figures 3.11 and 3.12. Per definition of the Rayleigh Index

positive and negative regions correspond to driving and damping flame features respec-

tively.

RIΨ = p′
Ψ
(i)∗ I′

Ψ
(x,y, i) (3.2)
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Figure 3.11. Phase conditioned Rayleigh index distribution for Flame A
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Corresponding to the pressure nodes, the magnitude of the Rayleigh index for the phase

angles Ψ = 0◦,180◦ is concentrated around zero indicating a neutral behavior of the flame

towards the system dynamics. During the compression phase of the acoustic cycle of Flame

A (Ψ= 270−90◦), strong flame modulation results in positive heat release fluctuations that

promote high instability amplitudes. Coherent elliptical damping regions surrounded by

driving features indicate strong flame-vortex interactions, where highly reactive gas zones

wrap around less reactive gas pockets indicative of the flame pinching process. The damp-

ing regions represent entrained product gases, originating from the outer recirculation zone,

transporting heat towards the reaction zone and enhancing heat release in their surround-

ings. During the expansion phase (Ψ = 90−270◦) these flame-vortex interactions decrease

in intensity and the damping regions now correspond to positive heat release fluctuations,

driven by vortices in the outer shear layer which transport hot gases towards the reaction

zone. The deceleration and acceleration of the mixture jet throughout the acoustic cycle

leads to an axial pulsing and pinching of the flame, resulting in strong global heat release

rate modulations, which are superimposed onto the local flame-vortex interactions.

Flame B lacks strong flame modulations in the field of view in contrast to Flame A

and the reaction zone is less affected by larger vortex structures. The damping regions in

the compression phase of the cycle located in the shear layer indicate convecting vortices,

which cause an enhancement of the turbulent shear layer burning rather than flame wrap-

ping observed in Flame A. These vortices continue to enhance the reaction in the expansion

phase, where the damping regions indicate increased heat release caused by locally inten-

sified heat and mass transfer between the outer recirculation zone and mixture jet. The

flame modulations centered at RI(1.5D,0) can be observed as driving and damping regions

for phase angles Ψ = 90◦ and 225◦ respectively. To investigate the relationship between

the flame-vortex interactions and the dominant 1L mode in the combustion chamber, DMD

was applied to the time series of the fluctuating OH* emission fields.
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Figure 3.12. Phase conditioned Rayleigh index distribution for Flame B

3.3.3 Dynamic Mode Decomposition

Dynamic mode decomposition (DMD) is a fast method of calculating a subset of the

Koopman modes that give dynamic information from a time series of spatially resolved flow

data [49]. DMD has been applied to experimental data of unstable reacting flows [50, 51]

and has been shown to be advantageous compared to proper orthogonal decomposition

(POD) for signals with strong, coherent dynamics [52].

The intensity fluctuations from the OH* chemiluminescence images are calculated over

37 cycles of the 1L acoustic mode for each flame, which provides a sufficient sample size
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and limits computation time. The decomposition results in modes corresponding to single

frequencies of the heat release fluctuations, which can be reconstructed both spatially and

temporally. This approach further elucidates the differences in the flame dynamics between

the two cases. Figure 3.13 a) and 3.13 b) present snapshots of the reconstructed OH*

intensity fluctuation fields for the first three modes located at St/St1L = [1,2,3] respectively

in the DMD spectrum of Flame A and B, shown in Figure 3.14.

y/
D

y/
D

x/D x/Dx/D

I'/
I' m

ax
,1
L

a)

b)

Figure 3.13. DMD reconstructed mode snapshots for a) Flame A and b) Flame B

The path-integrated OH* emission field for Flame A contains intensity fluctuations at

frequencies closely corresponding to the 1L instability mode and its temporal harmonics,

where the first mode at St/St1L = 1 dominates the emission field. The mode spectrum

for Flame B in contrast shows strong energy content at the frequency of the 1L instability

and the first temporal harmonic only, with the mode at St/St1L = 1 being the dominant

mode in the emission field. All mode snapshots in Figure 3.13 have been normalized by

their respective maximum amplitude for the St/St1L = 1 mode. The first mode depicts the

intensity fluctuation pattern captured in the OH* emission field, fluctuating at the St/St1L =

1 frequency. For both flames this mode shows the fundamental response of the global flame

to the 1L mode in the chamber, where the flame is oscillating axially and is compressed

between the phase angles ψ = 270−90◦ and stretched during the expansion phase between
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ψ = 90−270◦ of the acoustic cycle. The second and third modes for both flames are located

at the frequencies St/St1L = 2 and 3.
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Figure 3.14. DMD mode spectrum for Flame A&B

For Flame A, high intensity elliptical patterns located in the outer shear layer of the

mixture jet indicate strong flame-vortex interactions at these frequencies. Flame B, in con-

trast, shows less prominent structures at both frequencies, indicating that the reaction zone

close to the dump plane is not affected by strong vortex interactions. It is rather enhanced

in the shear layer by the larger vortex structures present in the outer shear layer zone, trans-

porting hot products into the reaction zone. The intensity fluctuation magnitude indicates

that this reaction enhancement for Flame B results in a weaker augmentation of the heat

release compared to the high level flame-vortex interactions for Flame A at the frequencies

St/St1L = 2 and 3.

This analysis supports the phase averaged OH* chemiluminescence observations, where

the broader reaction zone of Flame A is engaging in strong flame-vortex interactions close

to the dump plane during the compression phase of the 1L acoustic cycle, resulting in a

strong heat release augmentation close to the pressure anti-node, enhancing the fundamen-

tal 1L mode in the chamber. Flame B in comparison forms a narrower reaction zone, which

is less altered by large vortex structures close to the dump plane and only interacts with

large scale structures farther downstream during the compression phase of the 1L acoustic
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cycle. This behavior leads to a phase shift between the heat release and 1L pressure mode

observed in Figure 3.10, resulting in a phase relationship that generates a lower gain of the

fundamental 1L instability.

3.3.4 Conclusions

Self-excited combustion instabilities in the TPC of a natural gas fueled high pressure

gas turbine combustor were investigated using high frequency pressure measurements and

OH*- chemiluminescence. Two conditions with discriminating chamber dynamics, Flame

A (23%) and Flame B (12%), showed distinct longitudinal mode dynamics, with the dom-

inant oscillation being the 1L mode. Lower amplitude pressure oscillations were observed

for Flame B along with a lower energy content in the temporal harmonics compared to

Flame A.

The phase conditioned chemiluminescence data analysis revealed significant differ-

ences in the global heat release distribution over the acoustic cycle, where Flame A showed

strong flame vortex-interactions close to the dump plane. Flame B in contrast shows more

uniform combustion in the shear layer and jet breakdown only occurs 1.5D downstream of

the dump plane. The deconvoluted emission field suggests that the reaction zone of Flame

A is stabilized in the outer shear layer and thus strongly interacts with large vortex struc-

tures shed from the backward-facing step during the compression phase of the acoustic

cycle. Flame B in comparison develops a narrow reaction zone in the shear layer close

to the dump plane and grows in width in the axial direction where vortex alterations take

place. The Rayleigh Index analysis further supports these observations. Elliptical struc-

tures identified for Flame A, strongly correlate with flame modulations caused by coherent

vortex structures.

The DMD analysis revealed that the OH* emission field for both flames is comprised

of three dominant spatial modes, corresponding to frequencies close to the fundamental

1L pressure mode at St/St1L = 1 and two modes at St/St1L = 2 and 3. The first DMD

spatial mode corresponds to the flame pulsing in response to the fundamental 1L pressure
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mode in the chamber. The two higher DMD spatial modes represent flame interactions with

vortex structures in the shear layer of the reactant jet, which are stronger for Flame A com-

pared to Flame B. The resulting increased heat release for Flame A during the compression

augments the fundamental 1L mode in the chamber. Flame B generates a more uniform

reaction zone and is less affected by these flame-vortex interactions in the field of view

examined here. The more sinusoidal heat release fluctuations and their phase relationship

with the pressure field for Flame B leads to a smaller amplification of the fundamental 1L

mode compared to Flame A, resulting in a lower instability magnitude.
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4. FULLY-PREMIXED CONFIGURATION

The dynamics encountered in the technically-premixed configuration suggested that flame-

vortex interactions amplify the φ ′ based feedback loop leading to high amplitude 1L limit-

cycles. The fully-premixed configuration (FPC) was designed to replicate the frequency

of dynamics observed in the TPC with the elimination of potential equivalence ratio fluc-

tuations in the injection system. The simplified premixed injection scheme with premixed

reactants helped study the flame-hydrodynamic interactions in the presence of the cham-

ber acoustics in a canonical jet-stabilized flame at operating conditions and a confinement

typical of a practical gas turbine combustor. A parametric survey of inlet mixture tempera-

ture, equivalence ratio, and premixing duct length highlighted a large variation in pressure

fluctuation amplitudes observed in the chamber, even in the absence of equivalence ratio

fluctuations. In addition to longitudinal modes, self-excitation of the transverse mode in the

chamber at ∼ 5kHz was observed. Self-excited transverse instabilities in a single element

air-breathing combustor operating at high pressure have not been widely studied to the best

of our knowledge. Following a discussion of the parametric survey, a detailed discussion of

two representative test conditions is summarized in this chapter: Flame 1 (F1) that presents

longitudinal mode dynamics (p′/pc = 3%) and Flame 2 (F2) that presents high amplitude

transverse instabilities (p′/pc = 15%).

4.1 Parametric Survey

The sensitivity of self-excited instability regimes observed in the experiment to a range

of flame conditions such as mixture temperature T3 and global equivalence ratio φ were

assessed through a parametric survey. Flame parameters are varied in a engine relevant

envelope, with T3 and φ ranging between 600 and 800 K and 0.6 and 0.85 respectively.

A wide range of different dynamics have been observed throughout 33 test cases, ranging
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from high amplitude 1L dynamics over 1T dominated pressure spectra to spinning wave

instabilities. Two Inlet duct configurations were tested, a half- (lIN = 72 cm, FPC) and a

quarter- (lIN = 36 cm, FPCS) wave configuration.
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Figure 4.1. Total instability amplitude of FPC vs. φ for probe a) HF004,
b) HF06A and c) HF008. Note different y-scales.

Figure 4.1 shows the pressure fluctuation amplitude at the aft-end of the premixed duct,

chamber head- and aft-end (HF004, HF06A, HF008) of the combustor as a function of

equivalence ratio φ . The data points are colored based on the mixture temperature T3.

From Figure 4.1 a-b) an increase in p′ can be observed as a function of φ at the inlet aft-

end and chamber head-end. The onset of this increase is a function of T3 and transfers

towards leaner conditions with an increase in T3. Figure 4.1 c) shows that the aft-end
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exhibits a similar behavior, however the magnitudes are significantly decreased compared

to the head-end.
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Figure 4.2. Mode amplitudes of FPC vs. φ for probe HF06A: a) 1L, b) 2L,
c) HF1 and d) HF2 mode contributions. Note different y-scales.

These trends can be deconvoluted by decomposing the instability magnitude in the

single mode contributions as shown in Figure 4.2. The fundamental longitudinal mode (1L)

for a specific T3 group shows a weak dependency on φ , as observed in Figure 4.2 a). A

different behavior is observed for the 2L mode, where an amplitude increase occurs at a T3
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specific φ threshold, which transfers towards leaner conditions with increasing T3. Below

this threshold the 2L amplitude reaches magnitudes similar to the 1L mode or even exceeds

its amplitude (see Figure 4.2 b)). Higher frequency modes are responsible for the strong

increase in total instability amplitude at the chamber head-end. Two modes (HF1 and HF2)

show elevated magnitudes as high as twice the longitudinal mode amplitudes. The HF1

mode closely corresponds to the fundamental transverse mode frequency ( fHF1 = 5− 5.4

kHz), whereas mode HF2 is found to reside in the frequency range of fHF2 = 5.6− 6.3

kHz. The onset of these dynamics is closely correlated to the 2L dynamics and shifts

towards leaner conditions with an increase in T3. Similar dynamics are observed at the

inlet aft-end (HF004).

The chamber aft-end dynamics are decomposed in Figure 4.3. A direct comparison

between head- and aft-end longitudinal dynamics show a similar behavior (see a) and b)),

however due to the proximity of the aft-end probe to the longitudinal mode anti-node the

amplitudes are increased compared to the head-end probe. The higher frequency mode

onset is detected at the chamber aft-end as observed in Figure 4.3 c-d), although the mode

magnitudes are significantly decreased due to mode cut-off.

4.2 Effect of Inlet Length

A total of 10 tests were conducted with the quarter-wave duct configuration of the

fully-premixed hardware (FPCS). Figure 4.4 shows the total instability amplitude at the

inlet aft-end, chamber head- and aft-end (HF004, HF06A, HF008) of the combustor vs.

equivalence ratio φ , where the data points are color-coded based on T3. From Figure 4.4

an increase in p′ can be observed as a function of φ at all probe locations. In addition,

two cases generated a strong chamber instability in the highest T3 group at a particular

rich condition (φ ≈ 0.81), not encountered in the half-wave configuration. Excluding these

two cases from the discussion, trends similar to the half-wave configuration are observed,

where an increase of instability magnitude occurs at a T3 specific φ .
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Figure 4.3. Mode amplitudes of FPC vs. φ for probe HF008: a) 1L, b) 2L,
c) HF1 and d) HF2 mode contributions. Note different y-scales.

Figure 4.5 presents the mode specific instability amplitudes for the chamber head-end

probe for the quarter-wave configuration. Similar to the FPC, the fundamental longitudinal

mode (1L) for a specific T3 group shows an independence of φ , as observed in Figure 4.5 a).

The most unstable cases in the FPCS campaign are clearly dominated by the 1L chamber

mode (FPCS 001/2), exhibiting p′/p̄ ≈ 20% pressure fluctuations. Excluding these two

cases from the discussion, all mode specific amplitudes show only a weak dependence on
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φ . Two cases were encountered for which high frequency dynamics dominated the chamber

pressure spectrum. Case FPC 009 with a φ = 0.69 and T3 = 670K exhibits strong pressure

oscillations at the HF1 mode, whereas case FPC 005 with a φ = 0.65 and T3 = 725K is

dominated by HF2 mode oscillations. Here the HF1 mode corresponds to the fundamental

transverse mode at the chamber head-end, however the chemiluminescence imaging clearly

correlates a spinning instability (wave motion) with the HF2 mode instability. Thus the

second higher frequency mode (HF2) cannot be connected with a combined chamber mode

such as a 1T1L or 1T2L mode.
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Figure 4.4. Total instability amplitude of FPCS vs. φ for probe a) HF004,
b) HF06A and c) HF008. Note different y-scales.
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To highlight the different instability regimes observed in the FPCS operation, three

cases will be described in more detail for which the operation conditions are documented

in Table 4.1.

Figure 4.6 shows a pressure sample and the corresponding power spectrum for the case

FPCS 001 at three probe locations. The power spectrum for all probes indicate strong

longitudinal dynamics at the fundamental frequency of 400 Hz followed by up to five har-
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Table 4.1. Selected operation conditions from phase 3 test survey (FPCS):
pressure amplitudes based on HF06A probe

Case ṁair φ T3 p3 p′/p̄ p′1L p′HF1
p′HF2

001 0.53 0.81 730 8.10 27.0 18.9 0.02 0.10

005 0.53 0.66 724 7.20 26.7 0.53 0.92 3.22

009 0.52 0.69 673 7.05 8.3 0.20 1.33 0.50

kg/s - K bar % % % %

monics at the inlet probe location. All FPCS cases show an elevated 1L mode frequency

of ≈ 400 Hz, due to the shorter overall system length. No HF1/2 modes are present at

a relevant magnitude for this case. The chamber probes however show evidence of other

higher frequency modes at 2, 2.4 and 2.8 kHz, which are a multiple of the fundamental 1L
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Figure 4.6. Pressure time series and power spectrum for FPCS 001 for
probe a) HF004, b) HF06A and c) HF008. Note different y-scales.
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mode frequency, however these frequencies may also be related to jet hydrodynamics and

need to be analyzed in more detail.

Figure 4.7 shows a pressure sample and the corresponding power spectrum for the case

FPCS 005. This flame condition generates strong dynamics at the HF2 frequency of 5.93

kHz, clearly observable at the chamber head-end and Inlet aft-end. The chamber aft-end

probe also shows evidence of this mode with a frequency of 5.89 kHz and reaches a mag-

nitude similar to the 1L chamber mode at 410 Hz. The HF1 mode is present at the Inlet

aft-end probe at 5.21 kHz and reaches amplitude levels comparable to the HF2 mode. The

chemiluminescence images clearly indicate a traveling wave circumscribing the burner-

face. The short time periods showing drastic amplitude decrease at t ≈ 0.125s and 0.49 s

correlates to flame dynamic changes, where the traveling wave instability transitions into

dynamics comparable to transverse instability cases. Comparing this flame condition with

the previous (FPCS 001) one it is worth noting that only a change in equivalence ratio
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Figure 4.7. Pressure time series and power spectrum for FPCS 005 for
probe a) HF004, b) HF06A and c) HF008. Note different y-scales.
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leads to a complete change in dynamics (1L vs. 1A), with both cases generating similar

total instability amplitudes of ≈ 27 % of the mean chamber pressure.

Figure 4.8 shows a pressure sample and the corresponding power spectrum for the case

FPCS 005. This flame condition is dominated by the HF1 mode at the head-end of the

chamber at 5.25 kHz. The chamber aft-end pressure field is dominated by the 1L mode at

388 Hz, no significant HF mode contribution is detected due to frequency cut-off (Figure

4.8 c)). The Inlet aft-end probe clearly detects the HF1 mode transmitted from the cham-

ber head-end (Figure 4.8 a)), whereas the HF2 mode, present at the chamber head-end

probe at a similar magnitude compared to the HF1 mode (Figure 4.8 b)), does not transmit

effectively into the Inlet duct.
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Figure 4.8. Pressure time series and power spectrum for FPCS 009 for
probe a) HF004, b) HF06A and c) HF008. Note different y-scales.
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4.3 Case Discussion

The following analysis is focused on two cases, Flame 1 (F1 - FPC 026) and Flame

2 (F2 - FPC 025), tabulated in Table 4.2, which have been extracted from the parametric

survey discussed above.

