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ABSTRACT

Lean premixed combustion is widely used to achieve a better compromise between nitric
oxides emissions and combustion efficiency. However, combustor operation near the lean
blowout limit can render the flame unstable and lead to oscillations, flashback, or extinction,
thereby limiting the potential range of lean combustion. Recent interest in integrated gasification
combined cycle plants and syngas combustion requires an improved understanding of the role of
hydrogen on the combustion process. Therefore, in present study, combustion of pure methane
and blended methane-hydrogen has been conducted in a swirl stabilized premixed combustor.

The measurement techniques implemented mainly include particle image velocimetry,
CH*/OH* chemiluminescence imaging, planar laser-induced fluorescence imaging of OH
radical. By investigating the flow field, heat release, flow-flame interaction, and flame structure
properties, the fundamental controlling processes that limit lean and hydrogen-enriched
premixed combustion with and without confinement have been analyzed and discussed.

As equivalence ratio decreases, for unconfined flames, the reduced flame speed leads
flame shrinking toward internal recirculation zone (IRZ) and getting more interacted with inner
shear layer, where turbulence level and vorticity are higher. The flame fronts therefore
experience higher hydrodynamic stretch rate, resulting in local extinction, and breaks along the
flame fronts. Those breaks, in turn, entrain the unburnt fuel air mixture into IRZ passing through
the shear layer with the local vortex effect, further leading to reaction within IRZ. In methane-
only flames, the width of IRZ decreases, causing flames to straddle the boundary of the IRZ and
to be unstable. High speed imaging shows that periodic flame rotating with local extinction and
re-light events are evident, resulting in high RMS of heat release rate, and therefore a shorter

extinction time scale. With hydrogen addition, flames remain in relatively axisymmetric burning

Xi



structure and stable with the aid of low minimum ignition energy and high molecular diffusivity
associated with hydrogen, leading to lower heat release fluctuation and a longer extinction time
scale. For confined flames, however, the hydrogen effect on the extinction transient is
completely opposite due to spiraling columnar burning structure, in comparison of a relatively

stable conical shape in methane flames.
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CHAPTER 1 : INTRODUCTION

1.1  Background and Motivation

As government environmental regulations become progressively stringent and
public concern on the control of pollutant emissions increases, there are more
considerable challenges imposed for the gas turbine industry. For example, most dry-low-
NOx (nitrogen oxides) engines emit NOx below 25ppm and CO below 50ppm (both
corrected at 15% O), and now target at ultra-low emission of less than 5ppm of NOx [1].
Several effective strategies for reducing NOx emissions have been developed to achieve
the aggressive combustion emissions goal, including catalytic combustion, selective
catalytic reduction (SCR), lean premixed combustion, water injection into the reaction
zone as a dilutant, and rich burn-quick quench-lean burn (RQL) combustion [2, 3, 4, 5].
Of the above techniques, the one most widely implemented is lean-premixed combustion,
as it not only reduces pollutant formation by the thermal mechanism, which is to burn
fuel at lower temperatures and prevent the high energy needed for NOx formation and
thereby minimize NOx formation, but also increases plant efficiency due to its
implementation simplicity lowering the hydrodynamic head losses [6]. Therefore,
modern premixed gas turbine combustors are usually operated at lean fuel conditions for
reducing the production rate of NOx [7, 8].

In lean premixed combustion, once the rates of heat release and chemical radicals
resulted from combustion reaction are insufficient to sustain the favorable reaction
condition for a given flow velocity, flame will be detached from its stabilization location
and physically convected out, or blown out, of the combustor. This is usually referred to

as lean blow out (LBO). The lean flammability limit or lean blowout limit refers to the



condition at which LBO occurs, that is, when the time required for chemical reaction
becomes longer than the characteristic flow residence time. The operation near the LBO
limit, however, may induce undesirable combustion characteristics, such as a high level
of noise and combustion instabilities caused by local flame extinction and heat release
fluctuations, leading to poor combustion efficiency and poor operability of the
combustor. The heat release fluctuations when appropriately coupled with the acoustics
can lead to large pressure and velocity fluctuations near the dump plane, with the latter
serving as a precursor to flashback especially with fuels associated with higher flame
speeds such as hydrogen. To avoid LBO and the associated negative effects, modern
premixed gas turbine combustors have to be operated with a relatively large margin from
the LBO limit [9]. In order to extend the range of combustor operation closer to LBO, It
is therefore of interest and desired to better understand the combustion characteristics
close to LBO limit, and physical mechanism associated with LBO process.

