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SUMMARY

Lean combustion is increasingly employed in both ground-based gas turbines and
aircraft engines for minimizing NOy emissions. Operating under lean conditions increases
the risk of Lean Blowout (LBO). Thus LBO proximity sensors, combined with
appropriate blowout prevention systems, have the potential to improve the performance
of engines. In previous studies, atmospheric pressure, swirl flames near LBO have been
observed to exhibit partial extinction and re-ignition events called LBO precursors.
Detecting these precursor events in optical and acoustic signals with simple non-intrusive
sensors provided a measure of LBO proximity.

This thesis examines robust LBO margin sensing approaches, by exploring LBO
precursors in the presence of combustion dynamics and for combustor operating
conditions that are more representative of practical combustors, i.e., elevated pressure
and preheat temperature. To this end, two combustors were used: a gas-fueled,
atmospheric pressure combustor that exhibits pronounced combustion dynamics under a
wide range of lean conditions, and a low NOy, liquid-fueled Lean Direct Injection (LDI)
combustor, operating at elevated pressure and preheat temperature. In the gas-fueled
combustor, flame extinction and re-ignition LBO precursor events were observed in the
presence of strong combustion dynamics, and were similar to those observed in
dynamically stable conditions. However, the signature of the events in the raw optical
signals have different characteristics under various operating conditions. Low-pass
filtering and a single threshold-based event detection algorithm provided robust precursor
sensing, regardless of the type or level of dynamic instability. The same algorithm
provides robust event detection in the LDI combustor, which also exhibits low level
dynamic oscillations. Compared to the gas-fueled combustor, the LDI events have

weaker signatures, much shorter durations, but considerably higher occurrence rates. The
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disparity in precursor durations is due to a flame mode switch that occurs during
precursors in the gas-fueled combustor, which is absent in the LDI combustor.

Acoustic sensing was also investigated in both the combustors. Low-pass filtering
is required to reveal a precursor signature under dynamically unstable conditions in the
gas-fueled combustor. On the other hand in the LDI combustor, neither the raw signals
nor the low-pass filtered signals reveal precursor events. The failure of acoustic sensing is
attributed in part to the lower heat release variations, and the similarity in time scales for
the precursors and dynamic oscillations in the LDI combustor. In addition, the impact of
acoustic reflections from combustor boundaries and transducer placement was addressed
by modeling reflections in a one-dimensional combustor geometry with an impedance
jump caused by the flame.

Implementing LBO margin sensors in gas turbine engines can potentially improve
time response during deceleration transients by allowing lower operating margins.
Occurrence of precursor events under transient operating conditions was examined with a
statistical approach. For example, the rate at which the fuel-air ratio can be safely reduced
might be limited by the requirement that at least one precursor occurs before blowout.
The statistics governing the probability of a precursor event occurring during some time
interval was shown to be reasonably modeled by Poisson statistics. A method has been
developed to select a lower operating margin when LBO proximity sensors are employed,
such that the lowered margin case provides a similar reliability in preventing LBO as the
standard approach utilizing a more restrictive operating margin. Illustrative
improvements in transient response and reliabilities in preventing LBO are presented for
a model turbofan engine. In addition, an event-based, active LBO control approach for

deceleration transients is also demonstrated in the engine simulation.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Reduction of pollutant emissions from ground-based gas turbine engines and
aircraft engines is essential for protecting air quality and preventing damage to the
environment. Nitrogen oxides (NOy) are a major pollutant with many adverse effects on
the environment. At ground level and low altitudes, NOx emissions contribute to
formation of photochemical smog, harmful ozone and acid rain [1]. NOy emissions from
current subsonic commercial aircraft operating at cruise altitudes (9-13 km) increase
ozone levels along the traffic routes, which could alter the climate [2] . At high altitudes
(17-20 km) in the stratosphere, corresponding to the cruise altitudes of future supersonic
passenger aircraft, NO, emissions would lead to depletion of the ultraviolet-blocking

ozone layer [2].