Table 4.2. Summary of operating conditions: pressure amplitudes based on HF06A probe

Flame ṁair φ p3 T3 Tad p′/p̄

[kg/s] [-] [bar] [K] [K] [%]

1 0.54 0.72 7.2 625 2116 3

2 0.54 0.69 6.9 625 2071 15

Figure 4.9 a) presents the pressure time history for tests F1 and F2 along with repre-

sentative time slices showing pressure fluctuations at the combustion chamber head- and

aft-end (locations marked in Figure 2.10). For test case F2, pressure fluctuation amplitudes

of p′/pc = 15% are observed at the head-end (C-1) of the chamber. In Figure 4.9b) the

pressure-time history shows intermittent amplitude growth and decay of high frequency

pressure oscillations superimposed with a 360 Hz 1L mode. In contrast, F1 dynamics are

dominated by the chamber 1L mode at a relatively lower amplitude of p′/pc = 3%. The

pressure fluctuations at the 1L frequency persist at the aft-end measurement location (C-5)

for both tests (Figure 4.9 c)), but the high-frequency oscillations are significantly damped.

The amplitude of the high-frequency pressure fluctuations superimposed on the 1L os-

cillations at location C-1 and subsequent decay of the high-frequency mode at location C-5

are reinforced by the power spectral density (PSD) plots in Figure 4.10 b-c). For test case

F1, strong axial mode dynamics at 360 Hz frequency are observed at similar amplitudes

at C-1 and C-5 locations, consistent with a fundamental standing longitudinal mode in the

CC. Location P-3, also at a pressure anti-node in the PD, shows strong pressure fluctua-

tions at this frequency. In contrast to F1, while axial mode dynamics are still present for

test case F2, the power spectrum is dominated by high-frequency pressure fluctuations at
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Figure 4.9. a) Pressure time history b-c) high-pass filtered pressure at the
chamber-head and -aft end respectively for cases F1 & F2

4.8-6.5 kHz, especially at C-1 and P-3 locations. The fundamental transverse mode (1T)

frequency, estimated by the GIM analysis, falls within this range. However these modes are

significantly damped at C-5, corresponding to the expected damping of the high frequency

dynamics towards the combustor outlet. In addition, for test case F2 a 2L mode at 680 Hz

is present in the PD as seen in the spectrum at P-3. The presence of both low- and high-

frequency modes observed in the PD are expected to generate periodic vortex shedding

patterns that can amplify flame-vortex interactions in the chamber [20]. To highlight the

distinct transverse mode instabilities in the combustor, the discussion of results hereafter is

focused on F2.
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Figure 4.10. Power spectral density for F1 and F2 at the a) PD exit (P-
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4.3.1 Flame Emission Analysis

Figure 4.11 shows a typical time series of instantaneous OH* chemiluminescence snap-

shots over two time slices for F2. As previously described, the 1T pressure fluctuations at

the chamber head-end are modulated in amplitude at a lower frequency for this test case.

The sequence of images at the top corresponds to a period of low p′ amplitude measured

at the C-1 location (probe is orientated normal to FOV, refer to Figure 2.10). These images

are characterized by a strong variation in overall intensity in the transverse direction (y-

direction, see boxed areas) coupled with asymmetric vortex shedding off the dump-plane

about the chamber axis (x-direction). This asymmetric vortex roll-up, representative of he-

lical vortices, is consistent with observations for transverse instabilities made by Rogers
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and Marble [25]. Conversely, the images in the bottom row correspond to a period of max-

imum p′ amplitude at C-1. Here, the flame emission is both symmetric about the chamber

axis and uniform over the field-of-view (FOV), depicting a more stochastic flame structure.

t0= 83.3 ms t0 + 0.1 ms t0 + 0.2 ms t0 + 0.3 ms

t0= 89.2 ms t0 + 0.1 ms t0 + 0.2 ms t0 + 0.3 ms

Figure 4.11. Instantaneous chemiluminescence for F2 (Scale is 0.1D; see
white markers in top right frame)

Dynamic Mode Decomposition (DMD) [49,51] is applied to the OH*-chemiluminescence

data to further analyze the periodic flame behavior. For this analysis 10000 images recorded

within the limit-cycle period (see boxed time sections in Figure 4.9 a)) are used to represent

a statistically-significant number of cycles of both low- (110-680 Hz) and high-frequency

modes (5-10 kHz). The extracted intensity fluctuations from this analysis are qualitatively

correlated to heat release oscillations in the FOV based on the super equilibrium concentra-

tion of OH* in the reaction zone [44, 45]. Figure 3.13 presents the DMD energy spectrum

for F2 combined with spatial modes at the dominant frequencies in the spectrum (see mark-

up in Figure 4.12 a)).

Along with a high energy peak at 110 Hz, the DMD energy spectrum for F2 in Figure

4.12 features two broad band peaks located at 4.8-5.5 kHz and 10-10.5 kHz. The 4.8-5.5

kHz region contains modes that are spatially similar in structure to the 5115 Hz mode,

which contains the highest energy in this band. The 1T spatial mode shows fluctuations in

the y-direction, with alternating regions of high and low intensity either side of the chamber

axis. This is overlaid with axial variation in intensity, representative of convective transport
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Figure 4.12. a) DMD energy spectrum and spatial modes for F2 at b) 110
Hz and c) 5115 Hz

of the flow structures shed off the combustor dump-plane. As observed in Figure 4.11, the

asymmetry in the vortex shedding pattern is seen in the strong inclination of the intensity

variation about the y-direction, representing helical vortices. The mode at 10.3 kHz shows

smaller scale intensity fluctuations that originate at the dump-plane and pulse in the y-

direction as they are convected downstream. However, the mode structure is not conclusive

and cannot be assigned to a particular mode in the pressure spectrum.

To temporally correlate the heat release fluctuations in the combustion zone with con-

current pressure measurements at C-1, multiple interrogation windows are defined, indi-

cated in Figure 4.13, throughout which time series of local emission intensity fluctuations

were obtained. The first window pair (W1) is located in the vicinity of the dump-plane edge

(solid lines) and is centered on the initial flame roll-up location seen in the mean subtracted

instantaneous emission field in Figure 4.13 a). A second pair of windows (W2) is located in

the upper and lower half of the FOV, capturing the reaction zone in the shear-layer (dashed

lines). Representative time slices of the intensity fluctuations and power density spectra for

the upper window signals for W1 and W2 are presented in Figure 4.13 c-d). Both signal

pairs of W1 and W2 show a principal oscillation at 5.1 kHz which is amplitude modulated

at 110 Hz, corresponding to the major modes found in the PSDs (4.13 b)). At periods of

high amplitude oscillations (i.e. Figure 4.13 c-d) t=94-95 ms) the upper and lower half

signal, especially in W1, show a 180◦ phase shift, indicating an asymmetric heat-release

distribution for the respective window pairs and ultimately about the chamber axis. W1
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Figure 4.13. a) Instantaneous I′ field and interrogation window declara-
tion, b) PSD of upper W1 and W2 window signals and c-d) summed I′

signals of window pairs W1 and W2 respectively

captures the initial flame roll-up and is correlated to the vortex-shedding process, which

is estimated at 5.1 kHz based on this analysis. The asymmetry in the heat-release signal

indicates asymmetric vortex-shedding during time periods of high amplitude oscillations

in W1 and W2. In low amplitude periods (i.e. Figure 4.13 c-d) t=107-108 ms), upper

and lower window signals have a more stochastic intensity distribution in the FOV. This

flame behavior is consistent with the presence of a slowly rotating 5.1 kHz 1T mode at the

Burner-Face. It is pointed out that the 10.3 kHz mode found in the DMD analysis can be

located in both intensity spectra, the nature of this flame-affecting mode however can not

be determined based on this analysis.

4.3.2 Singular Spectrum Analysis

Singular Spectrum Analysis (SSA) is used to further investigate the nature of the high

frequency flame modulations. SSA provides a means of data-adaptive pattern recogni-

tion in a time series, by generating a delay-coordinate phase space from which augmented
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4.11.

principal vectors are extracted, corresponding to the dominant modes in the original time

series. SSA is capable of extracting highly non-linear patterns, which can be amplitude

and/or phase modulated and are thus advantageous over classical frequency based linear

methods [53, 54].

Figure 4.14 a-c) presents the SSA processed C-1 pressure and W2 intensity signals

respectively, for which modes in the frequency range of 4950-5250 Hz were summed. All

three signals are characterized by a 110 Hz amplitude modulation, where the chamber-head

pressure modulations are 180◦ out of phase with the intensity signal modulation. The phase

difference between the upper and lower intensity-time history for W2 shown in Figure 4.14

d) is calculated from the difference of the respective Hilbert transform arguments and is a

heat-release symmetry indicator about the x-axis of the FOV.
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Periods of increased emission intensity fluctuation amplitude correlate with a φ = 180◦

phase shift between the two signals (W1 & W2), and agrees with a 1T pressure field at

the chamber head-end, for which the anti-node axis is oriented parallel (Θ1T = 90◦) to the

field-of-view (FOV), as illustrated in Figure 4.14 e). The pressure signal, measured at a

location normal to the FOV (refer to C-1 in Figure 2.10), has a reduced amplitude in these

time periods, corresponding to the 1T pressure node centered on the transducer axis. For

time periods in which the pressure signal has an increased amplitude (i.e. Θ1T = 180◦), the

intensity signal amplitudes are reduced and the phase difference decays significantly, corre-

lating to stochastic heat release fluctuations distributed evenly across the FOV. A 1T mode

oriented normal to the FOV, schematically shown in Figure 4.14 f), corresponds to this be-

havior. Here the anti-node axis is oriented parallel to the pressure transducer axis, leading

to a maximum pressure amplitude during these periods. Heat release intensity modulation

at the 1T frequency is thus occurring in the plane perpendicular to the FOV, and cannot

be captured by line-of-sight integrated chemiluminescence measurements. These two pro-

cesses are illustrated over two separate cycles of the 1T mode in Figure 4.11 highlighted by

dotted lines at 83 and 89 ms in 4.14. The top row of snapshots corresponds to Θ1T = 90◦

and the bottom-row corresponds to Θ1T = 180◦.
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Figure 4.15. Phase conditioned OH* chemiluminescence images at heat-
release maximum on a) upper and b) lower combustor half, indicating the
flame response to the 1T mode pressure field orientated at Θ1T = 90◦
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The SSA reconstructed W2 signals can be used to phase-condition the chemilumines-

cence images during time periods for which the 1T mode is oriented parallel to the FOV

(i.e. Θ1T = 90◦). Hereby time instances for which the phase difference |∆φ |> 175◦ and the

signal amplitude I′/I′max > 0.25 are identified for the upper and lower window and spatially

averaged. Figure 4.15 shows the resulting phase-averaged emission fields (≈ 110 images

each) for which Figure 4.15a) and b) represent emission fields for time periods of maxi-

mum I′ in the upper and lower half of the combustor respectively. Both mean fields clearly

indicate the asymmetry in the I′ field about the combustor axis (dashed mark-up), indicat-

ing higher local levels of heat release. In addition the asymmetric vortex shedding can be

observed in these spatially averaged images (dotted mark-up), which can be connected to a

1T pressure field at the Burner-Face oriented parallel to the FOV (i.e. Θ1T = 90◦). Based

on this analysis it is hypothesized that a non-stationary 1T mode is present in the chamber

for Flame 2, that circumscribes the Burner-Face at 55 Hz. This rate of rotation corresponds

to the DMD spatial mode at 110 Hz, shown in Figure 3.13a), as well as the amplitude mod-

ulation observed in the chamber pressure and chemiluminescence emission intensity. Such

a mode rotation rate would result in intensity signals for which the spatial heat release fluc-

tuation maximum varies temporally from the outer-recirculation zone (Θ1T = 90◦) towards

the chamber axis (Θ1T = 180◦).

4.3.3 Conclusions

Self-excited combustion instabilities in a high pressure (pc =7 bar) backward-facing

step combustor were investigated using high frequency pressure measurements and OH*-

chemiluminescence. The combustor was found to present both low- and high-frequency

instabilities at 1L (360 Hz) and 1T (5.1 kHz) chamber modes. Two representative test

conditions that show discriminating flame behavior, F1 and F2 were investigated.

A higher equivalence ratio (φ = 0.72) test case Flame 1 presented mainly longitudi-

nal mode dynamics of a lower amplitude (p′/pc = 3%) and the pressure spectrum was

dominated by a standing 1L mode in the combustor. The OH*-chemiluminescence images
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for this case were characterized by axisymmetric vortex shedding representative of ring

vortices and consequent axial flame-vortex interactions.

The leaner test case (φ = 0.69) Flame 2 was characterized by high amplitude (p′/pc =

15%) high-frequency modes that have been seldom observed in single-element self-excited

combustors. A dominant fundamental transverse mode was observed in both the cham-

ber head-end pressure measurement as well as the OH*-chemiluminescence images. DMD

analysis of the images indicated the presence of asymmetric vortex shedding of the backward-

facing step, representative of helical vortices, at the 1T (5.1 kHz) frequency resulting in an

high amplitude transverse instability in the combustor. SSA of the spatially averaged inten-

sity fluctuations and the chamber head-end pressure signal indicated amplitude modulation

of both the pressure and heat release fluctuations at 110 Hz. The pressure and intensity

fluctuation modulations are out of phase with each other indicating a non-stationary 1T

mode that rotates at a frequency of 55 Hz about the chamber axis.
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5. HIGH FREQUENCY DYNAMICS IN THE FULLY-PREMIXED

CONFIGURATION COMBUSTOR

The premixed duct lengths for both, technically- and fully-premixed configurations were

designed to promote positive pressure coupling at the dump plane of the combustor. With

the same geometric configuration, a wide range of instabilities- mode, amplitude, and

frequency- were observed over a parametric sweep of operating conditions. For the techni-

cally premixed configuration, the longitudinal modes were typically stronger, with higher

amplitudes at lower equivalence ratios. By decoupling potential equivalence ratio fluctu-

ations in the fully-premixed configuration, the instabilities were seen to transition from

longitudinal to transverse modes at a lean subset of the operational envelope.

In this chapter, a discussion of experiments where specific parameters that affect flame

structure and jet instabilities, namely the jet Mach number, chamber pressure, and dump-

plane geometry is provided. The primary focus is to understand the underlying physical

mechanisms that drive the range of combustor instability regimes. In particular, the role of

near-field jet instabilities formed in the shear layer on overall flame stability. On the other

hand large scale structures that develop further downstream in the shear layer are observed

to differ from the waves that are formed initially due to vortex merging [55]. Different

regions of the axial shear alters the local reaction layer across different spatial modes and

rates resulting in a complex spatial coupling of the heat release and flow field.

In order to test the hypothesis that hydrodynamics are responsible for the major cou-

pling mechanism leading to instability regime changes, the sensitivity of transverse and

longitudinal mode dynamics on the power level and geometric configuration are studied.

In particular the inlet duct velocity ūIN , mean chamber pressure p̄4, and the protrusion of

the inlet duct into the combustion chamber are discretely varied from the baseline configu-

ration discussed in Chapter 4.
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Changes in system pressure ( p̄4 ≈ 7 bar) and inlet velocity (ūIN ≈ 120 m/s) alter the

flame power level, which affects the temporal and spatial scales involved in the coupling

mechanisms generating self-excited combustion instabilities. The range of turbulent length

scales in the flow field vary as a function of the Reynolds number Re = ρ ūINd/µ and di-

rectly affected by the pressure, and temperature of the flow field as well as the jet velocity.

Chemical scales such as ignition delay, kinetic rates, and turbulent flame speed are func-

tions of gas composition and properties and affect the location of the reaction layer within

the jet shear layer. The thermal flame power is estimated from the chemical energy stored

in the supplied fuel such that:

Ptherm = ṁ f ·HV = ρ f ·uIN ·AIN ·HV (5.1)

where HV is the heating value of the fuel in J/kg. The jet diameter d is held constant

for these tests, thus the jet velocity and/or system pressure (fuel density) variation lead to

changes in thermal flame power.

5.1 Pressure Sensitivity

In order to study the effect of system pressure on the combustor dynamics the mass

flow rate is adjusted while keeping the exit nozzle area constant. System pressure affects

the Reynolds number and thus turbulent scales present in the flow field. Additionally,

pressure affects the chemical kinetics and thus reaction parameters that alter the reaction

layer response to flow perturbations. Target pressures are 10 and 4 bar, whereas the baseline

chamber pressure is ≈ 7 bar. The experiment operation envelope is documented in Table

5.1.

The chamber pressure pc is directly proportional to ṁtot if Ae is unchanged. This leads

to the following flame properties that need to be considered when analyzing the pressure

sensitivity study results:

- Flame thermal power is directly proportional to system pressure and total mass flow

rate

Pth ∝ ṁtot ∝ pc (5.2)
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Table 5.1. Operation envelope for pressure sensitivity study

ṁair p̄c ūIN φ T3 DE

0.32 4
120 0.61-0.78 650-760 3.322

0.75 10

kg/s bar m/s - K cm

- Volumetric fuel flow rate, inlet velocity and system pressure are linear dependent on

mass flow rate

q̇ f ,vIN ∝
ṁtot

pc
≈ const. (5.3)

- Flame length (and volume) is a function of the volumetric fuel flow rate

L f ,Vf ∝ q̇ f ≈ const. (5.4)

- The flame thermal power density is a function of pc

P =
Pth

Vf
∝ pc (5.5)

- The jet Reynolds number is a function of pc

Re jet =
ρ ·uIN ·d

µ
∝ pc (5.6)

These relationships are shown in Figure 5.1 for the pressure sensitivity study. Figure

5.1 a) shows the linear relationship between thermal power and chamber pressure, which

needs to be considered for the comparison between different system pressure tests. Figure

5.1 c) shows the linear relationship between Re jet and pc, which leads to a drastic change

in spatiotemporal scales available for flame interaction in the flow field. However as stated

above q̇ f and thus the flame length/volume is approximately constant, which leads to a

linear relationship between the thermal power density P and pc.

Figure 5.2 summarizes the effect of chamber pressure p̄c on the total instability am-

plitude p′/p̄c, in which the data is color-coded based on Tad . Probes HF004/06A/008 all
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Figure 5.1. a) Pth and b) q̇ f and c) Re jet vs. ṁ as a function of the mean chamber pressure

indicate that the total magnitude of pressure fluctuations decreases with p̄c. In addition the

variance of p′/p̄c decreases with p̄c which indicates that the p′ amplitudes decrease with

p̄c. The contrary is observed at the chamber head-end (HF05C), where p′/p̄c increases

with p̄c.