Over the past several decades, extensive numerical and experimental studies on
LBO phenomena have been conducted, including LBO observations characterized by
large scale unsteadiness, and local extinction and re-ignition [10, 11, 12, 13, 14, 15].
LBO scaling as a function of combustion parameters (incoming flow velocity,
equivalence ratio, pressure, temperature and fuel type) have been reported for specific
combustor configurations [16, 17, 18, 19, 20, 21], and active or passive control strategies
to extend LBO have been explored [15, 22, 23, 24, 25]. Several LBO mechanisms have
been proposed, and include: balance between the rate of entrainment of reactants into the
recirculation zone and the rate of burning [26], energy balance between heat supplied by

the hot recirculating flow to the fresh gases and that released by reaction [27, 28, 29,30],



balance between contact time between the combustible mixture and hot gases in the shear
layer and chemical ignition time [27,31,32,33], and mechanisms related to local
extinction by excessive flame stretch with a flamelet based description [34,35,36].
However, definitive conclusions on LBO remain a key challenge and need further
investigation [36,37]. This is particularly true for blended fuels such as Syngas where
hydrogen is often present along with carbon monoxide, methane and other gases.

It is widely accepted that both flow behavior and chemical kinetics play a role in
the LBO, but their relative roles on this phenomenon need further clarification. In
addition, Zhang et al [38] observed that the averaged flow field structure did not change
with a fixed adiabatic temperature for a methane flame, or flames with 20%, 50%, and
75% H,. This indicated that for the range of conditions studied chemical kinetics does not
affect the flow field structure. In a bluff body stabilized premixed flame, however, it has
been reported that near blowoff the structure of reacting flow field appears to be changed
back to the sinuous structure observed in non-reacting flow, randomly oscillating
between a spatially well-organized sinuous flow structure and something more symmetric
[36]. This observation implies that we cannot simply attribute LBO to a decreasing
temperature ratio as equivalence ratio decreases.

Moreover, it should be emphasized that the flame front involves key issues such
as flame-vortex interaction, flame-wrinkling, flame holding and their relations to the flow
field and turbulence levels. Therefore, it is believed that flame front instabilities play
important roles in the blowout process in view of the reported observations of flame
pulsations and flicker before the flame actually blows out [39, 40]. Experimental results

have shown that combustion in most practical devices takes place in the so-called thin



laminar flamelet regime [41, 42], where small turbulent eddies can enter the preheat zone
but not the inner reaction layer. In this regime, turbulent effects on flame structure are
dominated by the flame curvature [41]. To understand the turbulent premixed combustion
in this regime, the flame surface properties are of primary importance. Thus, it is
important to examine the flame structure behavior in terms of its location, shape,
curvature and orientation angle as the LBO limit is approached. These statistics contain
the effects of the key postulated mechanisms for LBO pertaining to flame-vortex
interactions, flame stretch and flame front instabilities.

Additionally, near blow-out, the typically unsteady flame is more sensitive to
external perturbation. Thus, the confinement of the burner, influencing the flow motion,
could have a significant effect on flame dynamics during LBO process. In a swirl
stabilized burner with unconfined configuration, the flow field is characterized by an
internal recirculation zone resulting from the vortex breakdown of the swirling flow and
entrainment of ambient air. Flame is essentially affected by vortices shed from the edge
of injector, and the flame response is dominated by this flame-vortex interaction [43, 44].
With confined configuration, the flow field pattern is altered by the presence of side
walls, and features an internal recirculation zone and a corner recirculation zone. Both
these two zones carry hot combustion products back to the burner exit, which provide a
continuously stable source of heat and active species for flame ignition. Furthermore, the
flame dynamics is effectively controlled by large structures induced by the resonant
acoustic modes of the system. Further, the flame may directly interact with the wall if the
chamber is relatively narrow and heat losses through the shell may play a role in the

flame behavior. Kulsheimer et al. [45] reported that the flame response is modified by



confinement at moderate frequencies. Archer [46] found there are significant differences
between unconfined and confined swirling flames in terms of the width and length of the
IRZ, the velocity decay and the reverse flow velocity, the thermal time scales, and
turbulence levels. Since a large number of studies appear in the literature on unconfined
flames, and conclusions are generalized for a range of practical applications that are
typically confined, it is therefore of interest to investigate and compare the LBO
processes under both confined and unconfined conditions.

Hydrogen has a wide flammability range, low minimum ignition energy, and high
flame speed. Therefore, hydrogen-enriched fuel has the benefit of extended lean
flammability limits that allows stable ultra-lean combustion at lower temperatures needed
to minimize the NOx production without any adverse effect on the combustion emissions
of CO and unburned hydrocarbons. It may be assumed that the higher combustibility of
the added hydrogen may increase NOx emission due to higher flame temperature (at a
constant equivalence ratio), but this fact could be offset by the ability to burn an overall
leaner mixture [47, 48, 49, 50] so that lower thermal NOx is produced. However, there
are several challenges with hydrogen addition. The main challenge is the susceptibility to
flashback due to increased flame speeds associated with hydrogen content. For example,
the flame speed of a stoichiometric methane air mixture is about 40 cm/s whereas that of
a hydrogen air flame is about 210 cm/s at latm and room temperature [51]. This
mismatch between flame speeds leads to flame holding problems in a gas turbine engine
environment. Additionally, in a lean flame, the preferential diffusion instability
associated with hydrogen content will trigger the flame front instabilities, and cause it to

be more wrinkled and convoluted. This thermo-diffusive instability is also likely to play a



role in the LBO. Since hydrogen addition is likely to improve the LBO limit [1, 21, 38],
but with added complexities of flashback, increased flame-wrinkling etc, it is important
to understand the controlling mechanisms associated with LBO in hydrogen enriched

flames. This need serves as the primary motivation for the present study.