NOx emissions in lean conditions are generally an exponential function of flame
temperature. Hence lowering average flame temperatures and avoiding local temperature
peaks can greatly reduce NOx emissions. In addition, lowering the residence time
combustion products spend at high temperature (before temperature drops due to work
extraction or heat transfer) can aid in reducing NOy. Fuel lean operation with uniform
fuel-air mixing produces the homogenous and low combustion zone temperatures
required for lowering NOy. Hence, recent gas turbine combustor design approaches have
mainly focused on leaner combustion, using premixed or partially premixed operation as
a preferred option for NOy reduction. Lean premixed operation has reduced NOy
emissions substantially in land based gas turbine engines [3]. Similarly, lean premixed
pre-vaporized (LPP) [4], and Lean Direct Injection (LDI) [5] combustion approaches are

suggested solutions for NOx reduction in aero engines. An alternate approach, Rich-



Quench-Lean (RQL) combustion, has also been pursued [6]. While RQL is preferred for
its enhanced stability, incomplete mixing between rich products and secondary air and

higher particulate emissions in RQL favor lean combustion approaches [7].

Continuous combustion in gas turbines, in contrast to intermittent combustion in
reciprocating engines, requires a stable flame to continuously burn fuel. The flame needs
to be stable in high velocity streams employed for producing high heat release rates in
compact volumes. Gas turbine engine main combustors predominantly use flow
recirculation generated by swirl and sudden area expansion for flame stabilization. In
addition, a pilot flame is occasionally employed. The recirculation region provides a
continuous supply of hot products and radicals to the oncoming reactants and helps
stabilize the flame [8]. In addition, flow recirculation creates low velocity regions where
flame speed can match flow speed for flame stabilization. By making a fuel-air mixture
leaner, the stabilization process weakens due to multiple reasons. For example, lean
mixtures result in low product temperatures and radical concentrations in recirculation
zone reducing their ability to ignite reactants. In addition, flame speed decreases for
leaner mixtures, such that it cannot match flow speed, required for stabilization.
Furthermore, lean flames are less able to withstand high flame stretch rates [9], as the
extinction strain rate is lower for lean mixtures. Swirl stabilized flames usually
experience high stretch rates due to high velocity gradients and turbulence levels, making
lean flames more susceptible to extinction. Therefore for sufficiently lean mixtures, a
flame cannot be stabilized, resulting in flame Lean Blowout (LBO). This is also referred

to as static instability of a flame.

Lean blowout results in disruption of essential power or thrust output from
engines and requires a complex relight procedure to restore power. In land-based gas
turbines used for electric power generation, power outage resulting from LBO would

require operators to pay penalties making LBO an expensive problem. In aero engines,



LBO is a flight safety hazard. For example, LBO near ground level could lead to a
catastrophic crash since aircrafts would descend rapidly with no thrust and little time for
engine restart. LBO at cruise altitudes can require considerable reduction in altitude as it

is hard to relight at high altitudes where ambient pressure and temperature are low.

The exact conditions at which LBO occurs are hard to predict. For example, LBO
occurrence is dependent on local flow conditions, including turbulence levels,
temperature, equivalence ratio, spray properties (for liquid fuels), fuel composition and
product entrainment into the reactants. These conditions are not precisely known or
predictable during engine operation, and can vary significantly with engine operating
conditions or due to aging effects. In addition, inherent disturbances in engine operating
conditions can push the combustor to LBO. Thus combustors are typically designed with
large operating margins to avoid LBO, i.e., with a flame zone equivalence ratio much
higher than the actual LBO limit. However, excessive margins mean the engine is likely
operating at sub-optimal conditions. If however, LBO margin sensors and control
systems were available to avoid LBO, the required margins could be reduced, and further

reduction of NOy could be achieved.

For land-based gas turbine engines, the operating point may be chosen primarily
to minimize NOx while maintaining allowable CO emissions and preventing LBO and
excessive combustion dynamics. NOy and CO emissions, along with an LBO boundary,
are illustrated in Figure 1 for a “typical” Dry Low NOx (DLN) combustor. Keeping NOy
and CO within the allowable limits (for example, 15 ppm for NOx and 25 ppm for CO)
results in a relatively narrow operating range for combustors. Typically, the minimum
equivalence ratio for preventing excessive CO emissions is higher than the LBO
equivalence ratio. However, this lower bound on equivalence ratio is close to the LBO
limit. DLN combustors often employ radial staging using multiple burners within a

combustor can to provide sufficient turndown. The burner arrangement requires fuel split



schedules as a function of engine load, for maintaining low emissions throughout the load
range. For part load operation, some of the burners operate below their LBO limit while
keeping other burners richer, to stabilize the lean burners. In practice, however, it has
been observed that power trips due to LBO occurred due to insufficient stabilization
provided by rich burners [10]. In land-based engines, fuel tuning is performed regularly
in the field, mainly to prevent dynamics. Errors associated with tuning, changes in fuel
properties, variation in ambient conditions can result in occasional LBO trips. LBO
proximity detection systems could be used to avoid these events and improve the

performance of engines.
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Figure 1. NOy and CO emissions in a Dry Low NOx (DLN) combustion system as