Figure 5.3 shows the pressure amplitudes specific to the 1L, 2L, HF1(1T) and HF2

mode as a function of p̄c. As the probes HF004/06A/008 are primarily exposed to lon-

gitudinal dynamics, it can be inferred that the energy contained within the longitudinal

dynamics saturate and do not gain energy from increased p̄c as observed in Figure 5.3,

where the 1L and 2L mode contributions decrease with p̄c. The fact that the variance of

p′/p̄c decreases for the longitudinal mode amplitudes with p̄c may be correlated to the in-

creases of Re jet . With an increased number of spatiotemporal scales available for the flame

and thus heat release to interact with, the longitudinal dynamics that primarily couple with

larger flow structures (larger time scales) can decrease as more energy is distributed across

smaller spatiotemporal scales. This is further supported by the increase of the HF1 mode

contributions with p̄c for probe HF05C as observed in Figure 5.3, which results in the

opposite trend seen in Figure 5.2 compared to the remaining probes.
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Figure 5.2. p′/p̄c vs. φ of pressure sensitivity study at selected probes.
Note different y-scales.

Table 5.2. Selected operation conditions from the pressure sensitivity
study: pressure amplitudes based on HF05C probe

Case ṁair φ T3 p3
p′
p̄ p′1L p′HF1

p′HF2

113 0.32
0.66 660

4.3 4.5 0.73 0.1 0.1

126 0.75 10.2 57.4 0.85 8.8 0.9

kg/s - K bar % % % %

Two representative cases, one at 4 bar and the other at 10 bar which show distinct

changes in dynamics with a change in p̄c are documented in Table 5.2. Case FPC 113

is dominated by longitudinal modes at 354 Hz and 686 Hz (1L and 2L chamber mode),

as observed in the power spectra for probe locations HF004/05C/008 in Figure 5.4 a-c).
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Figure 5.3. Mode contributions to p′/ p̄c vs. φ of pressure sensitivity study
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Higher frequency modes are present at the chamber head-end at 5.12 kHz (HF1) and 5.64

kHz (HF2) and superimposed on the dominant 1L pressure oscillations.

Case FPC 126 in contrast is dominated by a strong HF1 mode at 5.2 kHz observed in

the power spectra shown in Figure 5.5. At the burner-face probe the HF1 mode reaches

amplitudes that are an order of magnitude higher than the 1L mode. The dynamics at the

aft of the chamber are still dominated by 1L mode.

5.2 Injection Velocity Sensitivity

The injection velocity (ūIN) is changed by adjusting the reactant mixture mass flow rate

ṁtot and exit nozzle area Aex in order to maintain the baseline mean chamber pressure of

p̄c = 7bar. The change in ūIN alters the Re jet which affects both the turbulent sales present
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in the flow field as well as the instability characteristics of the jet shear layer. Target veloc-

ities are 90 and 150 m/s, whereas the baseline velocity is ūIN ≈ 120 m/s. The experiment

operational envelope has been summarized in Table 5.3.

Table 5.3. Operation envelope for the inlet velocity sensitivity study

ṁair p̄c ūIN φ T3 DE

0.40
7

90
0.63-0.77 660-780

2.827

0.66 150 3.649

kg/s bar m/s - K cm

The flame power Pth is directly proportional to ṁtot and ūIN . The following flame

properties need to be considered when interpreting the results from the velocity sensitivity

study:
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- Flame thermal power is directly proportional to uIN for a constant chamber pressure

p̄c

Pth ∝ ṁtot ∝ uIN (5.7)

- Volumetric fuel flow rate and inlet velocity are a function of total mass flow rate at

constant system pressure

q̇ f ,vIN ∝ ṁtot (5.8)

- Flame length (and volume) is a function of the volumetric fuel flow rate

L f ,Vf ∝ q̇ f , ṁtot (5.9)

- The flame thermal power density is not a strong function of ūIN

P =
Pth

Vf
∝

ṁtot

ṁtot
≈ const. (5.10)

- The jet Reynolds number is a function of uIN

Re jet =
ρ ·uIN ·d

µ
∝ ūIN (5.11)

Figure 5.6 a) shows the linear relationship between thermal power and inlet velocity,

which needs to be considered for the comparison between different system pressure tests.

Figure 5.6 c) shows the linear relationship between Re jet and ūIN , which leads to a drastic

change in spatiotemporal scales available for flame interaction in the flow field. However

as stated above q̇ f is a function of ūIN for a constant p̄c as shown in Figure 5.6 b), resulting

in a weak relationship between flame power density P and the varying parameter ūIN for

these tests in contrast to the pressure sensitivity study.

Figure 5.7 summarizes the results of the velocity sensitivity study and presents the total

instability amplitude p′/p̄c as a function of ūIN , in which the data is color-coded based

on Tad . All probes indicate that the total magnitude of pressure fluctuations increases with

ūIN . These trends are most likely correlated to the increase of Pth with ūIN as the turbulence

level increases with ūIN . The variance of p′/ p̄c measured at HF05C is observed to increase

with ūIN , which is correlated to an increased magnitude of modes HF1 and HF2.
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Note different y-scales.

Figure 5.8 shows the pressure amplitudes specific to the 1L, 2L, HF1(1T) and HF2

mode as a function of ūIN . The longitudinal modes show an independence of ūIN , except

for a small velocity band ranging from 100 to 130 m/s, which corresponds to the baseline

velocity range, where the magnitude of these modes drop. Longitudinal mode amplitudes

for ūIN < 100 and ūIN > 130 m/s are comparable when normalized by Pth or ṁtot . The drop

of the longitudinal dynamics is correlated with an increased HF1 magnitude measured at

the burner-face, which points to a coupling of the shear layer instability modes and chamber

1T resonance frequency. The HF2 magnitude is found to be invariant with ūIN , except for

two narrow velocity bands centered around 100 and 165 m/s.

To investigate the influence of shear layer instabilities on the combustion instability

regime Strouhal numbers (St) for the 1L, 2L and HF1 mode amplitudes are computed.
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Figure 5.8. Mode contributions to p′/p̄c vs. φ of velocity sensitivity study
at selected probes. Note different y-scales.

Figure 5.9 shows the velocity sensitivity data as well as the phase 3 FPC data (no burner-

face probes installed) which serves as the baseline for this analysis. The amplitudes are

normalized by their respective maximum value in each mode subset, i.e. for the 1L mode

amplitudes:

p′max = max(p′1L|90m/s , p′1L|120m/s , p′1L|150m/s) (5.12)

Colored bands mark the resonance frequency regions in terms of St for each inlet duct

velocity group. The 1L and 2L modes are strongest in the baseline configuration (ūIN =

120m/s). Especially the 2L mode reaches maximum amplitudes at a St ≈ 0.23 and φ ≈

0.68−0.72, which is a common frequency for axisymmetric vortex-shedding modes asso-

ciated with the shear layer Kelvin-Helmholtz instability [28].
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Figure 5.9. Three combustor mode frequency groups for selected ūIN in
terms of Strouhal number (St) based on the jet diameter d

The HF1 dynamics are observed to be most prominent in the baseline configuration

as well. Especially the region St ≈ 1.6−1.7 for φ < 0.72 promotes high amplitude 1T

dynamics at the chamber head-end. The inlet duct velocities ūIN = 90 and 150 m/s alter

the shear layer dynamics and shift these out of the 1T resonant mode frequency regions,

resulting in overall low magnitudes compared to the baseline configuration. This study

proves that the shear layer resonant modes need to couple with the acoustic resonant modes

in order to develop 1T mode limit cycles in the combustion chamber.

5.3 Influence of Burner-Face Probes on HFD

The obtain correlated pressure and chemiluminescence data at the location of flame

stabilization, pressure transducers were installed on the backward-facing step of the com-



86

bustor. The transducers were installed in recessed cavities, similar to ones used in all other

pressure measurements. However, these burner-face transducer cavities were found to in-

fluence the onset of high amplitude transverse and azimuthal dynamics in the experiment.

To discuss this effect two conditions summarized in Table 5.4 are dicussed here.

Table 5.4. Operation conditions for burner-face Probe effect analysis

Case ṁair φ T3 p3 p′/p̄ p′1L p′HF1
p′HF2

091
0.53

0.60
730 7.1

11.4 0.40 0.34 0.25

099 0.59 3.9 2.14 0.05 0.07

kg/s - K bar % % % %

The mean operating conditions for the two cases are identical within experimental mea-

surement uncertainty and the only variance is the installation of the three burner-face probes

HF05A, HF05B, and HF05C. For case FPC 091 the FPC configuration in which no burner-

face probes are installed (similar to all results discussed in Chapter 4) was used, whereas

for case FPC 099 the experiment was equipped with three transducers using the modified

interface and burner-face adapter plate. By comparing the pressure time series and power

spectra for both cases in Figure 5.10 and 5.11 a distinct change in the instability regime is

observed. Both cases, as most of the FPC tests do show amplitude modulations for the par-

ticipating modes throughout the test duration, thus these cases do not fully develop typical

limit-cycle dynamics.

Case FPC 091 exhibits high amplitude pressure oscillations at the chamber head-end

of p′/p̄c = 11.4% and is dominated by the HF1 and HF2 modes. The 1L mode is present

at a similar magnitude compared to the HF2 mode, however the high frequency dynamics

dominate the chamber head-end.

Case FPC 099 in contrast is dominated by low amplitude 1L oscillations in the chamber.

Twice the magnitude of case FPC 091 is reached, whereas the higher frequency modes are

significantly reduced by an order of magnitude and are effectively not participating. There

are time periods (i.e. t = 0.04-0.05) in which the 1L oscillations decrease in amplitude
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Figure 5.10. Pressure time series and power spectrum for FPC 091 for
probe a) HF004, b) HF06A and c) HF008. Note different y-scales.

and the HFD are more prominent, however the 1L mode is dominant in the combustion

chamber.

These changes in instability regimes may be result of an initial damping effect of the

recessed burner-face probes on the HFD modes, which are placed at locations close to

the anti-node location of the 1T chamber mode. ONce the flow-field recovers from the

initial ignition spike, and within the initial development phase of the jet shear layer, these

cavities may provide enough damping to a developing 1T mode such that the planar 1L

mode, unaffected by these sensors, will succeed where the 1T mode does not. This theory

is supported by the fact that the 1L oscillations reach twice the magnitude in case FPC 099

compared to FPC 091, in which both modes coexist, thus the 1L mode extracts energy that

would otherwise be used to maintain the transverse dynamics at the head-end. Therefore

the altering effect of the burner-face probes needs to be considered in the pressure and

velocity sensitivity study results.
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Figure 5.11. Pressure time series and power spectrum for FPC 099 for
probe a) HF004, b) HF06A and c) HF008. Note different y-scales.

5.4 Protrusion Study

The protrusion study aimed to investigate the effect of inlet duct immersion into the

combustion chamber. As a result of this duct modification the flame is located further down-

stream of the 1L anti-node at the chamber head-end compared to the baseline configuration.

The spatial offset of pressure and heat release fluctuations may affect the longitudinal dy-

namics, granted that the chamber spatial modes are not affected by the duct modification.

The protrusion has a wall thickness of 1.5 mm and extends 40 mm into the combustion

chamber, as shown in Figure 5.12 and the test operation envelope is summarized in Table

5.5.

Figure 5.13 summarizes the protrusion configuration, FPC phase 3 and phase 5 data

for probes HF06A and HF008, as these probes are available in all data sets. The chamber

head-end instability trends for the protrusion hardware are comparable to the FPC phase 3

data set, however larger total instability magnitudes are reached in the protrusion hardware
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Figure 5.12. Protrusion geometry and referenced probe locations at the
combustion chamber head-end. All dimensions in mm.

for φ < 0.7. There exists a threshold φ at which the head-end dynamics increase drastically

and this value shifts towards leaner conditions with an increase in T3. Comparison of the

phase 5 baseline (burner-face probe installed) with the protrusion and phase 3 data shows

that the p′/p̄c at the chamber head-end (HF06A) are significantly reduced and no clear

trends can be observed.

In contrast to that, the protrusion chamber aft-end data is comparable in magnitude

with the phase 3 and phase 5 data, where p′/p̄c increases with decreasing φ (right column

in Figure 5.13). This is a general chamber aft-end trend for which lower T3 conditions

promote higher p′/p̄c for the same φ . The phase 3 FPC data will serve as baseline for the

following analysis, as the amplitudes are comparable.

The increased instability magnitude at the chamber head-end is due to the onset of the

1L, HF1 and HF2 mode as observed in Figure 5.14. For the baseline configuration the 1L

mode remains unaffected by φ changes, whereas for the protrusion hardware an increase in

amplitude for leaner conditions is observed (φ < 0.68). The 2L mode in the protrusion data
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Figure 5.13. p′/ p̄c for protrusion configuration, FPC phase 3 and phase 5
at probes HF06A and HF008. Note different y-scales.

follows the 1L mode trend, which is in contrast to the baseline data, in which the 2L mode

increases in magnitude for φ < 0.75. The HF1 and HF2 mode amplitudes increase sharply

for a φ threshold value, which moves towards leaner conditions with increasing T3. The

HF1 mode is more dominant for lower T3 conditions, whereas the HF2 mode dominates at

high T3 operation.
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Figure 5.14. p′mode/p̄c for protrusion configuration and FPC baseline
(phase 3) at HF06A. Note different y-scales for plot rows.

The longitudinal frequencies are not affected by the protrusion hardware and are located

at≈ 340−360 Hz and≈ 700−740 Hz for the 1L and 2L mode respectively. In contrast to

that, the frequency separation between modes HF1 and HF2 decrease and most conditions

produce a single broadband mode located at ≈ 5.5−6 kHz, similar to the HF3 instability

regime in the baseline data. The main results of this study include:
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Figure 5.15. Mode frequencies for protrusion configuration and FPC base-
line (phase 3) at HF06A. Note different y-scales for plot rows.

- The immersion of the inlet duct into the chamber does not alter the longitudinal

chamber mode frequencies. The 1L mode shows a φ dependency and increases for

leaner conditions, where lower T3 conditions result in larger amplitudes for the same

φ . This is in contrast to the baseline data, where the 1L mode is unaffected by

changes in φ . The 2L mode follows the 1L trend, however in contrast to the baseline
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data, the 2L amplitudes are decreased for the region 0.65 < φ < 0.75, in which the

baseline configuration shows larger magnitudes.

- The HF1 and HF2 mode amplitudes are not affected by the inlet duct immersion and

show similar trends compared to the baseline data. The frequency separation be-

tween the two modes however is affected and a dynamics separation into two modes

becomes questionable based on FFT methods.

- The burner-face probe installed for the protrusion tests does not affect the chamber

dynamics. The protrusion hardware shows the same potential for high amplitude

transverse and azimuthal modes as observed in the FPC hardware with no burner-

face probes installed. As the inlet duct is immersed, any disruption provided by the

probe cavity will have dissipated by the time it is convected through the recirculation

zone and reaches the nozzle near field. In addition the chamber head-end flow field

with the inlet protrusion may feature two recirculation zone, where an additional one

is located in the annulus created by the protrusion and flame tube. Thus the nozzle

near field is composed of an axisymmetric flow. This is in contrast to the baseline

configuration, where the probe cavities create an asymmetry and may provide enough

damping in the initial transverse/azimuthal development phase of the instability to

suppress its growth.

Table 5.5. Operation envelope for protrusion study

ṁair p̄c ūIN φ T3 DE

0.53 7 120 0.6-0.74 670-770 3.322

kg/s bar m/s - K cm
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5.5 Instability Damping with Resonators

A resonator study was conducted as an attempt to dampen the high amplitude 1T mode

(HF1) observed in the protrusion study. Two resonator inserts were installed in two of the

burner-face adapter probe holes, which result in two Helmholtz-type resonators as shown

in Figure 5.16.

T3 air 

Resonator
Insert

Detail: Resonator Insert

Figure 5.16. Resonator design and installation within burner-face adapter
plate. Dimension are in inches.

The two resonators are purged with air at T3 extracted from the main air supply prior

injection into the External-Premixer. The purge flow is metered via a CFVN and is routed

to the resonator insert port. The purge air is then injected into the resonator cavity through

three 0.914 mm orifices, which are angled by 20◦ to avoid jet impingement on the resonator
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Table 5.6. Operation envelope for resonator study

ṁair p̄c ūIN φ T3 ṁpurge ūres ūneck DE

0.53 7 120 0.6-0.74 670-770 0.7 70 12 3.322

kg/s bar m/s - K g/s m/s m/s cm

neck. The operation envelope including the combined resonator purge mass flow rates (for

two resonators) and injection velocities are documented in Table 5.6, where ūres and ūneck

are the purge velocities into the resonator cavity and out of the resonator neck respectively.

The resonators show a successful reduction in total instability amplitudes at all chamber

locations as shown in Figure 5.17 for the range of conditions tested. p′/p̄c reduction of up

to 72% and 67% at HF06A and HF05C can be achieved (see φ < 0.64 for T3 = 770 K

group). The resonators influence especially the targeted high frequency modes HF1 and

HF2 as shown in Figure 5.18. A reduction in mode amplitude for HF2 is observed for

φ < 0.67 for all T3 groups at location HF05C and HF06A. As already mentioned in the

protrusion study, the distinct two modes are significantly closer spaced compared to the

FPC baseline and develops a broadband mode in the HF2 band (peak at ≈ 5.6 kHz). The

resonators do not affect the frequency of the HFD modes and perform well, considering

that only two resonators were installed.

The main results of this study include:

- The resonators successfully reduce total instability magnitudes in the protrusion hard-

ware, reductions of up 72% were measured.

- The HF1 and HF2 mode amplitudes are significantly reduced for φ < 0.67.

- Considering the significant effect of the resonators on the high frequency mode am-

plitudes, the influence of the burner-face probe cavities on HFD in the baseline FPC

hardware is plausible and should be considered when working with the project phase

4 and 5 data sets.
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6. LINEAR STABILITY ANALYSIS

Hydrodynamic instabilities within these complex flow fields are a fundamental link be-

tween pressure and heat release perturbations, as velocity perturbations interact with the

reaction layer and can induce local fluctuations in energy release through flame surface

alteration. As a major part of the reaction zone is located in the shear layer that forms

between the recirculating region and the jet potential core, the flame is subject to the inher-

ent instabilities of the confined jet flow. Eddies and subsequent larger coherent structures

forming in the shear layer downstream of the sudden expansion, modulate the transport of

heat, mass, and momentum within the reaction zone and lead to fluctuations in the flame

heat release [56]. The interaction between these turbulent flame processes and the resonant

acoustic field are often linked through hydrodynamic characteristics of the flow, which are

strong functions of velocity, temperature, and density. Local pressure oscillations in turn

influence the gas properties which closes the complex feedback loop leading to the natural

propensity to unstable behavior of turbulent flames. An asymmetry in the flow field pro-

motes spatial asymmetries in the distribution of local heat release, which has the potential

to drive transverse instability modes.