Figure 1-1 OH-PLIF images. Top row: methane flames. Bottom row: hydrogen flames.
Ratios of ®/® o are shown in corresponding images.

In fact, the study of blending hydrogen into traditional fuel is also motivated by
the need of finding alternative energy sources for traditional hydrocarbon fuels. With the
significant increase of energy consumption and ever more challenging environmental
regulations, alternative clean energy resources gain increasing attention. For example,

coal-based Syngas is an environmentally clean source of energy, and typically composed



of primarily hydrogen and carbon monoxide, but the relative compositions vary widely
depending on the coal source. Syngas fuels can improve flame stability. Such strategies
have been investigated in laboratory scale flames with similar geometries to the ones
used industrially. Several investigations have been reported [52,53] where the
characteristics of Syngas flames have been examined. Again, this kind of hydrogen-
enriched fuel is susceptible of flashback or prone to be thermo-diffusively unstable flame.

Table 1-1 Comparison of fuel properties of H,, CH,, and CsHg at 300K and latm

Property Hydrogen Methane propane
Molecular weight(g/mole) 2.016 16.043 42.080
Density(kg/m°) 0.08 0.65 1.96
Mass diffusivity in air (cm*/s) 0.61 0.16 0.10
Minimum ignition energy(mJ) 0.02 0.28 0.26
Flammability limits in air (\Vol%) 4-75 5-15 2.1-95
Flammability limits (®) 0.1-7.1 0.5-1.67 0.52-2.36
Stoichimetric adiabatic flame temperature(K) 2480 2214 2268

Table 1-1 lists the comparison of some fuel properties. Figure 1-1 shows 2-D OH-
PLIF fluorescence images for methane and hydrogen flames. It evidently shows for
methane flames the reaction zones, bright yellow regions in fluorescence images, are
winkled but connected, while for hydrogen, they are strongly localized and isolated as
indicated by dark regions (flame extinction) in between bright yellow spots, especially as
equivalence ratio decreases. This is typical flame burning structure for lean hydrogen
flames due to its high preferential diffusivity, that is, cellular burning structure of
strongly localized intense reaction and extinction. This unique characteristic associated
hydrogen flames could result in modified LBO process, compared to methane flames.
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In summary, lean premixed combustion is widely accepted as a favored strategy
for meeting aggressive combustion emissions target, but it also imposes some operational
challenges particularly with respect to combustion dynamics since lean premixed
combustion is operated near the lean flammability limit. Adding hydrogen into the
traditional fuel does enhance the lean flammability limit but the flame is prone to thermo-
diffusively instability. Thus, it is tempting to explore the physical fundamental
mechanisms of LBO, for better understanding its physical and chemical controlling
processes, shedding light on more accurate predication and development of
corresponding effective mitigation control techniques.

Therefore, in this study, the main goal is to expand the knowledge base
concerning the fundamental controlling processes associated with LBO in hydrogen-
enriched premixed combustion. This is done by experimentally investigating the flow
field, the reaction zone, heat release, flow-flame interaction, and the flame structure
properties as flame approaches the LBO limit. Measurements in the flame are made with
2-D/3-D particle image velocimetry (PIV), which is a non-intrusive, laser-based
diagnostic technique for velocity measurements, CH*/OH* chemiluminescence imaging,
Mie scattering imaging, planar laser-induced fluorescence (PLIF) imaging of OH radical.
These data are then analyzed to generate some key mechanistic conclusions about LBO

in methane and hydrogen-enriched flames.

1.2  Dissertation Outline
The structure of this dissertation is arranged as follows. In Chapter 1, LBO issue

is addressed and the published studies are reviewed, and then followed with the study



objectives and a brief experimental methodology. Chapter 2 provides some relevant
background of premixed combustion which is employed here. Chapter 3 describes the
experimental setup, instrumentation, and data acquisition methods. Chapter 4 details
some major data processing techniques. Chapter 5-8 present experimental results of PIV
and chemiluminescence imaging, flame structure properties, synchronized PIV and OH-
PLIF measurements, and high speed imaging at LBO limits. Chapter 9 includes the

summary of this dissertation and recommendations for future work.