For aero engines, NOy is regulated at low altitudes (take off, approach and
landing). Though not currently regulated at cruise altitudes, NOy at cruise may have the

greatest environmental impact, as engines operate for the most time at cruise. For



achieving low emissions using lean combustion, radial staging using a dual annular
combustor [11] or staging within swirlers using multiple swirlers [12] are often employed
to provide sufficient turndown. The combustor configuration can also consist of a pilot
and a main region. The pilot operates alone at low power levels, and at high power levels,
it acts to stabilize the leaner main section. An illustration of average primary zone (a
region without secondary air dilution) equivalence ratios of the pilot and main regions are
shown in Figure 2. In addition, an example LBO margin and LBO limit are shown. The
LBO limit can be expected to decrease with engine power, as higher compressor exit
pressures and temperatures would tend to lower the equivalence ratio where LBO occurs.
For minimizing NOy at the operating points of interest, e.g., cruise or full power take-off,
the design points should be at the lowest possible equivalence ratio. However this can
result in other operating points, e.g., idle or where the main region switches, falling
below the required LBO safety margin. Hence the constraint of having minimum required
LBO margin over the entire operating range of an engine results in non-optimal emission
performance at points where NOy has to be reduced. An LBO control system that ensures
stable engine operation at these off-design conditions would allow reduced LBO margins
and therefore lower NOy emissions at the design points. At the off-design conditions, the
LBO control system would likely be free to act without the constraint to minimize NOy

emissions.

In aero engines, LBO can occur during steady-state operation or during power
reduction transients, i.e., deceleration. To decrease power, fuel flow to a combustor is
reduced, resulting in lower gas temperatures/velocities entering the turbine and reduced
turbine work. This slows down the shaft rotational speed as the turbine cannot provide
sufficient torque to drive the compressor at the same speed. The reduced rate depends on
the inertias of the compressor, turbine and connecting shafts, and on the torque deficit on
the compressor. The mass flow rate of air through the compressor depends on the

compressor shaft speed for a given flight Mach number. While fuel flow can be reduced



quickly to reduce power, air flow rate drops rather slowly. This results in lower

combustor equivalence ratios, which push the combustor closer to LBO. This process is

illustrated in Figure 3, where pilot primary zone equivalence ratio is plotted as a function

of engine power during steady-state operation and a fast deceleration transient from full

power to idle. For illustrative purpose, only the pilot zone equivalence ratio is shown, as

the pilot is the main stabilization mechanism.

Primary Zone Equivalence Ratio

¢ PilotQnly_ _ _>|< ____Pilot+Main_ _ __ __ >
= Pilot
== Main
TO
i |
' Cruise
I
I
1
i
_— e — _l -
LBOMargin {_
LBO limit

Engine Power

Figure 2. Variation with engine power of pilot and main primary zone
equivalence ratios of a lean-operation aero engine combustor.

Due to the uncertainty in LBO conditions, the minimum allowed equivalence ratio

during a deceleration transient is kept well above the LBO boundary, i.e., a large LBO

margin is used (20% above the LBO limit in [13]). This is achieved by a slower fuel flow

rate drop or raising the minimum allowed equivalence ratio limit in the engine controller.

In either case, the result is a slower engine transient response. With LBO margin

detection sensors, LBO margins can be decreased, improving deceleration transient

response. The improved deceleration response can have multiple benefits, for example,



faster aircraft descent or enabling engines to be used more effectively as backup flight

control in case control surfaces, such as the rudder, fail.
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Figure 3. Variation of pilot primary zone equivalence ratio during a rapid transient
from full power to idle.

In land-based gas turbines used for electric power generation, generator shaft

rotational speed has to be kept nearly constant in order to maintain the electrical

frequency, e.g., 50 or 60 Hz. When load on the generator is rapidly shed, shaft rotational

speed increases, causing an increase in the frequency or excessive turbine speed. A

higher electrical frequency can result in a power trip, whereas excessive turbine speed

can result in mechanical damage to the gas turbine. In both cases, shaft speed has to be

reduced rapidly to ensure safe operation. Similar to the aircraft engine decelerations

described above, shaft speed is reduced by lowering fuel flow, thus pushing combustors

towards LBO. By employing lower LBO margins, fuel flow rate can be reduced further

and shaft speeds can be reduced faster, thus preventing power trips and avoiding engine

damage.