Spatiotemporal linear stability analysis (LSA) has been successfully applied to deter-

mine the stability characteristics of complex flow fields. The presence of multiple instabil-

ity regimes and their dependence on hydrodynamic features amplified at acoustic frequen-

cies motivated the use of the analysis for the fully premixed configuration of the experi-

ment. In this chapter the governing equations for this analysis are formulated and validated

against analytical solution for linear duct acoustics. Subsequently the base flow reconstruc-

tion is formulated and different methods to model the temperature and density field in the

experiment are discussed. The effect of the reaction layer thickness and the shear layer

structure on the solution of the generalized eigenvalue problem is then assessed and the

final model form justified.
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6.1 Model Formulation

The combustor geometry is cylindrical, thus the cylindrical coordinate system is chosen,

where the coordinates are x, r and θ with corresponding velocity components u, v and w.

The following assumptions are made for this problem: The flow field is

1. compressible and the gas state variables are governed by the ideal gas law.

2. is adiabatic.

3. is inviscid, justified by the inertia dominated flow at Reynolds numbers RedIN > 5 ·

105.

4. is not acted upon by body forces.

5. is parallel, i.e. the local base flow is only a function of r.

6. time invariant.

Based on these assumptions, the conservation equations for mass, momentum and en-

ergy can be presented by the compressible Euler equations:
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Assuming that each flow variable is composed of a time invariant mean and time de-

pendent perturbation component, the Reynold’s decomposition is utilized, i.e. for the static

pressure p(x, t) = p0(x)+ p′(x, t) where x = [u,v,w]T . The decomposed variables are sub-

stituted into equations 6.1-6.5 and the equations for the mean quantities are subtracted.
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The resulting set of equation is linearized by neglecting higher order terms, products of

perturbations and their derivative, i.e. u′2, u′v′ and v′ ∂u′
∂ r . This results in the following set

of linearized perturbation equations:

1
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representing conservation of mass, momentum and energy respectively. Using the lin-

earized equation of state,

p′ = Rs(T0ρ
′+ρ0T ′) (6.11)

ρ ′ is eliminated from the mass conservation equation.
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∂ p′

∂x
− u0

T0

∂T ′

∂x

+
1
r

∂u′

∂x
+ v′

(
1
r
+

1
ρ0

∂ρ0

∂ r

)
+

∂v′

∂ r
+

1
r

∂w′

∂θ
= 0 (6.12)

This reduces the system of equations to the set of perturbation variables of interest q′ =

[p′,u′,v′,w′,T ′], where Rs and cp are the specific gas constant and the heat capacity at

constant pressure. The gas medium in the domain is assumed to be air at a constant base

flow pressure of p3 with Rs = 287 J/kg-K. cp is calculated for air at the given T0(r) using

the thermophysical property library CoolProp [57]. In order to investigate the stability

characteristics of the flow field a modal Ansatz of the form

q′(r, t) = q̂(r)e j(αx+mθ−ωt) (6.13)

is employed, where q̂= [p̂, û, v̂, ŵ, T̂ ]T . The axial and temporal wave numbers α =αr+ jαi

and ω = ωr + jωi are complex values, where the imaginary part describes the growth rate
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in space and time respectively. ωr is the angular frequency of the oscillation in time. αr

is the axial wave length of the instability, where αr = 2π/λx and λx is the physical wave

length in meters. The azimuthal wave number m is an integer, that describes the periodicity

in the azimuthal direction, θ and is positive or negative, describing instabilities travelling in

opposite angular directions. Using the Ansatz in equations 6.7-6.12 and casting the system

into a discrete formulation yields,

αu0

ρ0RsT0
p̂+α û− j

(
1
r
+

1
ρ0

dρ0

dr
+

d
dr

)
v̂

+
m
r

ŵ− αu0

T0
T̂ = ω

(
1

ρ0RsT0
p̂− 1

T0
T̂
)

(6.14)

αu0

ρ0
p̂+αu0û− j

du0

dr
v̂ = ω û (6.15)

− j
ρ0

d p̂
dr

+αu0v̂ = ω v̂ (6.16)

m
rρ0

p̂+αu0ŵ = ωŵ (6.17)

−αu0 p̂− jcpρ0
dT0

dr
v̂+αcpρ0u0T̂ = ω

(
− p̂+ cpρ0T̂

)
(6.18)

A generalized eigenvalue problem can now be formulated for the given system of equa-

tions as

Aq̂ = ωBq̂ (6.19)

which is solved with the Python based SciPy linear algebra package using the function

eig [58].

The computational domain is bounded by the combustor wall at r = rCC = dIN , where

the boundary condition v′(rCC) = 0 is enforced. The domain is discretized with a staggered

grid, for which p′, u′, w′ and T ′ are evaluated at the center of N segments and the radial

velocity perturbations v′ at the N + 1 segment boundaries. A schematic of the continuous

and discretized domain is shown in Figure 6.1.

Compact schemes are utilized to improve the computational efficiency [59, 60] of the

solver. This approach mimics spectral methods, as the entire domain is evaluated by formu-

lating implicit operators. If a staggered grid arrangement is used, the quantities defined on
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Figure 6.1. a) Continuous computational domain and b) discretized repre-
sentation of the employed staggered grid

the separate grids can be linked through compact schemes as well. The basic idea is to use

the leading terms of a Taylor series expansion at a given point on the grid to approximate

the quantity of interest as in

Aφ(i) = Bψ( j) (6.20)

where φ is the quantity of interest and ψ the quantity available to describe φ . If i and j

are identical, collocated quantities are sought i.e. φ = ∂u
∂ r and ψ = u, whereas if i and j are

shifted by a constant, staggered quantities are related. φ and ψ in the above equation are

linked through a linear combination which is represented by the matrices A and B. Thus

the solution to φ is found by inverting the matrix A yielding

φ(i) = A−1Bψ( j) (6.21)

The coefficients of A and B depend on the number of terms that are employed from the

Taylor Expansion to describe the linear combination. Therefore lower order schemes need

to be used adjacent to the domain boundaries. As the pressure is only described at internal

points, this quantity and its derivative at the domain origin r = 0 are evaluated through a

polynomial formulation that is based on the first three pressure values p(0,1,2). Sixth-
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order schemes are employed for the internal points of the grid, whereas boundary adjacent

and boundary values are described by fourth and third-order schemes respectively.

6.2 Model Validation

The formulated model framework is tested against analytical solutions for cylindrical

duct acoustics, which have been documented extensively, e.g. in [61–63].

Following Rienstra [63], harmonic modal solutions of the acoustic field in a hard-walled

circular duct can be formulated by solving the inviscid wave equation, where the mass

conservation equation reduces to a form of Bessel’s equation if the sound speed is constant

and a cylindrical coordinate system is employed. This equation reads:

p′′+
1
r

p′+
(

ω
2− k2− m2

r2

)
p = 0 (6.22)

where ω , k and m are the temporal, axial and azimuthal wave numbers respectively. The

acoustic velocity normal to the wall (r = R) need to vanish, thus the boundary condition

∂ p
∂ r

(r = R) = 0 (6.23)

is employed. Solutions to the pressure field are then described by Bessel functions in the

form:

p(r) = Jm(αµmr) (6.24)

where Jm is the Bessel function of the first kind of order m and αµm are radial wave numbers

which are determined by the roots of J′m which follows from the boundary condition at the

wall. These roots are tabulated in table 6.1 and the solutions to the pressure field are then

constructed by:

pµm(r) = NµmJm

(
αµm

r
R

)
e− jmθ (6.25)

The axial part of the solution is dropped, as the solution in the cross-sectional plane is of

priary interest. The solution is normalized using the factor,

Nµm =

√
2

Jm(αµm)

√
1− m2

α2
µm

(6.26)
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Table 6.1. αµm: roots of J′m for the three leading radial and azimuthal wave
number combinations [63]

µ / m 0 1 2 3

0 0 1.8412 3.0542 4.2012

1 3.8317 5.3314 6.7061 8.0152

2 7.0156 8.5363 9.9695 11.3459

3 10.1735 11.7060 13.1704 14.5859

with the exception of N10 =
√

2.

The corresponding solutions to v and w are found from the radial and azimuthal mo-

mentum conservation equations, which simplify here to

v =− j
ρ0

∂ p
∂ r

(6.27)

w =− m
ρ0r

p (6.28)

where ρ0 and R are the gas density and the duct radius. Figure 6.2 summarizes the solu-

tions for three radial and two azimuthal wave number combinations for air at T0 = 1425

K and p0 = 7.2 bar and a duct radius of R = 0.04 m. The resulting pressure mode shapes

show wall-concentric nodal lines for a given radial wave number, whereas the azimuthal

wavenumber determines the periodicity in θ , leading to nodal lines that intersect the do-

main origin, as observed for m = 1,2. The resulting velocity field is driven by the pressure

potential, resulting in velocity components normal to the nodal lines of the pressure field.

There are only wall-concentric nodal lines for pure radial modes, leading to radial velocity

perturbations and a non-existent azimuthal velocity field. Introducing origin intersecting

nodal lines for m > 0, the azimuthal velocity field corresponds to the pressure gradients in

the azimuthal direction. 2D reconstructions for these modes are given in Appendix A.

The model formulated in chapter 6.1 was tested against the analytical solutions de-

scribed above for different grid resolutions by varying the azimuthal wave number m and

the number of segments N. For a given m the radial mode solutions naturally arise of
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Figure 6.2. Analytical duct mode solutions for air at T0 = 1425 K and
p0 = 7.2 bar and a duct radius of R = 0.04 m

the generalized eigenvalue problem for which the equation system derived in chapter 6.1

simplifies to

− j
(

1
r
+

d
dr

)
v̂+

m
r

ŵ = ω

(
1

ρ0RsT0
p̂− 1

T0
T̂
)

(6.29)

− j
ρ0

d p̂
dr

= ω v̂ (6.30)

m
rρ0

p̂ = ωŵ (6.31)
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0 = ω

(
− p̂+ cpρ0T̂

)
(6.32)

comprised of the mass, the radial and azimuthal momentum and energy equation. The

cross-sectional modal solutions for a homogeneous constant density quiescent gas are

sought. Consequently, gradients in the base flow and the axial wave number terms have

been omitted, resulting in an axial independence of the solution. The computed frequencies

are compared to the analytical solution and the error between the solutions is determined

using

E(N) =
| fanalytic− fLSA|

fanalytic
(6.33)

Good agreement is achieved with the analytical solutions for as low as 10 segments (E <8%)

and for N = 50 the error lies below 0.01% for all modal wave number combinations, as

shown in Figure 6.3. The analytical modes have been computed with an accuracy of four

decimals for the Bessel function roots, thus limiting this comparison apparent in the inflec-

tion of the error for the azimuthal wave numbers m = 0,1.
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Figure 6.3. Frequency error between model and analytical predictions as
a function of segments N for the first three leading azimuthal and radial
wave number combinations
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Figure 6.4. Frequency error between model and analytical predictions as
a function of segments N for the first three leading azimuthal and radial
wave number combinations

Figure 6.4 presents the computed eigenvectors for p, v and w along with the eigen-

spectrum of the eigenvalue problem with m = 1. The spectrum is clipped to show the

first three leading modes, the 1T, 1T1R, 1T2R and 1T3R at 5.4, 15.6, 24.9 and 34.1 kHz.

The solutions for these modes with a positive and negative real part of the temporal fre-

quency indicate counter-clockwise and clockwise rotating waves. A superposition of the

positive and negative solution results in standing wave patterns, representing the acoustic

duct modes. A direct comparison between the analytical solutions to the radial profiles

for the perturbation quantities and the eigenvectors found by the model indicate excellent

agreement. 2D reconstructions of the duct modes computed by the model are also given in

Appendix A.

6.3 Base Flow Formulation

The circular cross-section in combination with the small expansion-ratio of the com-

bustor makes velocity measurements challenging, as outlined in the section 3.2, in Chapter

3. In addition the lack of cooling and resulting brief combustion periods do not allow for

point based measurements such as LDV. Therefore analytical formulations are employed
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to estimate the flow field in the flame zone of the combustor for a temporal linear stability

analysis performed in chapter 7.4. The base flow is assumed to be locally parallel and invis-

cid. Axial velocity u0, fluid temperature T0 and density ρ0 are described by local profiles

in cylindrical coordinates in order to investigate the stability of the flow at a given axial

position x in the flow field. A hyperbolic tangent based formulation is employed for the

axial velocity profile and defined by:

u0(x,r) = uc(x)
[

1−β (x)
2

+
β (x)+1

2
tanh

(
1

δ (x)
(rIN + rs− r)

)]
(6.34)

where uc is the local center line velocity and β the back flow ratio defined by β (x) =

u0,min(x)/uc(x) [28, 37]. The width of the transition region in the profile is controlled by δ

and models the shear layer width, which is assumed to increase linearly with the classical

result for the round jet spread rate of S = 0.094 [64].

δ (x≤ xs) = δmin +
rIN−δmin

xs
x (6.35)

δ (x > xs) = rIN (6.36)

where an initial shear layer thickness of δmin = 4.9LINRe−0.5
x = 0.026dIN is assumed based

on Blasius’ solution to the zero-pressure gradient boundary layer thickness for pipe flow

[64]. The resulting shear layer development length is xs = 5.4dIN . The centerline of the

shear layer is defined by the variable rs where,

rs(x < xs,c) =
rIN

xs,c
x (6.37)

xs,c = 12.5dIN is the distance for the shear layer center to reach the wall of the combustion

chamber. This estimate is computed using the slope of a two-dimensional mixing layer

reported by Champagne as dy0.5
dx = 0.04 [65].

The back flow ratio β determines the velocity magnitude at the wall and is negative

in the recirculation zone for x < xr and positive downstream of xr as the mean profile

slowly assumes that of a fully developed pipe flow. Experimental data from Stevenson [66]

and Pitz [67] suggest a maximum recirculation velocity magnitude of 22% of the center

line velocity uc, that occurs at xβ = 1.5dIN , and a shortened recirculation zone length of
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xr = 3.5dIN compared to a non-reacting flow field. Two polynomials are formulated to

describe the back-flow ratio in the recirculation zone and in the developing region as:

β (x≤ xr) =
βmax

x2
β
− xrxβ

(
x2− xrx

)
(6.38)

β (x > xr) =
βmin

(xr− xd)2

(
(xr− xd)

2− x2
d +2xdx− x2

)
(6.39)

with βmax = 0.22 and βmin = −0.05 and xd = 7dIN as the length of the analysis domain.

Stevenson showed that the center line velocity uc is observed to decay farther downstream

compared to a non-reacting flow field and is estimated as:

uc(x) = uin +
ud−uIN

(xd− xp)2

(
x2

p + x2−2xpx
)

(6.40)

where xp = 3.5dIN is the jet potential core length and ud = 0.88uIN the center line velocity

at the end of the domain [66]. The radial derivative of the axial velocity is defined as

du0

dr
(x,r) = uc(x)

[
β (x)+1

2δ (x)
cosh−2

(
1

δ (x)
(rIN− r)

)]
(6.41)

Temperature and density fields are linearly related by the ideal gas law. The base flow

temperature and density field formulation follows that of Ghoniem and Manoharan [35,37]

and are defined by

T0(x,r) = T4

[
1+T R

2
+

1−T R
2

tanh
(

r− r f (x)
δ f

)]
(6.42)

ρ0(x,r) = ρ4

[
1+DR

2
+

1−DR
2

tanh
(

r− r f (x)
δ f

)]
(6.43)

The temperature and density ratio are T R = T3/T4 and DR = ρ3/ρ4, where T3 is a measured

quantity and T4 is calculated from the choked nozzle equation [68]

T4 =

(
ṁtot

Ae p4γ

)−2 1
Rsγ

(
2

γ +1

) γ+1
γ−1

(6.44)

given the total mass flow rate ṁtot = ṁair + ṁ f uel and the product gas properties calculated

using NASA CEA [69] for a specific flame condition. ρ3 and ρ4 are then calculated using

the ideal gas law with the measured static system pressure and Rs = 287 J/kg/K, assuming
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air properties for the entire domain. δ f controls the transition region width and models the

preheat and reaction zone, which is estimated with the Blint thickness [70] δ 0
L ≈ δL(T4−

T 3)0.7 where the laminar flame thickness is δL ≈ 0.001dIN . r f defines the inflection point

in the scalar profiles and thus describes the reaction layer location relative to the center

line. With a given flame length L f and assuming a conical flame shape the reaction layer

position is a linear function of x and defined by

r f (x) = rIN−
rIN

L f
x (6.45)

The radial derivatives of the density and temperature fields are given as

dT0

dr
(x,r) = T4

[
1−T R

2δ f
cosh−2

(
r− r f (x)

δ f

)]
(6.46)

dρ0

dr
(x,r) = ρ4

[
1−DR

2δ f
cosh−2

(
r− r f (x)

δ f

)]
(6.47)

As an alternative to the definition of r f and d f given above, the mean OH∗ intensity

distribution can also be obtained from chemiluminescence imaging. This can be employed

to estimate the location of the inflection point and thickness of the transition region in

the temperature and density profile. Even though that the line-of-sight integrated intensity

distribution is not a quantitative measure of the flame envelope, the mean reaction zone

location can be readily identified from this measurement.

Figure 6.5 a) shows the top half of the mean image of a representative flame based on

1000 frames, which is the result of a spatial average of the upper and lower half of the

complete image. Figure 6.5 b) shows extracted radial intensity profiles from the image in

Figure 6.5 a), for which the axial extraction locations are color marked. For each axial

location a running average is computed based on a window length of 15 pixels in the r-

direction. For each profile a maximum is identified (dashed line) which, for a large enough

sample will closely correspond to the radial location of highest heat release and is thus

assumed to be a fair approximation of the radial position of the temperature and density

profile inflection point r f .