CHAPTER 2 : BACKGROUND

2.1  Chemiluminescence

Chemiluminescence is the light of electromagnetic radiation via the energy
release from a chemical reaction, in which the molecules are returning from chemically
(rather than thermally) excited energy state to their low energy or ground state. The
simplicity of the detection system for chemiluminescence emissions makes it attractive as
an analytical diagnostic tool for flames and combustion processes. In hydrocarbon
flames, the strongest chemiluminescent signal peaks are generated by hydroxyl radical
(OH*) and methylidyne radical (CH*), and main measurement-targeted emissions of
chemiluminescence are OH*, CH*, C,*, and CO,*. OH* signal peaks at 309 nm due to
A22+-X2H transition, and it is the strongest features of most flame spectra; CH* presents
three emission bands centered at 431, 390, and 314 nm respectively, with the first two
being the strongest and corresponding respectively to the AA-X?[] and to the B*X-X’[]
transitions; C,* intensity peak is located close to 515nm, while CO,* emission
contributes to the continuum signal in the range of 310-600 nm in fuel-lean hydrocarbon
flames [54].

As qualitative markers of flame front locations, both OH* and CH* emissions are
used widely, because the maximum OH* intensity is near the maximum flame
temperature [55] and CH* profile presents in a thin, high-temperature region [56]. As to
the indications of heat release of combustion, all four aforementioned emissions are
reported [57, 58, 59, 60] with certain uncertainty due to the influence of combustion
parameters, i.e., equivalence ratio, pressure, temperature, and flame strain rate. In

addition, the ratio of CH*/OH* spatially and temporally resolved and corrected with the
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background signal of CO2* is also applied on determination of local equivalence ratio
and heat release rate in [61]. In this study, OH* and CH* are used to indicate the flame

reaction zone.

2.2 Flame Front Instability

Considering that most typical combustion systems are located in so called
flamelet regime [62], where the flame fronts are wrinkled and propagate in form of
relatively thin inner structure similar to laminar flame, the mechanisms responsible for
laminar flame front instabilities are briefly reviewed. They mainly include hydrodynamic
instability well known as the Rayleigh-Taylor instability, Darrieus-Landau instability,
and differential diffusion instability. The first two are caused by the discontinuity of
density, while the last one arises from unequal diffusivities including the thermal and
mass diffusivities of unburnt and burnt gases. In fact, it has been reported that these
mechanisms influence the turbulent flame speed under moderate values of the Reynolds
number [63, 64].

For an upwardly propagating spherical flame, the lighter burnt gases are present
within denser unburnt reactants, and then the gravitational effects will lead to the body
force instability, that is, Rayleigh-Taylor instability. In this case, contribution from body
force instability should be considered for the flame front instability.

When the chemical reaction time is much shorter than the flow characteristic time
and the reaction zone can be regarded as to a passive surface such that the infinitely thin
interface separates the low density combustion products and high density reactants, such

discontinuity of densities on both sides of flame fronts will lead to the expansion of the
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stream-tubes in both portion of flame fronts toward to burnt gases and portion of flame
fronts toward to unburnt gases, which is so called Darrieus-Landau instability [65, 66].
And these deflections consequently cause a pressure gradient and further increase the
initial displacement of flame fronts as the flame speed remains unchanged due to flame
structure not affected, and they will finally lead to unconditionally unstable flame [67], if
only hydrodynamic stretch is considered.

Differential diffusion instability is essentially caused by the non-uniform
diffusivities of reactant gases and product gases. As is well known, flame propagating
speed is significantly influenced by local flame temperature and the availability of active
radicals for chemical reactions. So, the heat conduction and the diffusion of burnt and
unburnt gases between two sides of flame fronts will play an important role in the further
progression of wrinkled flame fronts induced by any perturbation. That means three
diffusivities need considering: thermal diffusivity of unburnt gases Dy,, mass diffusivity

of deficient reactant Dp, 4er, and mass diffusivity of excess reactant D exc. Lewis number,

defined as Le — Den D , represents the thermo-diffusive effects. When Lewis

m,def

number is less than unity, the mass diffusion of deficient reactant is faster than the
thermal diffusion. Thus the crest of the wrinkled flame fronts toward unburnt gases will
gain deficient reactant faster than heat loss, while the trough of the wrinkled flame fronts
toward burnt gases will lose deficient more rapidly than heat gain. As a result, the flame
speed of the crest will increase and that of the trough will decrease, leading to the
amplification of the wrinkling perturbation. Then the flame will be thermo-diffusively
unstable. When Lewis number is greater than unity, in the same line of reasoning, the
flame speed of the crest will decrease and that of the trough will increase, resulting in

12



counteracting the wrinkling and smoothing the flame fronts and rendering the flame
thermo-diffusively stable. As to the preferential diffusion instability, it refers to the shift
of local equivalence ratio happening in the crest of flame fronts toward the unburnt gases

when the deficient reactant diffuses faster than excess reactant.