From these examples, it is clear that having an LBO proximity sensor would
improve performance and reliability of gas turbine engines. It would permit reduction in
minimum required LBO margins, allowing for reduced NOy emissions and improved
transient response. Ideally, the sensor would be simple in construction, non-intrusive and
capable of working in harsh engine conditions. In addition, the sensor should have good
sensitivity, time response and be robust to varying operating conditions. Therefore the
main objective of this study is to develop a robust sensing methodology capable of

warning of imminent LBO in real time.

1.2. Previous Work

For reliable flame blowout prevention, it is essential to understand the physical
process governing the blowout phenomenon. Such understanding may aid in developing
sensors for blowout prevention. In combustors, blowout can be caused by various fluid
mechanic and chemical process depending on the combustor configuration, flame
stabilization method, and other operating conditions. Generally combustion cannot be
sustained below an extinction limit, where heat release during the residence time of the
gases in the combustor is not sufficient enough to increase the reactant energy
(temperature) above the minimum activation energy required for combustion. Well-
stirred reactor models employing this property sometimes successfully predict blowout
conditions [14]. Most turbine engine combustors use flow recirculation as a primary
method for flame stabilization. Blowout occurs when the flame stabilization mechanism
is not adequate to hold a flame. For example, flow turbulence may induce unsteady
flame stretch sufficient enough to cause local extinctions for lean flames. These
extinctions may result in decreased temperature/radical concentration in the recirculation
zone and ultimately cause blowout [15]. In addition, LBO could occur due to insufficient
time for ignition of reactants in a high velocity stream. High velocities of reactants in the

shear layer between the recirculation zone and free stream would result in small residence



times compared to chemical time scales making the reactants hard to ignite. This
phenomenon has been employed in bluff body stabilized flames using Damkohler
number for LBO prediction [16]. Though there is a considerable amount of literature
regarding blow off in bluff body stabilized flames, in swirl stabilized flames there is only

a limited amount of previous work.

Combustor blowout is often observed to be non-abrupt and preceded by transient
unsteady phenomenon. For example in swirl flames near blow out, some unsteady
behavior is often observed in terms of flame area, flame shape or heat release. Hedman et
al. [17] observed oscillations near blowout between a flame that is attached around the
recirculation zone and one that is lifted off from the recirculation zone. In addition, they
observed the oscillating flame condition to be stable for a high swirl case, but it would
occasionally extinguish for medium swirl conditions. Griebel et al. [18] observed
oscillations in flame postion, shape and length oscillating prior to blowout. Similar
unsteady flame behavior was observed in a non-premixed, swirl stabilized combustor by
Sturgess et al. [19, 20]. They observed flame liftoff and subsequently sever intermittency
with equivalence ratio reduction. Further reduction in equivalence ratio resulted in large
scale axial flame movement before blowing out. The severe unsteady nature of the flame
indicates the complexity of the blow out process, making it hard to capture by modeling.
The unsteady behavior occurring with a sufficient margin, e.g., in equivalence ratio,
above the blowout limit can provide a means for real-time prediction of approaching

LBO.

Based on this unsteady behavior prior to LBO, Thiruchengode et al. [21] sensed
approaching lean blowout in a premixed, gas-fueled swirl combustor operating at
atmospheric pressure. The unsteady behavior was found to be associated with partial
flame extinction around the inner recirculation zone followed by its re-ignition. The

extinction and re-ignition events were called LBO precursor events as they precede LBO



and ultimately lead to LBO. These events were detected in flame optical [21] and
acoustic [22] emissions using simple non-intrusive sensors. The precursor events were
observed to occur more often as the combustor’s stability margin (®-® go or ®/D go)
was reduced. Hence, the average occurrence rate of precursor events was shown to
provide a measure of the combustor’s proximity to blowout. Active control of LBO was
also demonstrated by actuating a pilot fuel responding to number of events occurring in a

unit time window.