The thickness of the T0 and ρ0 transition zone is approximated with the difference be-

tween the radial location of Imax and I99, which is determined by the radial location for
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Figure 6.5. a) half mean image of a representative flame, b) radial intensity
profiles with marked positions of Imax and I99, c) radial location of Imax
and polynomial curve-fit representing r f , d) difference r(I99)−r(Imax) and
linear curve-fit representing δ f

which the intensity profile decreased to I(r) = 0.99Imax. As the shear layer growth with

axial distance from the sudden-expansion and the potential mixture jet core area decreases,

the local ratio of burned to unburned gas increases, leading to larger conductive heat trans-

fer into the cold mixture jet core and thus to an increase in the preheat zone width. Both

quantities are shown in Figure 6.5 c-d), as well as the polynomials fitted to the samples. For

the inflection point center r f a polynomial of degree 5 is used, whereas a linear curve-fit is

used for the transition half-width δ f .

The resulting base flow formulations for a given operating condition are summarized in

Figure 6.6. Changes in flame length in case of the conical reaction zone lead to different

levels of interaction between the reaction and shear layer, as the temperature/density deriva-

tive location relative to the axial velocity derivative is altered. The chemiluminescence
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CLBlint

Figure 6.6. Reconstructed base flow field for linear stability analysis: a)
axial velocity u normalized by uIN , b) magnitude of axial velocity gradient
|du

dr | normalized by |du
dr |max, c) local temperature T normalized by T4 and

d) temperature gradient dT
dr normalized by dT

dr |max. Superimposed profiles
are normalized by their respective maximum. Left column shows temper-
ature field with δ f = δ 0

L and a conical flame shape. Right column shows
chemiluminescence derived d f and r f temperature field.

derived reaction zone additionally considers the equivalence ratio effect, where leaner mix-

tures lead to lower flame speeds and thus a transition of the reaction layer into lower ve-

locity regions towards the recirculation zone. Velocity, temperature and density derivatives

also vary drastically for the different operation conditions, leading to a complex interaction

between the different instability source terms which will be shown to affect the shear layer

stability and possible resonant modes inherent in the flow field.
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6.4 Influence of Reaction Layer Thickness and Shape on LSA

To evaluate the different base flow reaction layer options defined in chapter 6.3 the

model is used to compute the solution for a test flame condition tabulated in Table 6.2. The

axial location x/dIN = 1 corresponding to 40 mm downstream of the sudden expansion is

considered. For these test the spatial wave number is set to α = 200, related to an axial

wave length of λx = 2π/α = 0.03 m, and the azimuthal wave number is set to m = 0,

which restricts the model to axisymmetric perturbation modes. All cases discussed in this

section are computed with N = 500, leading to a grid resolution of dIN/N = 80 µm. The

chemiluminescence and analytically derived values for r f and δ f are documented in Table

6.3.

Table 6.2. Base flow test operation condition

p3 φ T3 T4 uIN L f /dIN z3 z4 Imax I99 f (L f ) δ 0
L

[bar] [-] [K] [K] [m/s] [-] kg
m2s

kg
m2s [mm] [mm] [mm] [mm]

7.2 0.76 765 1720 134 4.46 1797 1171 18 1.2 15.5 0.14

Two modes are found, for which the velocity perturbations are concentrated either in the

cold mixture jet or the warm wake or recirculation region of the domain, as observed in the

axial velocity profiles in 6.7. The axial velocity profile inflection location is marked in each

sub-figure with rs, which indicates the maximum of ∂u
∂ r and thus presents the location of

maximum shear stress in the domain. At x/dIN = 1, rs is located on a larger radii compared

to reaction zone center r f .

The Jet Mode corresponds to a mixture jet concentrated mode as observed in the axial

velocity perturbations. The radial offset in the profiles between the base options r f = f (L f )

and r f = Imax results from the different reaction layer inflection point location relative to

the domain center line. The chemiluminescence extracted location lies on a larger radii

compared to the linear function based on L f , effectively altering the domain span as the

reaction layer transition presents a local change in specific acoustic impedance z = ρa (see

Table 6.2). The transition region width δ f affects the offset of the profile alteration caused
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Figure 6.7. p′ and u′ for Mode 1 and 2 for several base flow reaction layer options

by the change in density and temperature. In general the smaller width transition region

δ f = δ 0
L acts like a hard wall, the pressure profiles for these cases show a finite magnitude

at the interface between the two fluid domains. In contrast to that, the larger transition

region width δ f = I99 generates an interface that acts more similar to a pressure release

boundary, for which the profiles show low amplitudes of pressure at the fluid boundary. The

corresponding velocity profiles behave according to the pressure potential and are restricted

to their fluid domain for the thicker transition region δ f = I99, whereas the thinner interface

region generates velocity perturbations that develop in the entire domain, with noticeable

jumps in the profiles at the location of r f .
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Table 6.3. Frequency and growth rate comparison between different base
flow reaction layer options

Base r f =Imax d f =I99 r f = f (L f ) d f =I99 r f =Imax d f =δ 0
L r f = f (L f ) d f =δ 0

L

Flow Jet Wake Jet Wake Jet Wake Jet Wake

f [Hz] 4169 659 4230 1327 22349 4249 22531 -262

ωi [π/s] 332 3672 119 3815 10141 5.5 6501 181

The mode frequencies corresponding to the presented profiles in Figure 6.7 are pre-

sented in Table 6.3, where the frequency of the modes are listed as f = ωr/2π . Frequency

and growth rate of the Jet Mode is less affected by the change in r f for the cases with

δ f = I99, whereas the Wake Mode shows a significant increase in frequency for r f = f (L f )

compared to the chemiluminescence derived location Imax. The Wake Mode is a shear layer

associated mode, determined by the correlation of the perturbation extrema radial location

with rs, and thus gains energy by the axial velocity gradient. An increase between the ex-

trema of velocity and temperature/density gradients, i.e. r f = f (L f ) places the location of

maximum shear in a higher temperature region compared to r f = Imax for a constant δ f ,

thus leading to a higher frequency of the mode. The Jet Mode is intrinsic to the mixture jet

domain, gaining energy from the temperature and density gradients induced by the reac-

tion layer. The radial wave length of this mode is affected by the position of r f , observed

in the decreased frequency for r f = Imax as the spatial domain for this mode is increased

compared to r f = f (L f ) for a constant δ f .

The frequencies and growth rates for the base flow configuration for which the transition

region thickness is set to the Blint thickness, δ f = δ 0
L , vary drastically compared to the

δ f = I99 option. Both LSA modes are dominated by the influence of the extreme density

and temperature gradients due to the decreased transition region width, leading to non-

physical frequencies and growth rates.

Given these results and the fact that the transition region width in the temperature and

density profile is significantly underestimated with the Blint thickness, the chemilumines-
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cence derived thickness δ f (x) = I99(x) is selected. In addition, the effect of the global

equivalence ratio φ on the reaction layer position within the flow field is not considered

by restricting the r f to f (L f ). The comparison above for a constant δ f = I99 showed that

the distance between the velocity and gas state gradients has an impact on the perturbation

modes, therefore the location of the reaction layer inflection point will also be assigned

based on the chemiluminescence derived value r f (x) = I99(x). This approach will allow

for a flame specific analysis, reflecting the distinct changes in the operation parameters T3,

T4 and φ .

6.5 Grid Sensitivity Study

A grid sensitivity study was performed for the chosen base flow configuration of chap-

ter 6.4 with r f (x) = I99(x) and δ f (x) = I99(x) at the identical flame condition. Two ax-

ial locations are studied x/dIN = 0,1, for which the base flow gradients are strongest for

x/dIN = 0. The segment number is varied from 50 to 500 elements in increments of 50 seg-

ments. Figures 6.8 and 6.9 present the mode frequencies and growth rates for x/dIN = 0,1

respectively. The associated error of the solution is defined by

E(N) =
|ω(N−50)−ω(N)|

ω(N−50)
(6.48)

where the real and imaginary part of the temporal wave number is evaluated separately. For

both axial positions in the base flow the frequencies and growth rates converge to integer

accuracy or errors < 10−3 for N = 250. This choice for the segment number allows for

efficient computation which reasonable accuracy for the objective of this model.
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Figure 6.8. f = ωr/2π and ωi with associated errors for axial location
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7. INSTABILITY REGIMES OF A CONFINED JET FLAME

The objective of this chapter is to classify different modes of self-excited instabilities ob-

served in the FPC combustor with discrete changes in operating conditions, all at a mean

chamber pressure of≈7 bar and flame thermal power of 1.3 MW. An instability regime map

for this configuration is established, which highlights the sensitivity of system dynamics to

operation parameters. Pressure and OH* chemiluminescence is analyzed for representa-

tive cases in order to delineate the different characteristics of each class. A linear stability

analysis of an analytically reconstructed base flow for FPC is performed at discrete axial

positions for which a parallel flow assumptions hold. The discretized linearized compress-

ible Euler equations are solved and the most unstable modes in each flame condition are

compared with the experimental data.

Table 7.1. Summary of operating conditions for Chapter 7

Case φ p3 T3 Tad u jet p′/p4 f1L,th f1T,th L f /dIN

[-] [bar] [K] [K] [m/s] [%] [Hz] [kHz] [-]

F1 0.76 7.2 764 2280 134 2.7 380 5.4-6.8 4.46

F2 0.65 6.7 720 2070 134 12.4 365 5.2-6.4 6.14

F3 0.70 6.9 623 2073 115 13.9 365 5.0-6.4 6.41

F4 0.79 7.1 617 2217 110 5.7 380 5.0-6.7 5.44

F5 0.66 6.8 718 2092 132 30.4 370 5.2-6.5 5.97

The sensitivity of different instability classes on the flame parameters mixture tempera-

ture T3 and global equivalence ratio φ was assessed through a parametric survey. The flame

condition was systematically varied in an application-relevant envelope, ranging between

600 and 800 K and 0.6 and 0.85 for T3 and φ respectively. A wide range of different dynam-

ics have been observed throughout this survey, ranging from high amplitude 1L dynamics
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over 1T dominated pressure spectra to spinning wave instabilities. Five flame conditions,

tabulated in Table 7.1, have been selected to highlight the different instability regimes.

The location of the pressure probes as well as the OH∗ chemiluminescence field of

view (FOV) utilized for the analysis presented in this chapter are marked in the schematic

provided in Figure 7.1.
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Figure 7.1. Schematic of VIPER-S combustor. ( ) are sonic/choked
boundaries, system inlet and exit planes respectively. C2 and C3 axial
probe locations at CX marker position. All dimensions in mm.

7.1 System Acoustics

An expansion area ratio ε = 4 between the combustion chamber and the premixed duct

results in a high aspect ratio flame, that establishes in the shear layer of the reactant jet

and surrounding recirculation zone. Figure 7.2 a) schematically presents this flow field,

in which the fluid forming the jet core is at the unburned reactant temperature T3 and the

surrounding volume is mostly comprised of recirculated products at temperature T4, which

is approximated by Tad . To estimate the mean flame length for a given operating condition

the laminar flame speed is computed using CANTERA [71], where the reactant mixture is

estimated with CH4-Air and the gas state by the inlet properties p3 and T3. The turbulent

flame speed St is then computed with the correlation formulated by Kobayashi [72] using

u′rms ≈ 0.1 ·u jet and p3. Assuming a conical mean flame shape and the global reactant con-
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sumption speed formulation by Driscoll [73] St = ṁ/(A f ρu) a representative mean flame

length, based on the five flame conditions tabulated in Table 7.1, L f /din ≈ 5.7 is computed.

As a result an inhomogeneous temperature field is established, that needs to be considered

in the following analysis.

rcc = 1T/2

x/din = Lf

rin

a)

rjet(x)
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Figure 7.2. a) Schematic of flame zone, b) sound speed envelope as axial
function and c) resulting axial dependence of the fundamental transverse
mode frequency

The jet-stabilized flame can be defined as acoustically compact when considering axial

dynamics, as the mean flame length L f ≈ 5.7din = 0.23 m is relatively small compared to

the longitudinal wavelengths of interest (L f /λ1L,system = 0.12). Here the wave propagation

is parallel to the mean flow direction and duct axis, thus a uniform temperature distribution

over the combustion chamber domain is assumed, as the jet potential core volume is small

compared to the chamber volume. Transverse dynamics in contrast are observed normal to

the direction of mean-flow direction and encounter the inhomogeneous temperature field

in the flame zone. Considering transverse dynamics the flame diameter is of the order of
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the wavelengths of interest and the spatial heat-release distribution of the flame cannot be

neglected as the flame is non-compact in this tier of dynamics. In order to estimate the

variation of sound speed in the flame zone, an axial sound speed function is defined as:

a(x) =
a3ρ3A jet(x)+a4ρ4Arec(x)

ρ3A jet(x)+ρ4Arec(x)
(7.1)

This area/density weighted sound speed calculation estimates the lumped sound speed a in

a given cross-sectional area in the flame zone. The resulting a envelope for the parametric

survey is shown in Figure 7.2 b), from which a significant variance (∼ 20%) of the speed of

sound over the flame length is observed. The cutoff frequencies of the fundamental modes

of interest are estimated by:

f`mn =
a

2π

√(
ηmn

rcc

)2

+

(
`π

Lcc

)2

(7.2)

where ηmn is 1.8412 for the fundamental transverse chamber mode (1T) and ` is the integer

defining the longitudinal mode number [74]. The resulting 1T frequency envelope spans

over 2 kHz in the flame zone and is shown in Figure 7.2 c). This drastic change over the

flame length represents a large interaction potential with hydrodynamic processes over a

wide frequency range that originate in the shear layer. Mode frequency estimates of the

cases analyzed in the following are included in 7.1. The 1L mode estimate is computed

using Tad , whereas for the 1T mode a frequency range needs to be considered that is based

on the extrema of a(x).

7.2 Pressure Dynamics

7.2.1 Flame 1

Figure 7.3a-c) provides an overview of the instability characteristics of case F1 based

on the pressure signal at probe location C1. Longitudinal dynamics describe this flame

condition, where the fundamental longitudinal mode (1L) and the 2L mode dominate the

pressure spectrum at 360 and 720 Hz respectively. Eight additional temporal harmonics are

present of which the 5L, 7L and 11L at 1.79, 2.5, 4 kHz show elevated pressure amplitudes.
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A broad-band higher frequency mode is observed at 6.4 kHz, which lies in the theoretical

1T range for this operation point. The power spectrum of this condition pre-combustion in-

dicates the presence of a hydrodynamic periodic process at 4.9 kHz. In order to investigate

the nature of the higher frequency dynamics and gain resolution in time, a complex Morlet

wavelet transform is computed in the frequency spectrum of interest, spanning 100 to 1000

Hz and 4 to 8 kHz respectively. The higher frequency mode found in the Welch’s estimation

(5 windows with 5400 samples each with 50% overlap) of the power spectrum in Figure

7.3b) is observed to be non-stationary in the scalogram shown in Figure 7.3c). Multiple

time periods of elevated amplitude level are detected at t = 20−40 ms and t = 60−65 ms

at ≈ 6.5 kHz, where a mode frequency modulation to a lower frequency band at ≈ 6 kHz

leads to a reduction of the mode amplitude by a factor of two.
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Figure 7.3. Flame 1: a) High-pass filtered pressure signal at C1, b) Welch’s
power spectrum estimate for signal in a) and pre-combustion (grey). c)
Amplitude based Wavelet scalogram for probe C1. d-e) CrWT magnitude
based scalograms for probes IN, C2 and C4 g) CrWT based phase differ-
ence of IN, C2 and C4 relative to C1 at frequencies of common power.
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To determine the phase and amplitude relationship of the dynamics observed at probe

C1 with other locations in the proximity of the flame, a Cross-Wavelet transform (CrWT)

is utilized. This analysis allows determination of regions in the wavelet space, for which

the C1 probe show common power and may correspond to the same physical process. To

ensure that the CrWT at a given time instance and frequency is a valid sample for a phase

relationship analysis a selection threshold is defined. Only regions in the CrWT space that

show a squared CrWT modulus
√
|CrWT | of PCrWT =

√
|CrWT |/

√
|CrWT |max > 0.75

are extracted and used to calculate statistical measures. The phase difference ∆φCrWT and

frequency of common power of valid samples are calculated and a amplitude weighted the

circular mean and variance of ∆φCrWT at a given frequency is computed.

A chaotic power distribution is observed in the frequency range 4-8 kHz in the CrWT

space for probes IN and C2-3 (not shown), although the high amplitude periods at 6.5 kHz

mentioned above are detected at the respective probe locations. From the incoherent nature

of the dynamics centered at 6.4 kHz however can be inferred that the chamber head-end

globally does not engage in sustained transverse dynamics. The CrWT scalograms shown

in Figure 7.3d-f) display the dominant 1L and 2L modes present at all system probe loca-

tions. The 1L mode shows a weak amplitude modulation and the amplitude ratio between

1L and 2L modes is≈ 2. The phase relationship for these two modes is presented in Figure

7.3g) where the markers and horizontal lines locate the weighted circular mean and varia-

tion of ∆φCrWT for a given frequency. The IN and C1 probes display a ∆φCrWT ≈ 0−π/8

whereas the chamber aft-end probe C4 is located at ∆φCrWT ≈ π for the 1L mode frequency,

thus representing a standing half-wave mode pattern. A small circular variance for these

phase calculations (Varφ ≈ 0) reflect the phase-locked dynamics in time.

The phase dependencies flip for the probes C2 and C4 in case of the 2L mode as the

additional pressure anti-node centered about the chamber length is established. These dy-

namics result in a relatively low magnitude of p′/p = 2.7% and is representative of the

flame conditions that are comprised of a superposition of multiple modes at low amplitude

levels.
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7.2.2 Flame 2

Flame 2 is characterized by high amplitude, high frequency dynamics resulting in an

overall p′/p = 12.4% shown in Figure 7.4a). The power spectrum estimate in Figure 7.4b)

depicts a dominant broadband mode centered at 5.36 kHz and a secondary mode is present

at 5.85 kHz at a reduced amplitude. A harmonic is present at 10.6 kHz corresponding to the

dominant mode in the spectrum. The 1L and 2L modes are identified at 360 Hz and 710 Hz

with amplitudes ranging an order of magnitude lower than the high frequency content in

the spectrum. Multiple harmonics of the 1L mode can be identified in the spectrum at lower

amplitudes. 5.1 kHz and 12.4 kHz modes are observed in the pre-combustion spectrum that

are not associated with an acoustic mode and may correspond to hydrodynamic processes.