2.3 Characteristics of Swirling Flow

To stabilize the flame in high velocity reactant streams, swirl based stabilization
method is most widely applied in industrial burners, furnaces, and gas turbine
combustors. Swirling flows were originally used to improve and control the mixing rate
between fuel and oxidant streams to achieve flame geometries and heat release rates
appropriate to the particular process application [68]. A sufficiently strong swirl creates
an adverse pressure gradient in the jet core, which cannot be overcome by the Kkinetic
energy of the fluid elements flowing in the axial direction, leading to a vortex breakdown,
i.e., the formation of a closed, standing, toroidal vortex with flow reversal in the core
region. The reverse flow carries hot combustion products back to the burner exit thus
providing a continuously stable source of heat and active species for flame ignition of the
flesh incoming mixture entrained and mixed by enhanced shear layer around the
recirculation region, so that a combustion favorable condition is established. By altering
the flow field (flow Reynolds number), swirling strength, and in turn the strength of the
re-circulating zones, the flame could be forced to reside in either of the re-circulating
zones or on the shear layer between the re-circulating zones. Considering the flow
dynamics play an important role in flame stabilization, the characteristic of swirling

flows, especially the involved vortex breakdown, is briefly reviewed.
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The swirl intensity is usually characterized by the swirl number S, defined as the
ratio of the axis flux of the tangential momentum to the product of the axial momentum
flux and equivalent exit radius [69]. For a typical single element injector with a flat vane

swirler,

Rn Rn
Szf vwr2dr/ | R,D*rdr (2-1)

Ry, Ry,
where R, and Ry, are the radii of the center-body and the inlet duct, respectively; v and w
are the axial and tangential velocity, respectively.
If the axial and tangential velocities are assumed to be uniform and the vanes are
very thin, the swirl number expression can be reduced as follows, geometrical swirl

number [70],

tang (2-2)

_ 2[1— (Ru/Ry)?
"3 [1 — (Rn/Rn)?

where ¢ is the swirler vane angle. For a hub-less swirler, it can be simplified as,

2
S = 3 tang (2-3)

The vortex breakdown involved in swirling flows manifests itself as a sudden
change in shape along the vortex lines, leading to redistribution of the axial momentum
into radial direction. By varying, systematically and independently, the flow rate and the
circulation imparted to the flow fluid (water) in a slightly diverging cylindrical tube,
Sparkaya [71] observed three types of vortex breakdown: axisymmetric/bubble, spiral
and double helix. In fact, there are seven distinct modes of breakdown [72], however, at
high Reynolds numbers, the bubble and spiral modes are the only characteristic
geometric forms [73]. The bubble mode usually dominates at high swirl numbers, while

the spiral mode occurs at low swirl numbers.
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Swirl Corner Vortex-breakdown-induced
injector recirculation zone center recirculation zone

Shear layers Precessing vortex core

Figure 2-1 Typical flow structures in swirling flow [74].

A typical flow structure of swirling flow with bubble type includes a vortex
breakdown induced center recirculation zone, inner/outer shear layers, and area
expansion induced corner recirculation zones, as shown in Figure 2-1. This bubble
structure is nearly axisymmetric and the interior of the center recirculation zone is
dominated by low frequency motions. Fluid exchange with the outer flow occurs at the
downstream end of the bubble by a simultaneous filling and emptying process via the
toroidal vortex ring, possibly due to pressure instabilities in the wake of the bubble [71].

The spiral breakdown is characterized by a rapid deceleration, an abrupt kink, a
corkscrew-shaped twisting of the fluid elements, and finally followed by large-scale
turbulence, with the rotation of the whole spiral form around the axis. The frequency of
this precessing vortex core (PVC) depends on the swirl level and flow rate. The whole
structure is widely observed rotating with the outer flow, but the sense of the winding of
the spirals has been observed to be both the same [71, 75] and “unmistakably opposite”
[76, 77] to that of the swirling flow. It is the latter pattern, as emphasized in [78], that

induces velocity deceleration at the centerline and even formation of a center
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recirculation zone, providing conditions for flame holding. Therefore, it is important to
determine which mode the actual flow presents with.

With the fact that both bubble and spiral types of vortex breakdown are observed
in combustion [71, 79, 80, 81], it is necessary to understand the transition between these
two modes. The bubble type may evolve either from a double helix, a spiral, or directly
from an axisymmetric swelling of the vortex core, and the mode of evolution depends on
the particular combination of the Reynolds number and the swirl level [82]. As shown
numerically in [83], the increases in the swirl level, in the negative pressure gradient, or
in the degree of divergence of the flow promote further upstream movement of a
breakdown and the transition from a spiral type to a bubble type, and vice versa. There
may be some special ranges of flow settings under which the two or more types of vortex
breakdown can exist and transform spontaneously into each other by increasing or
decreasing swirl level, as so called a hysteresis region in [82], but it should be
emphasized that any transformation between two types will involve the axial movement

of the breakdown position [75].
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CHAPTER 3 : EXPERIMENTAL SETUP
3.1  Introduction
In this chapter, main experimental apparatus used in this dissertation work is
introduced. This experimental apparatus described here is stationed at the combustion lab

under Turbine Innovation and Energy Research (TIER) Center in Louisiana State

CameraA ICCo
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Nd: YAG Laser
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Figure 3-1 Schematic view of experimental setup