Spectral methods based on estimation of relative spectral power at low
frequencies, e.g. 5-50 Hz, was also demonstrated to provide a measure of LBO margin by
Nair and Lieuwen [22] and Prakash et al. [23], in the same gas fueled combustor
employed by Thiruchengode et al. [21]. Precursor events having relatively long durations
(20-50 ms) and with low occurrence rates (2-5 sec™) contribute to increased power at low
frequencies. A similar approach, low frequency tone increase in the acoustic signature
from the combustor of a ground based gas turbine engine, was used to estimate the

probability of incipient blowout of the engine by Taware et al. [24].

Both event based and spectral methods were shown to be capable of approaching
LBO detection in a non-premixed liquid-fueled combustor operating at atmospheric
pressure [25, 26]. In addition standard deviation of the optical signal was also shown to
indicate LBO proximity in a liquid-fueled combustor by Yi and Gutmark [27]. An
alternate sensing technique to optical and acoustic emissions was explored by Thornton et
al. [28]. They used detection of changes in the combustion products’ electrical properties
to detect LBO precursor events. They monitored the current through low voltage
electrodes integrated into the fuel nozzle. During precursor events, there is presumably a
decrease in the ionization level, producing a decrease in the current. Li et al. [29]
employed a tunable, diode laser absorption sensor to detect LBO margin in a lean,

partially premixed model turbine combustor. They monitored temperature fluctuations
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associated with the localized and temporary extinction events and used a spectral power
approach (0-50 Hz) to analyze the sensor output. For the most part, these techniques rely
on the increased unsteadiness of the heat release associated with the occurrence of

precursor events.

Among all the possible methods for LBO margin sensing, the event based method
is preferable as it has the best time response. Statistical and spectral methods require
signal data over sufficient time for reliable LBO margin sensing. On the other hand,

events can be detected as soon as they occur and better time response can be achieved.

In addition to LBO (static instability), lean combustion often gives rise to
thermoacoustic combustion instabilities (dynamic instability). Dynamic instabilities are
associated with high amplitude pressure oscillations resulting from closed-loop coupling
between pressure oscillations and heat release oscillations. Lean operation with a high
degree of premixing creates a higher risk of dynamic instability problems. For example,
combustors employing lean combustion are designed to operate with mostly primary air.
This reduces the area of the dilution holes that help damp acoustics [30]. In addition, the
combustion process has increased sensitivity to perturbations in equivalence ratio at lean
conditions near blow-out [31]. In a premixed system operating very close to blowout,
equivalence ratio oscillations have been shown to cause periodic flame extinction giving
rise to low frequency oscillations with high amplitudes [30]. Though combustion
dynamics are suppressed to acceptable levels by careful design of practical combustors,

moderate to low levels of dynamics may continue to exist.

The high amplitude dynamic instabilities that can exist near LBO can also trigger
LBO. For example, Snyder and Rosfjord [32] observed that decreasing fuel flow rate
increased instability amplitudes and subsequently caused blow off in a turbine engine. In
stationary gas turbines, low frequency dynamics (0-100 Hz) often referred to as chug or

LBO tone are observed to cause LBO [10, 33]. Similarly in a backward facing step
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combustor, Cohen and Anderson [34] observed that reducing the equivalence ratio can
produce low frequency instability, with amplitudes rising gradually until blowout
occurred. Besides the dynamic instability itself, control methods used to suppress
dynamics, such as fuel flow rate modulation and fuel spatial distribution control, could

also lead to blow out.

1.3. Overview of Present Work

This thesis is motivated by the goal of improving the robustness of LBO margin
sensing by investigating it under a wider range of scenarios. LBO margin sensing studies,
until now, were conducted under dynamically stable operating conditions. However as
lean combustion often has pronounced dynamic instabilities, even near blow out limits,
LBO margin sensing in the presence of high amplitude dynamic instability needs to be
investigated. In addition, most of the previous LBO margin sensing studies have been
performed at atmospheric pressure under non-realistic engine operating conditions,
primarily in premixed, gas-fueled combustors. Hence, LBO margin sensing needs to be
studied under more realistic engine operating conditions, i.e., at elevated pressure and
preheat operation. The thesis addresses these issues by investigated LBO margin sensing
in more complex scenarios, i.e., under dynamically unstable conditions and elevated
pressure and preheat operation. LBO margin sensing under dynamically unstable
conditions is investigated in a in a premixed, swirl-stabilized combustor similar in design
to ground power gas turbine combustors, operating at atmospheric pressure. LBO margin
sensing at elevated pressure and preheat temperature is examined in a liquid-fueled low

NOy design combustor similar to future aircraft engine combustors.