The WT scalogram in Figure 7.4c) reveals a ≈ 120 Hz amplitude modulation of the 5.36

kHz mode. The broadband display of both HF modes in the power spectrum estimate is

caused by a significant frequency modulation in time, which becomes apparent in Wavelet

space. The second HF mode follows the frequency modulation seen for the dominant

mode, whereas a periodic amplitude modulation is not observed and in contrast periods of

a constant low amplitude and absence are observed. The CrWT scalograms in Figure 7.4d-

f) reveal that the dominant mode transmits into the inlet and is present at both remaining

chamber probes C2-3. The secondary HF mode in contrast is only detected downstream of

C1 at probes C2-3 and is not found at the probe IN, suggesting that the secondary mode

originates downstream of C1 whereas the dominant mode manifests itself in the entire flame

zone. Both of the high frequency modes lie in the theoretical 1T mode range, where the

axial sound speed distribution may result in different realizations of transverse dynamics in

the flame-root and -tip zone.

The phase relationship between the remaining flame zone and C1 probe are shown in

Figure 7.4g) for the first HF mode. The circular mean phase marker color depth represents

the magnitude of common power at the respective frequency. Probes C2-3 follow the same

frequency-phase trajectory relative to probe C1, suggesting that the dynamics at that axial

location are phase-locked at ∆φCrWT ≈ 0.35π and ≈ 0.73π . At that phase the amplitudes
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Figure 7.4. Flame 2: a) High-pass filtered pressure signal at C1, b) Power
spectrum estimate for signal in a) and pre-combustion (grey). c) Ampli-
tude based Wavelet scalogram for probe C1. d-e) CrWT magnitude based
scalograms for probes IN, C2 and C3 g) CrWT based phase difference of
IN, C2 and C3 relative to C1 at frequencies of common power.

reach a maximum between 5.1-5.2 kHz accompanied with a minimum in Varφ . In contrast

the inlet probe shares common power at a higher frequency tier centered about 5.3 kHz and

shows a phase difference of ∆φCrWT ≈±π . The relative high values of Varφ = 0.06−0.17

result of the nonstationary nature of the first HF mode, especially as the exponential decay

of the transverse dynamics reduce the measured amplitude to 60 mbar in contrast to 380

mbar at C1. The phase relationship at C1-2 suggests that no coherent 1T acoustic mode

exists at x/d jet = 13.5 that can be attributed to the axial decay of the 1T mode and the axial

increase in sound speed, leading to a distortion of the pressure signal and an inconsistency

of the phase relationship when compared to a standing 1T mode.
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7.2.3 Flame 3

The C1 signal of Flame 3 is shown in Figure 7.5a) and pressure oscillations of p′/p =

13.9% are observed. Two high frequency modes centered at 5.1 and 5.8 kHz characterize

this condition, whereas in contrast to Flame 2 the second HF mode is dominant over the

first at probe location C1 as identified in Figure 7.5b). In comparison with Flame 1& 2

the 2L mode at 680 Hz contains more energy than the 1L mode at 360 Hz. In the pre-

combustion spectrum two broadband modes centered at 4.7 and 12 kHz are observed that

do not correspond to a resonant eigenmode of the combustor. The scalogram of the C1

signal in Figure 7.5c) reveals that both HF modes are highly nonstationary in frequency

and show significant amplitude modulation at ≈ 120 Hz, with HF mode 2 generating twice

the amplitude of HF mode 1. In contrast to Flame 2 the lower amplitude HF mode is

present throughout the sample and the amplitude modulation of both modes is in phase.

The CrWTs presented in Figure 7.5d-f) indicate common power for HF mode 2 at the

probe locations C2-3, downstream of C1, whereas the inlet probe does show a stronger

response to HF mode 1, which is also observed in Flame 2.

The phase relationship of the flame zone probes relative to C1 presented in Figure 7.5g)

reveal that common dynamics found between the flame zone probes are situated within

a 500 Hz wide frequency band. The probes C2-3 display a relative phase difference of

∆φCrWT ≈ π centered at a frequency of 5.55 kHz with a maximum in common power.

Varφ is at a minimum for these probes in the frequency-phase space indicating phase-

locked dynamics that are consistent with a 1T acoustic field as C2 and C3 are located at the

same axial position but orientated azimuthally opposed. A phase difference of ∆φCrWT ≈ 0

between C1 and IN is observed. The phase relationship for HF mode 1 is similar to what is

observed in Flame 2 where the relative phase between C2 and C3 is ≈ 0.35π .

7.2.4 Flame 4

Figure 7.6a) shows a representative pressure signal of Flame 4 that generates pressure

oscillations of p′/p = 5.7%. A single high frequency mode centered at 5.8 kHz dominates
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Figure 7.5. Flame 3: a) High-pass filtered pressure signal at C1, b) Welch’s
power spectrum estimate for signal in a) and pre-combustion (grey). c)
Amplitude based Wavelet scalogram for probe C1. d-e) CrWT magnitude
based scalograms for probes IN, C2 and C3 g) CrWT based phase differ-
ence of IN, C2 and C3 relative to C1 at frequencies of common power.

the pressure spectrum at C1. A harmonic of that mode is evident at 11.6 kHz which is

also present in the pre-combustion spectrum next to a mode centered at 4.5 kHz. The 1L

and 2L modes are observed at 360 Hz and 720 Hz respectively, where the ratio of the HF

to 1L mode amplitude is 2. As in the previous flame condition, multiple harmonics of

the 1L mode are observed in the pressure spectrum. The WT scalogram in Figure 7.6c)

demonstrates the coherent nature of the HF mode, no periodic frequency or amplitude

modulations can be observed, rather stochastic changes occur. The 1L mode is affected by

amplitude modulations that stand out clearly in the WT scalogram (not shown here) but can

be inferred from the pressure signal in Figure 7.6a), where the period centered about 50 ms

shows decreased 1L activity.



128

0 50 100
t [ms]

0.25

0.00

0.25

p′
 [b

ar
]

a) 10
3

10
4

f [Hz]

10
4

10
3

10
2

b)
0 50 100

t [ms]

4

6

8

f [
kH

z]

p′max = 0.21 bar

c)

0.0

0.5

1.0

p′
/p

′ m
ax

0 50 100
t [ms]

4

6

8

f [
kH

z]

IN

d)
0 50 100

t [ms]

4

6

8 C2

e)
0 50 100

t [ms]

4

6

8 C3

f)

0.0

0.5

1.0

P C
rW

T

1
2

0 1
2

CrWT

5.75

6.00

f [
kH

z]

g)

C1
IN
C2
C3

Figure 7.6. Flame 4: a) High-pass filtered pressure signal at C1, b) Welch’s
power spectrum estimate for signal in a) and pre-combustion (grey). c)
Amplitude based Wavelet scalogram for probe C1. d-e) CrWT magnitude
based scalograms for probes IN, C2 and C3 g) CrWT based phase differ-
ence of IN, C2 and C3 relative to C1 at frequencies of common power.

The CrWT scalograms shown in Figure 7.6d-f) indicate that the HF mode is detected

at the remaining flame zone probes and the inlet, however a more coherent coupling is ob-

served for probes C2-3. As the mode resides at higher frequencies the common power of

C1 with the probes C2&3 increases, indicating a more favorable relationship between the

resonant acoustic mode and the driving mechanisms. The resulting phase relationships are

included in Figure 7.6g) and a relative phase difference between the probes C2-3 of ≈ π

and a ∆φCrWT of 0 and |π| for C2 and C3 relative to C1 respectively reveal a 1T mode pres-

sure field. The correlated frequency-phase trajectories of C2-3 indicate the phase-locked

dynamics as the 1T mode adjusts to changes in sound speed throughout the test duration.

The absence of periodic amplitude modulations for this flame condition suggest that the 1T



129

mode pressure nodal-line is relatively stationary compared to Flame 3. A ∆φCrWT ≈ 0 for

the inlet probe supports the presence of a fundamental transverse mode in the chamber.

7.2.5 Flame 5
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Figure 7.7. Flame 5: a) High-pass filtered pressure signal at C1, b) Welch’s
power spectrum estimate for signal in a) and pre-combustion (grey). c)
Amplitude based Wavelet scalogram for probe C1. d-e) CrWT magnitude
based scalograms for probes IN, C2 and C3 g) CrWT based phase differ-
ence of IN, C2 and C3 relative to C1 at frequencies of common power.

Figure 7.7a) presents the pressure signal for Flame 5, which is seen to transition into

a spin mode from the transverse instability regime similar to Flame 2, hence this case

has similar operation parameters (see Table 7.1). The power spectrum in Figure 7.7b) is

dominated by a 5.85 kHz mode and the corresponding harmonic at 11.7 kHz. The pre-

combustion spectrum indicates the presence of a 5 kHz and 12.5 kHz mode. The 1L and

2L modes are located at 360 Hz and 690 Hz and generate comparable amplitudes and the
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superposition results in pressure oscillations of p′/p = 30.4% at the probe location C1.

The WT scalogram in Figure 7.7c) reveals coherent dynamics centered about 5.85 kHz.

Frequency modulations of this mode can be observed within a 500 Hz band, for which the

amplitude develops a maximum at the center frequency. The CrWT scalograms presented

in Figure 7.7d-f) show that the dominant mode is established throughout the flame zone and

transmits into the inlet. Amplitude modulations seen at these probe locations correspond

to the maximum amplitude periods observed in the WT scalogram for probe C1.

A relative phase difference of ≈ π between the probes C2-3 indicate a transverse pres-

sure field similar to Flame 4. In contrast to Flame 4 the inlet probe shows a ∆φCrWT ≈ |π|

indicating an asymmetry in the transverse pressure field. All probe frequency-phase trajec-

tories correlate and a low Varφ indicate phase-locked dynamics.

7.2.6 Instability Class Map

The analysis discussed in the previous section can be extended to the entire operation

envelope of the combustor to demonstrate the instability regime dependence on the flame

operating condition. For that purpose the pressure signal at probe location C1 is analyzed

for its spectral content in the frequency range of interest. As two higher frequency modes

are observed a selective mode extraction is performed, for which the spectrum in the range

of 4.5-6.5 kHz is considered. If two modes are observed as in Flame 2 &3, the lower

frequency mode is defined as mode HF1 and the higher frequency mode as HF2. In the

case that only one mode occurs, as in Flame 4 & 5, the mode is assigned to the HF2

group, as these single modes are found in the higher frequency tier ranging from 5.5-6

kHz, whereas the HF1 mode is found in the 4.9-5.4 kHz band.

Figure 7.8 summarizes this analysis and provides an overview of the instability mode

amplitudes as a function of the flame operation conditions u jet and Tad . As the total mass

flow rate ṁtot ≈ const a change in T3 alters the jet velocity by u jet ∝ 1/T3 as the inlet

pressure p3 ≈ const. The adiabatic temperature is computed from the global equivalence

ratio φ and mixture temperature T3 for each particular condition. Thus these two parameters
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reflect the influence of the hydrodynamics and chemical kinetics in the flow field on the

instability mode selection.
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Figure 7.8. Amplitude levels for modes a) 1L, b) 2L, c) HF1 and d) HF2
as a function of flame operation parameters u jet and Tad based on Welch
power spectrum estimates of the C1 pressure signal for each survey con-
dition.

No clear dependence of the 1L mode on the flame operation condition is observed in

Figure 7.8a), however three clusters of higher mode magnitudes are identified, of which

two are centered about 135 m/s and 115 m/s at lower flame temperatures of Tad < 2150

K and one is located at 130 m/s for Tad > 2200 K. The 2L mode maintains a relatively

low amplitude throughout the operation envelope compared to the remaining modes as

shown in Figure 7.8b). The 2L amplitudes are slightly increasing towards lower Tad and a

magnitude maximum region is centered at ≈ 115 m/s and flame temperatures lower than

Tad < 2200. The HF1 mode only occurs in the upper half of the operation envelope for

u jet > 120 m/s and a magnitude increase is observed towards the left and right bounds of

that operation space as shown in Figure 7.8c). A maximum amplitude region for HF1 is

located in the upper left bound of the operations space for Tad < 2150. A comparison with

the 1L amplitude map reveals a correlation with the elevated HF1 amplitude regions. The

HF2 mode is found in the entire operation envelope but develops elevated magnitude levels

in the lower half of the operation space for u jet < 120 m/s, except for the region in which



132

the HF1 mode shows a maximum as shown in Figure 7.8d). A HF2 maximum is located at

u jet ≈ 115 m/s and Tad < 2200, which coincides with the maximum 2L amplitude region.

The mode dependence on u jet in combination with Tad indicates the importance of

accessing the underlying flow field hydrodynamics. Although shear layer instabilities are

known as a major coupling mechanism between heat-release and pressure oscillations in

a given combustor configuration, the onset of this linkage and the underlying physics are

yet to be determined. Based on the mapping in Figure 7.8 a connection between the jet

operation conditions and thus the shear layer state is made, which is determined by the

underlying mean velocity and density profiles. Velocity perturbation modes/waves in the

shear layer are maintained by the mean flow velocity gradient and can be significantly

altered by the presence of a density gradient.

7.3 Flame Dynamics

To determine the level of flame coupling with the above described dynamics the in-

tensity fluctuations from the OH* chemiluminescence emission in the FOV are extracted.

Hereby the spectral content of a spatial mean series of 5000 images

I′ =
1

mn

m,n

∑
x,y

I′x,y (7.3)

is considered first, representing the global flame emissions in a 100 ms period that is

correlated with the analyzed pressure samples in section 7.2. The resulting power spectra

for each flame is shown in Figure 7.9. The I′ spectrum of Flame 1 indicates coupling

with the 1L and 2L mode at 360 and 720 Hz respectively. The HF2 mode detected in the

C1 pressure spectrum in Figure 7.3 does not couple with the flame in the FOV, indicating

that any pressure field interaction must occur farther downstream. Although longitudinal

mode coupling occurs, the I′ spectrum for Flame 2 is dominated by oscillations at the HF1

mode at 5.3 kHz and the first harmonic at 10.4 kHz, that corresponds to the dominant

mode observed in the pressure spectrum in Figure 7.4. The emission spectrum of Flame 3

indicates major coupling at multiple modes, where the highest energy modes are found at
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Figure 7.9. Welch power spectra estimates of the OH* chemiluminescence
intensity fluctuations I′ in the total field-of-view (FOV)

680 Hz and 1390 Hz, corresponding to the 2L and 4L chamber mode found in the pressure

spectrum in Figure 7.5. Additionally the HF1 mode and its harmonic at 5 kHz and 10 kHz

respectively are observed to alter the flame emissions. In contrast to that, the dominant

HF2 mode in the pressure spectrum for this flame condition does not couple with the flame

in the FOV, similar to the observations made for Flame 1. The I′ spectrum for Flame 3

indicates no coupling with the HF2 mode in the FOV, which was found to dominate the

pressure spectrum at C1.

Modes located at 710 Hz and 1420 Hz are found to dominate the flame dynamics, which

correspond to the 2L and 4L pressure chamber modes identified in the power spectrum for

probe C1 in Figure 7.6. Flame 5 is seen to exhibit significant emission dynamics at 5.8 kHz

and 11.6 kHz, which correspond to the HF2 mode and the respective harmonics found in
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Figure 7.10. First three rows: amplitude based Wavelet scalogram of p′

measured at probe C1 and OH∗ intensity fluctuations in windows W1 and
W3. Lower rows: CrWT based phase difference of I′ at W1, W2 and W3
relative to p′ measured at probe C1 at frequencies of common power for
a) Flame 2, b) Flame 3 and c) Flame 5.

the pressure spectrum at C1 in Figure 7.7. Hereby the mode at 11.6 kHz dominates this

spectrum and the 5.8 kHz represents a sub-harmonic.

As Flames 2, 3 and 5 indicate coupling with the HF modes identified in the respective

pressure analysis, a Wavelet Transform based analysis allows for insight in the spatiotem-

poral coupling of the flame emission and chamber pressure field. For that purpose the flame

emission extraction is spatially limited to the windows W1, W2 and W3, defined in Figure

7.1, and the resulting signals are analyzed in WT space. To directly correlate the intensity

signals to the pressure field, the C1 probe signal is down sampled to the imaging frequency

of 50 kHz and a Cross-Wavelet Transform based phase relationship between p′ and I′ is
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Figure 7.11. First and second SPOD mode spectra and C1 probe pressure
spectrum with selected SPOD modes for a) Flame 2, b) Flame 3. The real
part of the modes is shown Re(Ψ f ,k) where k is the SPOD mode number
and f the mode frequency.

determined. Similar to the WT pressure analysis, only valid samples from the CrWT are

considered for a phase difference calculation, for which PCrWT > 0.8.

The WT scalogram of the W1 signal of Flame 2 shown in Figure 7.10 a) indicates

strong I′ corresponding to the HF1 pressure oscillations at C1. An identical amplitude

modulation is apparent in the W1 I′, but a relative phase difference of ∆φ ≈ π between

the p′ and I′ modulation is identified. The W3 I′ in contrast correlates with p′ at C1 and

high amplitude periods of oscillation are coincident. The W1 and W2 signals are in phase-

quadrature (∆φCrWT = ±π) with the pressure signal at C1, which also infers that the I′ in
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Figure 7.12. First and second SPOD mode spectra and C1 probe pressure
spectrum with selected SPOD modes for a) Flame 4, b) Flame 5. The real
part of the modes is shown Re(Ψ f ,k) where k is the SPOD mode number
and f the mode frequency.

the upper and lower half of the chamber are phase opposed, as the relative phase differ-

ence between W1 and W2 is ∆φ ≈ π . The W3 I′ in contrast is in phase opposition with

p′ at C1 as ∆φCrWT ≈ π . These phase relationships are consistent with a nonstationary 1T

mode that is established in the flame zone of the combustor, for which the mode nodal-line

circumscribes the chamber axis at 60 Hz. This mode behavior has also been described in

Chapter 4. As the 1T nodal-line is located normal to the FOV, pressure and velocity fluc-

tuations associated with the mode act parallel to the FOV and the flame response/coupling

with the acoustic field is observable as the flame brush undergoes strong transverse dis-
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placement and asymmetric shear layer roll-up occurs, yielding high amplitude I′W1,W2 at

∆φW1−W2 = π . In these instances the pressure probe C1 and the W3 window is located at

the 1T nodal-line, resulting in low amplitude oscillations at the 1T frequency. A nodal-line

orientation parallel to the FOV results in a reduction of I′ in W1 and W2 and ∆φW1−W2≈ 0,

as the transverse velocity and pressure oscillations now act normal to the FOV. In these in-

stances the anti-nodes are located in line with the probe C1 and the window W3, leading to

high p′C1 & I′W3 and ∆φCrWT,W3 ≈ π , indicating the phase opposition of acoustic pressure

and velocity fluctuations at the 1T frequency. The phase quadrature between I′W1,W2 and

p′C1 results from instances where the 1T mode transitions between these two extrema and

the angle between FOV and nodal-line approaches 45◦.