Figure 3-1 shows the schematic view of a typical experimental setup for
simultaneous measurements of 3D-PIV and chemiluminescence imaging. The
experimental setup includes air/fuel sources, a swirl-stabilized premixed combustor, a

PIV system for Mie-scattering imaging and flow velocity measurement, and an ICCD
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camera for chemiluminescence emissions measurement. The combustor consists of the
inlet fuel and air-delivery system, and the premixing section. The flame is swirl-stabilized
and attached to the center-body at the dump plane for measurement conditions in this
study. The ICCD camera is located in between two PIV cameras but all cameras are
placed in the same side of laser sheet for PIV measurement. The specific experimental
configuration for a certain measurement in chapter 5-8 is different but similar to Figure
3-1. More details on the experimental setup in this study are described in the rest

sections of this chapter.

3.2 Burner

Dump plane

— —

Flange

A) B)

Center-body

Swirler

Air

Air Fuel

Figure 3-2 Sectional view of burner with two configurations

In this study, two different types of burner configurations, configuration A and B,

are employed throughout this dissertation, as shown in Figure 3-2. The most used one is
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the one with configuration B, as further shown in Figure 3-3. In Figure 3-3, A 45° swirl
vane is fitted with a hollow center body. This center body extends beyond the swirl vane
and is flush with the dump plane of the combustor. The exit diameter of the center body
1S 25.4 mm (1.0 inch) and the O.D. of the swirler is 34.9 mm (1.375 inch). The geometric
swirl number is calculated to be S4=0.76. Methane or hydrogen-enriched fuel mixture,
and the air are injected radially into the annular air-fuel delivery system, 533 mm (21

inch) upstream of the dump plane, to ensure that the fuel and air is well premixed.

A

Dump plane
25.4 mm
349 mm Center body
159 mm

Swirler

Figure 3-3 Sectional view of the burner with configuration B

Experiments show that the combustor with configuration A in Figure 3-2 can be

operated only up to around 35% hydrogen enriched methane fuel without flashback
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happening. So a simple modification was made; the straight center-body in configuration
A was replaced with a conical shape center-body as in configuration B. The induced
converging fuel/air mixture flow right before dump plane dramatically improved
performance for burning hydrogen enriched flames. In addition, since fuel and air are
mixed before they are induced into the burner, the fuel-air mixture before burning at the
dump plane can be expected be well premixed. This burner can be operated at pure

hydrogen without any flashback happening.
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Figure 3-4 Schematic diagram of water cooling

In addition, the center-body with empty center can be used as either a center jet
flow or water cooling. As to the water cooling system, Figure 3-4 shows the
corresponding schematic diagram. The small center tubing of 1.D. of 1.6 mm (1/16 inch)
delivers the incoming cool water. The water spays out at the end of the small center

tubing and impinges on the solid cap. Then the water turns around on the inner surface of
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the solid cap and flows back via the center-body. This same scheme can also apply for
pre-heating the center-body.

The fuel and air delivery system is schematically shown in Figure 3-5. The fuel is
supplied from pressurized bottles of methane and hydrogen. The flow rates of air and fuel
are all monitored by corresponding mass flow meters, and the ones for fuel are actually

mass controllers. So the fuel flow rate can be set by LABVIEW DAQ board.

Compressed air —N % D pBurner
_WD | N Open/close valve
]E Regulator

D Mass flow meter
D Check valve

Methame  Hydrogen

Figure 3-5 Schematic view of the fuel and air flow control/monitoring system

The global equivalence ratio for hydrogen-enriched methane mixture, it is
calculated based on the ratio of stoichiometric air to fuel ratio (AFR) to actual AFR with
blended methane and hydrogen. The hydrogen blend is expressed in the results as a

volume percentage.

3.3 Instrumentation
3.3.1 Flow Field Measurement-PI1V
Particle image velocimetry, PIV, is an optical and nonintrusive laser based

method used to measure velocities and related properties in fluids, such as vortices, strain
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and the like. It consists of Laser source, Laser sheet forming lenses, timing unit and
camera(s). And the fluid should be homogenously seeded with small tracking particles,
which, for the purposes of PIV, are generally assumed to faithfully follow the flow
dynamics and normally are additionally added into the measuring flow field. These
particles are then illuminated by Laser sheet in a plane of the flow at least twice within a
short time interval, so called time delay or pulse separation, which is determined by the
maximum flow velocity. And the light scattered by the particles is recorded either on a
single frame (auto-correlation) or on a sequence of frames (cross-correlation). Finally the
displacement of the particle images between the light pulses is determined through
evaluation of the PIV recordings. It is the motion of these very seeding particles that is
utilized to obtain velocity information. In order to be able to handle the great amount of
data collected by utilizing the PIV technique, sophisticated post-processing of data is
often required.