Though in previous studies, LBO margin sensing and control was demonstrated
during slow transients in combustor operating conditions, its limitations during fast
transients have not been investigated. Since precursors are discrete events occurring at a

small non-constant rate (typically 1-10 per second in the previous studies), it is not clear
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whether any event would occur before LBO in a sufficiently fast transient. Therefore, the
thesis develops a methodology to estimate the limits on transient rates such that precursor
events occur before LBO. As mentioned earlier, employing LBO margin sensors can
potentially improve transient response of engines during rapid decelerations. To this end,
the thesis examines the transient response improvements and tradeoffs in implementing
precursor event based LBO margin sensing in a model turbofan engine during rapid

deceleration transients.

Chapter 2 of the thesis gives a more detailed background on swirl combustion,
lean blowout, previous LBO margin sensing studies and conventional LBO prevention in
turbine engines. Chapter 3 describes the experimental setups and modeling approaches
used in the present study. In Chapter 4, LBO margin sensing under dynamically unstable
conditions and at elevated pressure and temperature operation using optical
(chemiluminescence) signals is investigated. Chapter 5 investigates the issues in using
acoustic signals for LBO margin sensing. In Chapter 6, new approaches are presented for
examining LBO margin sensing during rapid transients, and the results of one such
analysis are reported. Chapter 7 presents conclusions and contributions of the current

work along with suggestions for future investigations.
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CHAPTER 2

BACKGROUND AND PREVIOUS WORK

This chapter provides a review of issues related to lean blowout and its margin
sensing in swirl-stabilized combustors. The first section describes flow field and flame
configurations in swirl combustors. The second section discusses the physical
mechanisms associated with lean blowout. The third section describes previous work in

LBO margin sensing. The fourth section discusses combustion dynamics and the fifth

section covers issues related to control of aero engines.

2.1.  Swirl Stabilized Combustion

Practical combustion systems are usually designed to produce high heat release
rates in compact volumes, i.e., high power densities, in order to reduce size, weight and
cost. In addition, combustors need to be stable over a wide range of combustor loadings
and operating conditions. Moreover, high combustion efficiency with low emissions is
required. Designers are faced with the challenge of optimizing a combustor to meet all

these objectives.

To achieve high power densities, practical combustors often employ high
pressures along with high reactant velocities. For gas turbines, the high pressures are also
necessary to increase cycle efficiencies; typical gas turbine combustors operate at
pressures up to 30-40 bar and employ average flow velocities in the range 10-35 m/s [7].
Flame stabilization in high velocity flow can be challenging. Generally, a premixed flame
can be stabilized if flame speed can be matched to flow speed at some point in the flow.
However laminar flame speeds, having a range of about 10-100 cm/sec [35], are much
lower than typical flow velocities. Therefore, additional stabilization approaches are

required to ensure flame stability.
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For high velocity flows, flow recirculation is usually employed for flame
stabilization. Recirculation regions hold hot products and radicals and promote mixing of
reactants with them. Thus recirculation provides a continuous supply of heat and radicals
for ignition of reactants and increased flame speed. Combined, these effects lead to
enhanced flame stabilization. Commonly used recirculation configurations are: 1) flow
recirculation created by vortex break down of a swirling flow; 2) the wake of a bluff
body; and 3) sudden expansion created by a step increase in flow area. Other novel
methods that do not rely on recirculation are also being investigated for flame
stabilization, for example the low swirl burner [36]. It uses low velocity regions created

by divergence of flow with a low amount of swirl for flame stabilization.

Gas turbine main combustors predominantly employ swirl-stabilization because
swirl: 1) improves flame stability; 2) achieves fast mixing between fuel and air; 3)
produces high entrainment of ambient combustor fluid [37]; and 4) results in high power
densities. Swirling flows produce high levels of turbulence [8, 38], which increase
turbulent burning velocities producing high heat release in a small volume. In addition,
the high turbulence levels help faster fuel-air mixing, reducing emissions. The tangential
velocity component of the swirl increases aerodynamic forces on fuel spray resulting in
faster spray breakup and smaller droplets. The recirculation zone of the swirling flow
creates low velocity regions, and stagnation points where flame speed can match flow

speed, for improved stabilization [39].