The pressure spectrum for Flame 3 in Figure 7.10 b) indicates the presence of both

modes, HF1 and HF2, yet only flame coupling with the HF1 mode is observed in the

FOV yielding a similar behavior as Flame 2. Less coherent phase relationships compared

to Flame 2 may be contributed to the increased magnitude of the HF2 mode (1T mode

in fully developed flow field), leading to a reduced energy contained in the 1T realization

close to the nozzle near-field (acoustic energy conservation).

The significant instability level of Flame 5 becomes apparent in the I′ scalogram in 7.10

c), as I′W1 perfectly correlates with the dynamics of p′C1. The intensity signal extracted from

W3 indicates strong oscillations at the harmonic frequency of the HF2 mode, exhibiting

the same coherent amplitude level observed in the scalograms for I′W1 and p′C1. The relative

phase relationship between the W1 and W2 signals of ∆φ = π indicate phase opposition of

the flame emissions in the upper and lower chamber-half. The constant amplitude of the p′

and I′ oscillations in connection with these phase relationships determines the presence of

a travelling wave, rather than an acoustic resonant mode.

To further visualize the spatiotemporal p′ and I′ relationships determined in the fore-

gone analysis, Spectral Proper Orthogonal Decomposition (SPOD) is utilized. The algo-

rithm described by Towne et al is applied for which the published MATLAB suite is applied

to decompose the emission field into distinct modes, both in space and time [75]. 10000

mean subtracted images of flame emission are included in the computation spanning 200
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ms of the overall test duration, where each emission ensemble includes the 100 ms pressure

samples analyzed for each flame condition. This ensemble length is sufficient to study ≈

24 cycles of the amplitude modulation of the I′ at the HF1 and HF2 modes that occurs

at ≈ 120 Hz and thus represents the lowest frequency of interest. The resulting frequency

resolution in the SPOD analysis is 20 Hz based on 5 image blocks (Hamming Window)

with 50 % overlap.

Figure 7.11&7.12 include the energy spectra for the first and second SPOD mode en-

semble indicated as E0 and E1 respectively for Flame 2, 3, 4 and 5. The pressure spectrum

at probe location C1 is included for comparison and all spectra are normalized by their

respective maximum power. Both SPOD mode spectra for Flame 2 are dominated by two

dynamical process, one correlating to the dominant pressure HF1 mode and a second to the

respective harmonic as observed in Figure 7.11 a). In addition a lower frequency process

at 120 Hz is present in the first SPOD spectrum. The real part of the first SPOD modes at

120 Hz and 5360 Hz as well as the second SPOD mode at 5260 Hz clarify the I′ dynamics

of Flame 2 in the WT based analysis in Figure 7.10 a). As the 1T mode circumscribes the

combustor axis in the recirculating region of the flow field (the nozzle near-field), the flame

strongly engages with the nonstationary pressure/velocity field. In the 5.36 kHz SPOD

mode an asymmetric initial shear layer roll-up is seen to couple with the 1T mode, leading

to the high amplitude oscillation periods in the W1&2 emission windows. A concurrent

displacement of the flame brush leads to a spatial asymmetry in heat-release in the cham-

ber volume about the chamber axis, supplying energy into the unsteady pressure field. As

the 1T mode circumscribes the chamber center axis the emission intensity fluctuates over a

longer time scale which is captured in the 120 Hz SPOD mode. As the emission imaging

is a line-of-sight integrated measurement, asymmetric intensified light emission about the

chamber axis correlate to a nodal-line orientation normal to the FOV, leading to the tapered

spatial region originating in the nozzle near field. This period of the 120 Hz cycle corre-

sponds to instances when the 1T nodal-line is orientated normal to the FOV. During the

rotation of the 1T mode anti-nodes out of the FOV, the flame broadens as the main inter-

action path is now inline with the imaging, leading to the wings of the tapered regions and
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intensified flame emission about the center axis in the nozzle near-field. These dynamics

describe a highly distorted flame shape, where the conical reaction zone is contracted and

the flame flattens about the 1T nodal-line.

The second SPOD spectrum indicates an additional dynamic process at 5.36 kHz that

underlies the major transverse motion of the flame brush. Inclined bands of high inten-

sity are observed in the second SPOD mode at 5.36 that are convected by the mean flow

field. These bands correspond to the asymmetric shear layer roll-up occurring at the 1T

frequency, which yields distinct toroidal flow structures (vortex rings) that interact with the

reaction layer. The convection velocity of these vortex rings can be estimated based on

the 8 instances within the FOV as uconv = 3d jet fHF1/V N ≈ 125 m/s, where V N ≈ 5 is the

number of intensity bands in the FOV, which corresponds to ≈ u jet .

Flame 3 shows similar SPOD spectra in Figure 7.11 b) compared to Flame 2 but also

indicates strong flame coupling with the 2L chamber mode as indicated by the mode in

the first SPOD spectrum at 680 Hz. The SPOD mode corresponding to this frequency

indicates strong axial, symmetric flame modulations about the chamber axis (not shown

here). The first SPOD modes at 120 Hz and 5.14 kHz correspond to the same processes

described for Flame 2. As the HF2 mode dominates the pressure spectrum, the HF1 mode

is less energetic leading to less coherent flame dynamics. The high intensity bands rapidly

disintegrate downstream of a x/d jet ≈ 1.5, indicating a rapid destruction of the vortices into

smaller structures compared to Flame 2, for which these structures are present within the

whole FOV.

Strong longitudinal mode coupling is observed in the SPOD spectra of Flame 4 in

Figure 7.12 a). When compared to the pressure spectrum, the modes at 720, 1400 and 3100

Hz stand out in the first SPOD spectrum, which all display axial modulations in the flame

emissions. The 720 Hz mode corresponds to the 2L chamber mode, where axisymmetric

patterns indicate periodic intensity fluctuations in the reaction layer that are correlated to the

periodic shear layer roll-up and vortex merging, that occurs further downstream in Flame 4

(and 1) compared to Flames 2 and 3. The first SPOD mode at 1.4 kHz is connected to the
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third harmonic of the 1L chamber mode whereas the mode at 3.1 kHz isplaying periodic

axisymmetric structures that interact with the reaction layer.

Flame 5 displays a completely different flame dynamics indicated by the SPOD spec-

tra and corresponding modes in Figure 7.12 c). Strong coupling of the flame emissions is

observed with the HF2 pressure mode and its harmonics. As the CrWT analysis in Figure

7.10 c) already established, the flow field is dominated by a single travelling wave circum-

scribing the potential jet core at 5.88 kHz as observed in the corresponding first SPOD

mode. The harmonic mode at 11.76 kHz displays the I′ related to the wave passing through

the center line of the FOV, resulting in the harmonic mode as both passes are detected.

These dynamics dictate a wave speed of uwave = πdCC fHF2 = 1480 m/s, assuming the

wave is bounded by the chamber wall, which corresponds to 90% of the Chapman-Jouguet

velocity of 1650 m/s for an air-methane mixture at the given operation point (computed

with NASA-CEA). The second SPOD mode at 5.52 kHz shows asymmetric roll-up of the

underlying reaction layer in the the nozzle near-field, similar to the shedding process ob-

served in Flame 2&3. In contrast to these flames, the emission patterns emerging from

this asymmetric roll-up indicate a helical structure is formed around the potential core of

the jet that interacts with the inner reaction layer. The observed zigzag pattern results of

the line-of-sight integrated image of the flame emissions that are altered by a single helical

structure in the shear layer (continuous vortex-tube).

7.4 Linear Stability Analysis of Base Flow

A linear stability analysis of the in chapter 6.3 formulated base flow is performed. As-

suming inviscid and locally parallel flow at a specific axial location the compressible Euler

equations and energy equation in cylindrical coordinates x,r,θ are linearized. Utilizing the

Reynolds decomposition, axial, radial and azimuthal velocities u,v and w and the gas state

variables p, T and ρ are decomposed as q = q0 + q′, where q0 and q′ is the unperturbed

base state and the superimposed perturbation respectively. The equation system is derived
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in chapter 6.1 and only the final set is duplicated here. Assuming harmonic perturbations

the linearized mass, momentum and energy equations read:

αu0

ρ0RsT0
p̂+α û− j

(
1
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1
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dρ0

dr
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ŵ− αu0

T0
T̂ = ω

(
1

ρ0RsT0
p̂− 1

T0
T̂
)

(7.4)

αu0

ρ0
p̂+αu0û− j
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(
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(7.8)

Given that the flow field in this configuration is reasonably parallel compared to flow

fields with a mean swirl component, a local LSA is justified. The aim for this analysis is to

study the confined jet stability characteristics in the presence of an inhomogeneous density

and temperature distribution and its spectral receptivity to acoustic fluctuations within the

range of the observed dynamics.

The computational domain is bounded by the combustor wall at r = rCC = dIN , where

the boundary condition v′(rCC) = 0 is enforced. The domain is discretized with a staggered

grid approach, for which p′, u′, w′ and T ′ are evaluated at the center of N = 250 segments

and the radial velocity perturbations v′ at the N +1 segment boundaries.

To assess the general stability characteristics of the flow fields for Flames 1-4, a tempo-

ral analysis at axial locations of x/dIN = [0,3] in increments of 0.125dIN is conducted. For

a given α ∈R the generalized eigenvalue problem is solved and perturbation modes with

growth rates of ωi > 1 are extracted. Figure 7.13 a) shows a representative eigenspectrum.

The eigenvalues along the ωr axis represent the continuous spectrum of the dispersion

relation and two discrete modes (marked in red) are observed that are associated with con-

vectively unstable modes. The complex conjugates result from the inviscid formulation of

the problem and any eigenmodes with frequencies ωr > 20 kHz are discarded.
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Mode 1

Mode 2

Figure 7.13. a) Eigenvalue spectrum of temporal LSA, b) p′, c) u′, d) v′

and e) w′ profiles for Flame 2 with N = 250, α = 250, m = 1, x/dIN = 1.

Two modes from the spectrum are identified, which are subsequently referred to as

Mode 1 and Mode 2. The associated eigenvectors for the pressure and velocity components

are presented in Figure 7.13 b-e). Mode 1 is a shear layer driven mode, identified by the

location of the profile extrema located adjacent to the velocity gradient maximum which is

marked by the location of rs. Mode 2 is connected to the mixture jet body, for which all

perturbation quantities develop a maximum below the reaction layer. The pressure profiles

for both modes indicate interaction between the mixture jet and recirculation zone region,

whereas the velocity perturbations are contained within each associated region.
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Figure 7.14. Perturbation modes extracted from temporal stability analysis
at x/dIN = 1.5: a) frequency and b) temporal growth rate ωi as a function
of normalized spatial wavelength λx/dIN of convectively unstable modes
for Flames 1-5.

Figure 7.14 provides an overview of the stability characteristics for flame condition 1-4

over the analyzed axial span for azimuthal wave numbers m = [0,1], for which the most

unstable modes are plotted. Mode 1 continuously decreases in frequency and growth rate

for Flames 1 and 4 within the axial range x/dIN = 0−1.5. Downstream of that the preferred

Mode 1 frequency is observed to stagnate at 500-600 Hz, whereas the growth rate continues

to decrease. The reduction in frequency and growth rate is related to the relaxation of the

base flow gradients in the axial direction downstream of the sudden expansion. Flame 2

and 3 in contrast develop a negative low frequency region in the axial range x/dIN = 0−1,

indicating a clock-wise rotation direction. The growth rates are significantly lower in the
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near field of the sudden expansion compared to Flame 1 and 4 before the mode develops a

maximum at x/dIN ≈ 1. Downstream of that region Mode 1 behaves similarly for all flames.

These trends are consistent with both azimuthal wave numbers. The preferred frequency

of Mode 1 resides in a frequency band that is compatible with the 2L chamber acoustic

eigenmode for all flames. Thus any stochastic process perturbing the shear layer within

that frequency band yields a spatially growing disturbance in the downstream direction.

This convectively unstable mode has the potential to couple with the combustor acoustic

mode through unsteady heat release, that is generated by the interaction of hydrodynamic

perturbations and the reaction layer.

Mode 2 is associated with the reactant jet injection region, and resides at higher fre-

quencies compared to Mode 1, which is compatible with the transverse acoustic eigen-

modes of the combustor. All flames develop a maximum in temporal growth rate within

the axial range x/dIN = 0− 0.75. The frequency hereby decreases towards the level of

the 1T acoustic mode of the combustor, indicated by the 1T mode frequency plotted for

Flame 2 (computed with LSA for m = 1 and α = 0). Frequency intersection of the hy-

drodynamic instability and the acoustic eigenmode is observed in a narrow region centered

around x/dIN = 1. These trends are consistent with both azimuthal wave numbers within

the axial range x/dIN = 0−0.75, whereas the axisymmetric mode (m= 0) deviates from the

helical mode. Perturbation modes with m = 0 reside at slightly higher frequency for larger

axial extent until x/dIN = 2.25, where the shear layer is unable to support the axisymmet-

ric modes of type 2. The helical perturbation mode steadily decreases until x/dIN = 2.25

where an inflection point is observed, leading to a frequency increase towards the end of

the computational domain.

The temporal stability characteristics for Flames 1-4 are compared for the axial location

x/dIN = 1 in Figure 7.15. The local maximum temporal growth rates for both modes and

azimuthal wave numbers are indicated with vertical lines and horizontal lines mark the 2L

and 1T acoustic mode frequencies. The maximum growth rate for Mode 2 is reached in

a frequency range in close proximity to the local 1T eigenfrequency for Flame 2, 3 and

4, whereas Flame 1 shows a significant offset between the 1T and preferred frequency of
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Figure 7.15. Perturbation modes extracted from temporal stability analysis
at x/dIN = 1.5: a) frequency and b) temporal growth rate ωi as a function
of normalized spatial wavelength λx/dIN of convectively unstable modes
for Flames 1-4 at x/dIN = 1. Vertical ( ) and ( ) lines mark m = 0 and
m = 1 maximum of ωi. Mode trajectories for m = 0: ( ), m = 1: ( )

Mode 2. The predicted Mode 2 frequency at x/dIN = 1 for Flame 2 is 5.25 kHz with

an axial wavelength λx/dIN = 0.63 and is in excellent agreement with the SPOD mode

found for this flame at 5.26 kHz. Flame 3 has a preferred Mode 2 frequency of 5.45 and

4.88 kHz at x/dIN = 1.125 and 1.25 respectively with the associated axial wave lengths

λx/dIN = 0.52 and 0.58, indicating reasonable agreement with the SPOD mode at 5.14

kHz. The computed λx/dIN values for both flames show good agreement with the wave

pattern inferred from the SPOD modes in Figure 7.11.

Figure 7.16a) shows the reconstructed perturbation quantity fields for Flame 2 with

α = 250 and m = 1 at x/dIN = 1, corresponding to the most unstable mode at that axial

wave length. The perturbation quantities reach their maximum amplitude in the jet core

region. All three velocity components yield the maximum magnitude along the reaction

layer imposed boundary, indicating an increase of shear along the reaction layer capable
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Figure 7.16. Reconstructed perturbation fields for p′, u′, v′ and w′ for: a)
Mode 2 of Flame 2 at x/dIN = 1, α = 250 and m = 1 b) Mode 1 of Flame
4 at x/dIN = 0.75, α = 320 and m = 0

of flame surface alterations. Helical modes perturbation modes are not restricted to one

direction of rotation, especially in a non-swirling jet, for which no rotation direction is

preferred. A superposition of the m = 1 mode with its m =−1 counterpart yields a flapping

motion of the jet core which results in asymmetric shear layer roll-up. Given the chemical

time scales are compatible with these perturbations, the reaction layer will be altered by

the shear layer roll-up, yielding an asymmetry in the flame surface distribution within a

cross-section of the flame. The single nodal-line within this distribution is compatible with

the 1T acoustic field and thus holds a large potential for self-excitation of the 1T mode in

the flame zone. The SPOD modes for Flame 2 and 3 in Figure 7.11 indicate the presence of

an underlying helical wave structure that supports this hypothesis. A single helical mode

in the shear layer also results in a asymmetric roll-up but in contrast to the flapping mode,

no nodal-line within a cross-sectional plane exists, thus the potentially arising heat-release

distribution is not compatible with the 1T acoustic field in this configuration.
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Preferred frequencies of Mode 1 are found in the region of longitudinal acoustic modes

of the combustor. Flame 1 and 4 show good agreement in the measured 2L frequencies with

the preferred axisymmetric modes with 730 Hz at x/dIN = 1.125 and 710 Hz at x/dIN =

0.75 for Flame 1 and 2 respectively. Figure 7.16b) presents the corresponding reconstructed

perturbation quantity fields for Flame 4, where the perturbations are located within the

recirculation zone adjacent to the shear layer center. Axial velocity fluctuations are centered

on the nodal line of the radial velocity perturbations, that lead to an symmetric increase of

the axial velocity gradient. This motion is similar to the varicose motion seen leading to a

Kelvin-Helmholtz instability that eventually results in shear layer roll-up.

7.5 Conclusions

Combustion instability classes and their sensitivity on operation parameters in a pre-

mixed jet-stabilized NG-air combustor at gas turbine relevant conditions have been studied.

The single element burner shows distinct changes in dynamics with changes in the global

equivalence ratio φ and air temperature T3. Pressure and OH∗ chemiluminescence emis-

sion data of five flames were analyzed to highlight the three instability classes observed in

this burner configuration. Longitudinal, transverse and spinning mode dominated flames

were identified, for which a mapping of the classes in the operational space indicated the

presence of hydrodynamic processes that determine the combustion instability regime.