In this study, a commercial PIV system (IDT Inc) using two Sharp Vision
1400DE cameras is employed. These CCD cameras have a resolution of 1360(H)
x1024(V) pixels with pixel size of 4.65 >4.65pm®. Both cameras are equipped with
Nikon lens of 50mm focal length. To illuminate the flow field of interest, laser-light from
a twin head dual cavity Nd:YAG laser is combined and frequency doubled in order to
generate two green light pulses at 532 nm, with pulse energy of 120 mJ and pulse
duration of 5 ns. The laser beam, with diameter of 5 mm, goes through the optics of a
cylindrical and a spherical lens and forms a light sheet in the measurement field. During
the measurement, the PIV system is operated at a frame rate of 10 Hz. The time between

two laser pulses is between 20 and 40 s, depending on the flow velocity; this time
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increment is used to optimize the accuracy of data processing. The field of view (FOV) is
approximately 85mm>60mm. The seeding particles are small enough to ensure good
tracking of the fluid motion (Stokes number < 1) and big enough to scatter light for
image capturing (also be resistant to high temperature). Here TiO, particles with nominal
diameter of 3pm are introduced upstream of the swirler in order to distribute them
homogenously and to follow the flow oscillation with a frequency up to 1 kHz [84].
Although the PIV measurements made do not resolve the 1 KHz time scale, it is
important for the seeding particles to correctly represent the instantaneous fluctuations of

the flow-field.

Figure 3-6 Two cameras configuration of 2D-PIV measurement for a large measurement
domain

IDT pro-VISION software was used to analyze the PIV data, and the adaptive

interrogation mode was used since it provides a second-order accurate mesh free
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algorithm [85]. A 60>50 mesh has been used to get 3000 vectors per frame with 32>32
correlation windows. It yields a spatial resolution of approximately 1.1>1.0 mm. Using a
portion of the light sheet with approximately 2.0 mm thickness and a short inter-frame
time helps to freeze the out-of-plane motion of seed particles. Sets of 500 image pairs are
usually recorded for each data set and statistically processed for the mean and RMS
values. Considering a typical value in the measurement error of 0.1 pixel units [86],
which combines bias and RMS errors, and a typical displacement of 8 pixel units in this
experimental PIV measurement, this error is 1.25% as a percentage of the mean local

velocity.
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Figure 3-7 A screenshot of a LabVIEW control panel for simultaneous measurements of
3D-P1V and CH/OH chemiluminescence
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Additionally, to enlarge measurement domain, two PIV cameras are aligned
vertically to take velocity measurement individually with a certain common domain for

data post-processing, as shown in Figure 3-6.

3.3.2 Data Acquisition with LabVIEW

LabVIEW, a graphical programming language by National Instruments, is used
for the data acquisition here. A program code written in LabVIEW processed the data
collected on the A/D data acquisition board (PCI-6229) and sent out the control signals to
corresponding devices, and displayed and stored all the relevant information. Sheathed
BNC cables were also used to minimize cable noise. PCI-6229 has four 16-bit analog
outputs (833 kS/s), 32-16bit analog inputs (250 kS/s), 48 digital 1/0, 32-bit counters, and
digital triggering Correlated DIO (32 clocked lines, 1 MHz). A snapshot of a LabVIEW
control panel for simultaneous measurements of 3D-PI1V and CH/OH chemiluminescence

is shown in Figure 3-7.

3.3.3 CH* Chemiluminescence Measurement with ICCD Camera

For chemiluminescence measurement, an intensified CCD camera (Princton
Instruments PI-MAX 2) equipped with an F-mount Nikkor f: 78/3.8 UV sensitive lens is
utilized to resolve heat release characteristics through corresponding chemiluminescence
imaging technique. The CCD array of the camera has 1024x1024 resolutions with
12.8x12.8 um? pixel size.

For CH* chemiluminescence measurement, a filter mounted on the camera lens is

used to transmit the light at A=430 nm which corresponds to the B*Z--X?II (0, 0)
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emission band of the CH* radical [87], and to attenuate all other wavelength
contributions. Gain was adjusted based on the operating condition and the gate duration

for the image acquisition was set to 400 ps.