Swirl is created by imparting a tangential velocity component to the flow using
swirl vanes, axial plus tangential flow entry or pure tangential flow entry in to a chamber
[8]. The strength of a swirling flow is characterized by its swirl number (S), defined as
the ratio of axial flux of tangential momentum to the axial flux of linear momentum. For
sufficiently strong swirl (5>0.6), flow reversal in the vicinity of the central axis is created

forming an inner recirculation zone (IRZ). In combustors, formation of an IRZ is usually
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triggered by employing a sudden expansion geometry. Formation of the IRZ occurs
through the following physical processes [40]. Swirling flow creates a radial pressure
gradient due to centrifugal forces having low pressure near the axis. As the flow expands
through the sudden expansion geometry, axial decay of tangential velocity and the radial
pressure gradient occur. The process creates an adverse axial pressure gradient around the
axis, which in turn causes flow reversal. Formation of a recirculation zone is commonly
referred to as vortex breakdown. Vortex break down is defined as an abrupt change in the
structure of the swirling vortex core resulting in stagnation points and flow recirculation
[41]. Vortex breakdown can take several forms depending on swirl strength and
Reynolds number. For example, bubble, spiral and helical modes of vortex breakdown
have been observed [42, 43]. The type of vortex breakdown characterizes the
recirculation zone and evolution of the flow field further downstream. The bubble type of

vortex break down is the most common form observed in combustors.

An illustrative swirling flow field having bubble type vortex breakdown is shown
in Figure 4 for a typical combustor configuration commonly employed in low NOy
premixed combustion systems. The combustor has an annular swirling flow, around a
cylindrical center body, issuing into a sudden expansion [7, 44]. The flow field consists
of an inner recirculation zone (IRZ) created by bubble type vortex breakdown. In
addition, it consists of an outer recirculation zone (ORZ) over the expansion region (e.g,
a backward facing step). Along the boundaries between recirculation zones and the
swirling jet, sharp gradients in axial and tangential velocity exist, creating regions of high
flow shear. These high shear regions are called the inner and outer shear layers (see
Figure 4). The IRZ may be closed, i.e., backward flow only over a short distance, or the
backward flow may extend throughout the length of the combustor tube, around the
central axis. Employing a converging geometry for the flow exit affects the extent of
backward flow region, and suppress it [45]. Besides the IRZ structure shown in Figure 4

with reverse flow in the entire IRZ region, in some cases IRZ may have a two cell
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structure with forward velocity in the vicinity of the central axis [42]. In addition to the
IRZ created by vortex breakdown, a recirculation zone is formed in the wake of the
center body. The center body recirculation may merge with the IRZ forming a continuous
reverse flow region. The flow fields seen for isothermal (and isodensity) flow fields can
be significantly altered by the heat release associated with combustion, mainly due to
dilatation effects. Combustion decreases effective swirl strength, i.e., swirl number, by
increasing axial velocity. It reduces the strength of the recirculation zone by lowering the
amount of the recirculating fluid [8]. In addition, combustion may suppress the existence
of backward flow over a long distance [45] or it may promote the formation of a two cell
IRZ.

The flow structure discussed above is based on time average characteristics. Due
to high shear in axial and azimuthal shear layers, large scale spatial and temporal
fluctuations in the flow field occur [8]. In the shear layers, large scale coherent structures
are formed, due to Kelvin-Helmholtz (K-H) instabilities, resulting from the combined
effect of axial and azimuthal shear layers [46]. The coherent structures consist of
concentrated vortex rings that convect downstream in a helical fashion. The coherent
structures modify the flow field and combustion process. For example, the coherent
structures have been observed to induce large asymmetry in the flow about the axis [47].
In addition, they can modify the combustion process by wrapping the flame around them,
resulting in an increase in unsteady burning. As they travel downstream, the coherent
structures break down into smaller, less organized turbulent structures. Besides the
coherent structures, swirl flows are often observed to produce precessing vortex cores
(PVCs). PVCs are associated with the CRZ precessing around the geometrical axis of the
combustor. They are helical in nature, with low pressure in the core, and are wrapped
around the CRZ. The occurrence of PVCs is mainly dependent on swirl number and
combustor geometry. In addition, the heat release, the type of combustion, i.e., premixed

or non-premixed, and the degree of flow confinement influence PVCs. PVCs strongly

17



affect the flow field, for example they displace the swirling vortex core off the axis and
result in non-uniform azimuthal velocities with higher velocities near the combustor wall.
They typically exist for a downstream distance of 1-2 combustor diameters, starting from
the inlet, before breaking up. In addition to the organized structures, the flow includes a
high degree of random turbulent velocity fluctuations, with peaks in the inner and outer

shear layers.
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Figure 4. lllustration of a swirling flow field structure.