The analysis of the pressure and flame dynamics lead to the following hypotheses:

1. Longitudinal modes (1 and 2L) are present throughout the operation envelope for

the experiment. The turbulent flow field present in the flame zone provides a wide

spectrum of velocity perturbations that lead to heat release oscillations through inter-

action with the reaction layer. Damping processes in the system limit the resulting

interaction and yield a low contribution of these modes to the overall instability level

in this configuration.

2. The axial variation of the temperature field in the chamber head-end caused by the

non-compact flame leads to a wide frequency range for transverse mode excitation
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through feedback with hydrodynamic processes originating in the jet shear layer.

Two modes of excitation are present to drive a transverse instability within the cham-

ber. In the nozzle near field the coexistence of counter-rotating helical shear layer in-

stability waves (m±1) cause asymmetric interaction between the reaction layer and

the velocity fluctuations produced by the shear layer waves. As the temperature and

density field within the shear layer changes drastically as result of the reaction, dif-

ferent shear layer partitions provide different orbits of different radii or wave-guides,

in which different fluid states prescribe possible harmonic wave solutions.

3. A superposition of two counter-rotating waves results in a standing shear layer insta-

bility pattern. A frequency difference between these two modes can lead to a proces-

sion of the velocity mode nodal-line within the shear layer at the frequency difference

of the two helical waves. The velocity interference between the two waves at the

anti-nodal-line causes the shear layer to roll-up, increasing the reaction layer surface

locally and generating an asymmetric heat-release distribution about the chamber

axis.

4. If the shear layer modes excite perturbations in the range of possible transverse

acoustic modes in the flame zone, the flow field will undergo self-excitation and a

combustion instability is sustained within the bounds of possible acoustic-coupling,

prescribed by the axial variation of sound speed. The 1T mode locks-on to the asym-

metry in heat-release and the resulting asymmetric pressure differential about the

sudden-expansion favors the shear layer roll-up locally, as the gradient about the

inflection point of the axial velocity profile is increased.

5. Due to the presence of the jet potential core a 1T mode established in the nozzle

near-field resides at frequencies that are below the 1T cut-off frequency in the fully

developed flow with a homogeneous temperature distribution at T4. The mode is

trapped within the combustion zone of the chamber, which results in the observed

axial decay of pressure information in the downstream direction.
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6. In the fully developed flow field the sound speed is uniform at an elevated level com-

pared to the nozzle near-field leading to increased potential 1T mode frequencies. As

described above, the superposition of two helical modes, now at nearly identical fre-

quencies as the temperature field is nearly uniform, results in a flapping (transverse)

motion of the jet remnants. This heat-release displacement relative to the chamber

center-axis, when occurring at or close to the resonant 1T frequency, couples with

the acoustic pressure field and leads to self-excitation of the transverse mode. In this

scenario, axisymmetric shear layer modes may be favored in the nozzle near-field,

as indicated in the SPOD spectra of Flame 4. Helical modes however may develop

further downstream in the reattachment/developing zone of the flow field as potential

coupling mechanism between heat-release and acoustic pressure field.

These conclusions are reinforced by a local linear stability analysis of a reconstructed

base flow for four flame conditions. The spectrum of possible perturbation modes in the

reacting shear layer was examined. The analysis mimics the reaction layer by introduc-

ing density and temperature profiles in the base flow. The modelling of heat release was

excluded from this analysis, as the inherent shear layer modes are sought. From the ax-

ial variation of the preferred mode frequencies and associated growth rates in Figure 7.14

it is concluded that a reduction in φ and the corresponding reaction layer transition into

lower velocity zones towards the recirculating products leads to a stabilization of shear

layer Mode 1. This is supported by the reduced growth rates of Mode 1 for Flame 2 and

3 along with the low frequency for these modes. In contrast to that Flame 1 and 4 show

elevated growth rates and frequencies that are compatible with longitudinal acoustic modes

of the combustor. The increased offset between reaction and shear layer center, destabi-

lizes Mode 2 for which the preferred mode frequencies are compatible with the 1T cham-

ber mode. Stochastic perturbations inherent in the turbulent flow field trigger Mode 2 for

which a superposition of the m =±1 shear layer modes lead to a mixture jet flapping. This

motion generates an asymmetry in the heat-release distribution with a single nodal-line,

that is compatible with the 1T chamber mode. In addition an inflection point in the Mode

2 frequency for m = 1 towards the end of the computational domain suggests the existence
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of helical waves further downstream, whereas axisymmetric Mode 2 type perturbations are

not supported by the flow field beyond x/dIN > 2.5.

It was shown that temporal LSA is able to predict convectively unstable shear layer

modes, that may undergo coupling with acoustic modes of the combustor. This analysis

should be extended into a global analysis, which will allow a further characterization of the

two modes found in the local analysis and determine if these modes are absolutely unstable

and thus fully determine the instability regime for a given operation condition.
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8. SUMMARY AND CONCLUSIONS

The overarching goal of this study was to study the mechanics of self-excited combustion

instabilities in a model combustor for power-generation applications. For a confined lean

premixed jet stabilized flame, the role of hydrodynamic instabilities on the occurence and

amplification of combustion dynamics at multiple thermoacoutic chamber modes was eval-

uated. To achieve this goal, a single-element natural gas fueled model combustor VIPER-S

was designed, capable of operating at chamber pressures up to 22 bar and thermal power

levels of 1.5 MW, while providing optical access to the flame zone. At these conditions the

wide range of spatiotemporal scales available in the flow field resulted in the self-excitation

longitudinal and transverse instabilities. The operating condition determined which of these

modes is amplified yielding a sustained limit-cycle of pressure oscillations in the combus-

tor. The canonical experimental configuration of VIPER-S allows for the detailed mapping

of the system pressure along with simultaneous flame emission measurements, making the

experiment an ideal platform for low- and high-fidelity model validation studies.

Two fuel injection schemes were investigated, a “technically-premixed” configuration

(TPC) for which the injector was located within the inlet duct directly upstream of the

combustion chamber, simulating the fuel injection in a single element of an terrestrial gas

turbine combustor. In this configuration, the injector was exposed to the dynamic pressure

field in the combustor, for which the injector stiffness determines the level of interaction

between fuel injection rate and system dynamics. In the “fully-premixed” configuration

(FPC) the fuel is injected in an external-premixer that is coupled through a choked orifice

plate to the combustor inlet, effectively decoupling the system dynamics from the reactant

supply and potential equivalence ratio fluctuations.

The sensitivity of the fundamental longitudinal mode (1L) of the combustor on fuel

injection location within the inlet duct and flame condition was investigated in TPC. For a

constant fuel injection distance to the sudden-expansion, a reduction in the global equiv-
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alence ratio (φ ) lead to an increase of the limit-cycle amplitude. OH∗ flame emission

measurements showed increased flame-vortex interaction for a reduction of φ along with

a shift of the time lag between pressure and flame intensity oscillations in the flame zone.

For high φ flames the intensity and pressure oscillations were in phase, whereas a reduc-

tion in φ lead to leading intensity fluctuations. The reduced reactant consumption speed

for the lower φ mixture leads to a higher degree of flame-vortex interactions as the reaction

layer adjusts its radial location within the oscillating velocity field. This dynamic process

is significantly reduced for higher φ flames, leading to a reduced 1L limit-cycle amplitude.

To assess the effect of fuel injection location within the inlet duct on the system 1L

mode, the parametric study described above was repeated, for which the injector was

shifted by ±4 cm compared to the baseline location. The baseline injector location is

located in a phase-synchronized pressure field region compared to the flame zone, lead-

ing to positive φ ′ pockets that are convected into the flame zone prior to the compression

phase and thus augmenting p′. This process amplifies the 1L dynamics in the chamber

for normalized convective time lags of T = 1.15− 1.25, which is effectively determined

by T3 for a constant air mass flow rate. Higher pressure fluctuation amplitudes were ob-

served in configuration 3 where the injector was located closer to a pressure anti-node in

premixing duct. Here the larger fluctuations in the pressure differential over the injector

result in larger φ ′, that reinforce this coupling mechanism. For configuration 2 the injector

is located within a phase-opposed pressure field compared to the flame zone. Positive φ ′

pockets arrive during the expansion phase in the flame zone, resulting in an interference of

p′ and q′ and consequently lower limit-cycle amplitudes.

The potential for equivalence ratio fluctuations in response to flame-vortex interactions

in the TPC configuration motivated the change to a fully-premixed configuration. In the

FPC, an external premixer isolated from the combustor using a choked orifice plate was

used to premix the natural gas and air. The acoustic mode-shape of this FPC was tuned

to present similar dynamics as the TPC. A parametric survey in mixture temperature T3

and φ revealed that in addition to longitudinal dynamics, transverse, and spin instabilities

were excited. The 1L mode dominated the dynamics for rich flame conditions (φ > 0.7),
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whereas a reduction of φ lead to excitation of the fundamental transverse mode (1T). This

φ threshold is decreased with an increase in the mixture temperature T3. Two realizations

of the 1T mode are detected within two frequency regions. The first region centered at∼5.2

kHz corresponds to the effective sound speed in the flame zone, which is lower compared

to the sound speed in the fully developed flow, due to the presence of the cold mixture

jet core. Flame coupling at this frequency is associated with a chamber axis precessing

1T mode. The second realization corresponds to the 1T frequency in the fully developed

flow, downstream of the flame zone where the temperature field is homogeneous and the

sound speed associated with T4 determines the higher frequency range at∼6 kHz. Spinning

mode instabilities with larger amplitude limit-cycles were observed to onset for φ < 0.66

in combination with T3 > 670 K. Computed azimuthal speeds of these waves were ∼ 1480

m/s, which corresponds to ∼90% of the Chapman-Jouguet velocity for NG-air at the given

flame conditions. Flame emission data indicates different types of flame - shear layer cou-

pling for longitudinal and transverse dominated flames. For longitudinal modes the flame

emissions are characterized by axisymmetric patterns indicating shear layer coupling with

planar pressure waves in the chamber. A flapping motion of the flame is observed for 1T

dominated cases in the frequency region ∼5.3 kHz, indicating asymmetric perturbations in

the shear layer that alter the reaction layer and couple with the transverse pressure field.

The effect of chamber pressure and inlet velocity on the dynamics in FPC was studied

through two additional parametric test campaigns. In the system pressure study, the mean

chamber pressure was changed by ±3 bar from the baseline reference pressure of 7 bar,

by increasing/decreasing the total mass flow rate through the system. As the exit nozzle

area is kept constant, the inlet velocity remains unchanged from the baseline tests at 7 bar.

The longitudinal mode amplitudes were observed to be insensitive to the changes in mean

chamber pressure and saturate at a certain level. The transverse modes in contrast gain

energy from the increased chamber pressure and show elevated amplitudes compared to the

baseline tests. This effect may be correlated to the drastic change in Reynolds number of the

flow field as the mean chamber pressure is adjusted. With an increase in pressure smaller
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turbulent scales become available for flame-flow coupling processes, thus supplying energy

to the transverse acoustic modes with compatible wave lengths.

In the inlet velocity study, uin was altered by ±30 m/s from the baseline velocity ∼120

m/s, while keeping the mean chamber pressure at the baseline level of 7 bar by adjusting

the nozzle exit area of the combustion chamber. The longitudinal modes were found to be

insensitive to changes in uin whereas the transverse modes showed highest excitation levels

at the baseline velocity. A comparison of the velocity study and baseline data shows that

the 1T mode excitation is strongest for a St band of 1.6-1.7 based on the inlet diameter,

which corresponds to the baseline uin range.

A protrusion study was conducted to investigate the influence of a duct immersion into

the chamber head-end on the chamber dynamics. The longitudinal dynamics were found

to be dependent on the global equivalence ratio, where a reduction in φ lead to an increase

of the 1L amplitude. In addition a reduction in T3 lead to an increase in the 1L amplitude

for the entire φ range studied. This is in sharp contrast to the FPC baseline data, where the

longitudinal modes were seen to be fairly insensitive to the flame condition. In contrast to

that, the transverse modes behaved similarly compared to the FPC baseline data. A res-

onator study was conducted within the protrusion hardware, to reduce the transverse mode

excited in this configuration. Two resonators, purged with T3 air, were sized to produce a

Helmholtz resonance at the measured 1T frequency in the flame zone, i.e. ∼5.4 kHz. A

parametric sweep in T3 and φ showed a reduction of the transverse mode amplitudes and a

significant reduction of the total instability amplitude of up to 70%.

The overarching observation from the fully-premixed configuration indicated a domi-

nant role of shear layer hydrodynamics on the nature of the dominant combustion instability

mode for a given operating condition. In order to assess the range of modes the shear layer

is able to support, a linear stability model of the base flow in FPC was formulated based

on the linearized compressible Navier-Stokes equations. The model was first used to com-

pute the fundamental transverse acoustic mode frequency in the flame zone, which showed

a strong dependency on the local cross-sectional temperature distribution. Five operat-

ing conditions were studied to characterize the different classes of instabilities observed
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in FPC. A wavelet based pressure analysis showed that two realizations of the 1T mode

are possible, where the lower frequency mode (HF1) is trapped within the flame zone and

the higher frequency 1T mode (HF2) resides in the fully developed flow field, where the

frequency is determined by T4. Flame 2 and 3 were shown to excite a 1T mode within the

flame zone, which was identified by a Cross-Wavelet Transform analysis of the pressure

and flame emission data. Flame 1 is characterized by longitudinal dynamics, whereas for

Flame 4 a 1T mode in the fully developed flow field is observed. A spinning instability is

present in Flame 5 leading to a limit-cycle with an amplitude of ∼1 bar. A spectral POD

(SPOD) analysis of the OH∗ flame emission images, showed axisymmetric emission pat-

terns correlated with the longitudinal dynamics for Flame 1 and 4. For Flame 2 and 3 the

analysis identified the dominant transverse motion of the flame brush, which corresponds

to a flapping motion of the jet. In addition an underlying helical motion was found at the

same frequency as the dominant flapping mode. These results indicate the presence of

two counter-rotating helical modes that when superimposed result in the dominant flapping

motion of the jet that undergoes coupling with the 1T acoustic pressure field in the flame

zone.

To test if the shear flow field in FPC allows for these shear layer perturbation modes a

temporal linear stability analysis was conducted based on the developed model. The base

flow of FPC was reconstructed via analytical profiles, where the density and temperature

profile are fitted to the mean OH∗ chemiluminescence emission image for each flame and

mimic the reaction layer. Two modes are found to be convectively unstable within the

domain. Mode 1 is associated with the shear layer and develops velocity perturbations that

are located in the outer shear layer or recalculation zone region. Mode 2 is connected to the

mixture jet domain, where the perturbation are confined by the reaction layer and develop

their maximum towards that bound. Both modes therefore have have the potential to alter

the reaction layer and thus the local flame surface area. A sweep over axial wave numbers

at a specific axial location within the base flow for each flame allows to identify the locally

most unstable or preferred mode. Flame 1 and 4 show Mode 1 frequencies that lie within

the range of their 2L acoustic eigenmodes along with a high temporal growth rates within
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the axial range of x/dIN = 0− 1. Axial wave length and mode frequencies hereby show

good agreement with the pressure and flame dynamics. In contrast to that, Flame 2 and

3 generate Mode 1 frequencies that are not compatible with their longitudinal acoustic

eigenmodes. Mode 2 for Flame 2 and 3 shows preferred frequencies compatible to the

local 1T eigenmode within the axial range x/dIN = 0.75−1.25. The computed axial wave

length for these modes are in excellent agreement with the pressure and flame dynamics

and match the axial wavelength inferred from the associated SPOD modes.

The distinct change between the flame conditions that favor coupling with transverse

rather than longitudinal acoustic modes is a complex interplay between uIN , T3 and φ . For

Flame 2 and 3, the reaction layer position extracted from the chemiluminescence mean

image is located above the shear layer center line in the nozzle near field. The resulting

offset between temperature/density and velocity gradient stabilizes the shear layer Mode 1,

which favors excitation at low frequencies in the longitudinal acoustic mode range. Mode

2, which is associated with the jet, shows favorable regions of coupling with the local

1T eigenmode for all four flames. Flame 2 and 3 however do not support a longitudinal

mode coupling in the initial axial range x/dIN = 0−1 and thus are more likely to undergo

coupling with the 1T acoustic eigenmode. Flame 1 and 4 in contrast show large growth

rates and frequencies of Mode 1 in the initial axial range x/dIN = 0− 1, compatible with

the longitudinal combustor modes.

The linear stability analysis was able to predict the most unstable modes in the shear

layer of the fully-premixed configuration of VIPER-S. A comparison with the preferred

modes and local acoustic eigenmodes allows for a physics based analysis of the observed

coupling between hydrodynamics and thermoacoustics involved in the excitation of dif-

ferent instability modes. The predictive capability of this tool may be used to generate

stability maps as a function of flame operation parameters, when coupled with a turbulent

consumption speed model. Such a framework could locate the reaction layer within the

analytically derived flow field and determine the stability characteristics for a given flame

condition. This procedure could be employed within the early design phase of a new burner

system, in order to avoid configurations that likely undergo self-excitation.
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A. SOLUTIONS TO CIRCULAR DUCT MODES

The figures below show 2D reconstructions of the analytical duct mode solutions given in

chapter 6.2.

Figure A.1. Analytical duct mode solutions for p in air at T0 = 1425 K
and p0 = 7.2 bar and a duct radius of R = 0.04 m

The figures below show 2D reconstructions of the linear stability model solutions given

in chapter 6.2.
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Figure A.2. Analytical duct mode solutions for v in air at T0 = 1425 K and
p0 = 7.2 bar and a duct radius of R = 0.04 m
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Figure A.3. Analytical duct mode solutions for w in air at T0 = 1425 K
and p0 = 7.2 bar and a duct radius of R = 0.04 m
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Figure A.4. LSA computed duct mode solutions for m = 0 in air at T0 =
1425 K and p0 = 7.2 bar and a duct radius of R = 0.04 m
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Figure A.5. LSA computed duct mode solutions for m = 1 in air at T0 =
1425 K and p0 = 7.2 bar and a duct radius of R = 0.04 m
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Figure A.6. LSA computed duct mode solutions for m = 2 in air at T0 =
1425 K and p0 = 7.2 bar and a duct radius of R = 0.04 m



169

VITA

Timo Buschhagen was born on May 1st, 1989 to Petra and Uwe Buschhagen in Stadtha-

gen, Germany. He concluded a vocational training as Technical Product Designer in 2011

and obtained a Bachelor of Engineering in Mechanical Engineering at the Ostfalia - Uni-
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