Depending on the combustor geometry, reactant mixture properties and operating
conditions, different flame configurations exist in swirl-stabilized combustors. The
configurations often have a pronounced effect on flame static and dynamic instability,
emissions and wall heat transfer. Example flame configurations in premixed operation,
for the combustor geometry in Figure 4, are shown in Figure 5. In configuration (a), a
flame is present in inner and outer shear layers. The flame separates cold reactants in the
swirling jet from hot products in recirculation zones. The flame is attached to the center

body due to stabilization by the recirculation zone of the center body or by the shear
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layer. In configuration (b), there is no flame in the outer shear layer, while there is an
inner shear layer flame similar to that in configuration (a), though longer in length to burn
all the fuel. For sufficiently lean mixtures, configurations (c) and (d) have been
observed. Shifts between flame configurations during combustor operation may occur
due to changes in equivalence ratio, fuel composition, preheat temperature and other
conditions. The primary cause of configuration shift is due to variation of reactant
mixture flame speed or extinction strain rate with changing conditions. The shifting
process is often observed to be sudden [48] and sometimes with oscillations [49]. For
example, the flame can shift from configuration (a) to (b) when equivalence ratio and
preheat temperature are reduced. The configuration can shift back for opposite changes in
the conditions. By reducing equivalence ratio, flames have also been observed to shift
from configuration (a) to (d), progressively [49, 50]. These flame configurations are on a
time-average basis. Instantaneous flame shapes will have severe corrugations due to
turbulent, vortical structures wrapping the flame around them [51, 52]. With non-
premixed combustion, flame configurations are more complex, influenced by fuel-air

mixing. Generally, the flame surface may envelope the inner recirculation zone.
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Figure 5. lllustrative flame configurations in premixed swirl combustors.

Shifts in flame configurations can be analyzed from the perspective of strain rates

experienced by flames relative to extinction strain rates of the reactant mixture. Flame
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straining is essentially caused by species and thermal diffusion non-aligning with flow
stream lines and resulting in enthalpy and stoichiometry modification, locally. Such
conditions occur due to flame curvature or flow shear upstream of a flame [53]. As an
example, a flame can develop local curvature due to vortical turbulent structures whereas
velocity gradients cause flame aerodynamic shear. Flames can withstand strain only up to
a certain level, denoted the extinction strain rate. Extinction strain rate tends to decreases
with reduction in equivalence ratio below stoichiometric conditions. Therefore lean
conditions conducive to low NOy operation produce flames that are more susceptible to
extinction. Extinction strain rate of a lean, laminar, methane air flame varies from 500 to
100 s™* between equivalence ratios of 0.6 to 0.5 [53] . The swirl flames described above
experience high strain rates in the inner and outer shear layers, sufficient to cause
extinction of lean flames. For example Wicksell et al. [51] and Stohr et al. [54] observed
strain rates of the order of 1,000 s™ in shear layers. Flame extinction in stabilizing
regions due to high strain rate would result in flame configurations shift. The flame may

find new stabilizing locations where it experiences low strain rates.

2.2.  Lean Blowout

The operating conditions that influence flame blowout in a combustor include
fuel-air ratio, pressure, preheat temperature, velocity and fuel composition. In addition,
blowout limits vary greatly with combustor design. Identification and understanding of
the key physical processes responsible for LBO can help in developing better margin

sensing approaches.

The amount of heat released from chemical reactions inside a combustor is a
function of the residence time of the flow inside the combustor, due to the finite time
required for completion of chemical reactions. The finite chemical rate can be
characterized by a chemical time scale. If the heat released within the flow residence time

inside a combustor fails to increase reactant energy (temperature) above the minimum
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activation energy required for combustion, it gets extinguished. This approach has been
used for predicting blowout conditions using well stirred reactor (WSR) models [55]. The
two important time scales of the problem are the flow residence time and the chemical
time. Dahmkohler number, defined as ratio of flow residence time to chemical time, can
typically capture blowout trends. The applicability of well stirred reactor models for swirl
combustion requires that reactants are mixed with products, such as combustion in the
distributed reaction zone regime [56] of turbulent co