3.3.4 OH* Chemiluminescence Imaging

A typical configuration of high speed camera and UV intensifier for
Chemiluminescence measurement is shown in Figure 3-8, including an UV lens, UV
intensifier, and the high speed camera. The achromatic ultraviolet lens (Nikkor, Inc) of
105-mm focal length with f/#4.5 is used to focus the light emitting from the flame into
the camera intensifier. The collected radiation of OH* first passes through an interference
filter, centered at 308 nm and with a full-width-half-maximum (FWHM) of 10 nm, which
corresponds to the primary spectral region for the OH to AZZ*-X?[] electronic transition.
The UVi camera intensifier (Invisible Vision Ltd. Model number 1850-10) is used to
enhance imaging of weak Chemiluminescence signal. This intensifier is especially
designed for high speed cameras and video systems, with ultra high speed shuttering. It
is capable of gating low down to 30 ns and light gain up to 400,000 photon counts.
Working range covers from UV to NIR (200 nm-85 nm). Then it is followed the Photron
SA-3 high speed camera, in between there is a normal lens (Nikkor, Inc) of 50-mm focal
length with f/#1.4. The SA-3 camera can be operated at 2000 frame per second with
1024x1024 pixels resolution, and up to 120K fps with reduced resolution. In addition, the
availability of external triggering in the intensifier and the high speed camera enables the

synchronization with PIV or other measurement systems.
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Figure 3-8 Configuration of high speed camera with an UV intensifier.

3.3.5 PLIF System

Planar laser-induced fluorescence (PLIF) is an optical and non-intrusive
diagnostic technique widely used for flow visualization and quantitative measurements of
velocity, concentration, temperature and pressure. Corresponding calibrations are needed
for quantitative measurements [88, 89, 90].

A typical PLIF setup consists of a light source (usually a laser), a set of lenses to
form light sheet, fluorescent medium (such as flames), collection optics, a detector
(usually intensified CCD camera), and a synchronizer. The light sheet generated by the
lens set from light source illuminates the medium, which then fluoresces. The fluorescent
signal is filtered with collection optics and captured by the detector. And during this
capturing, the synchronizer is used to synchronize light source and detector by sending a
series of triggering signal to them. The common used lasers as light sources are pulsed

lasers, such as Nd:YAG laser, dye lasers and exciter lasers, which not only provide a
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higher peak power, but also have a very short pulse time valuable for good temporal

resolution.

excited vibrational states
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Figure 3-9 Jablonski Diagram [91]

The fluorescence is related to the various properties of the medium so that the
flow properties can be evaluated. It results from a transition process that occurs when
certain molecules so called fluorophores, fluorochromes, or fluorescent dyes absorb light.
Then their energy level is raised from the ground/lower energy state to an electronically
excited state, which is energetically unstable with respect to the former. As they decay
from this excited state, the excitation energy is released by emitting fluorescent light, and
these molecules return to the ground state. These de-excitation pathways, featured with
very rapid rates, usually are classified into three broad categories: A) radiative transition

processes, in which electromagnetic radiation occurs as the exited molecule returns to
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lower energy states; B) non-radiative transition processes, in which the populations in the
initially excited states are transferred into others without any accompanying emission; C)
absorption processes, in which the molecule absorbs another photon and is excited to
even higher molecular states. The process responsible for fluorescence is illustrated by a
simple electronic state diagram, termed of Jablonski Diagram, as shown in Figure 3-9
[91, 92].

The most common combustion species detected by PLIF are OH, CH and NO.
CH and OH are the primary species identifying the reaction zones and burnt gas zone,
respectively, and NO is used to monitor pollutant byproducts formed in a flame. For
detecting the instantaneous reaction zones, then CH-PLIF seems a better choice, but OH-
PLIF is more frequently used in combustion application because the corresponding
exciting laser wavelength is more accessible. And it has been shown that the maximum
OH concentration within the flame front is a good measure of the strength of chemical
activity (or burning rate) in the flame [93].

For OH measurement, [94] studied the ultraviolet bands of OH in detail and gave
the fundamental data required for evaluation of various transitions. The most common
excitation bands correspond to the Q rotational branch and the R rotational branch in the
(1, 0) vibrational transition corresponding to approximately 283.7 nm and 281.2 nm
respectively in the temperature range of 1000 to 1500k. The fluorescence is usually
collected broadband from (1, 1) band center on 315 nm using 10 nm band pass filter.

The OH-PLIF imaging system can be divided into three subsystems: the
excitation, detection and processing systems. The excitation system comprises of a dye

laser pumped by an Nd: YAG laser. The third harmonic generator of the Nd: YAG laser
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generates 355 nm laser beam to pump the dye laser with pulse energy of about 250 mJ at
a frequency of 10 Hz. The Courmrin 153 dye solution is used to produce light at 566 nm.
Then through the frequency doubled unit BBO-I crystal, the frequency of the laser beam
is doubled at about 283 nm wavelength and with about 10 mJ pulse energy. The detection
system here is the same ICCD camera used for chemiluminescence measurement.

Additionally, the fluorescence image acquisition is performed by WinView program.
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CHAPTER 4 : DATA POST PROCESSING

4.1  Flame Front Detection and Progress Variable <c> Map

Figure 4-1 Identification procedure of flame fronts from OH-PLIF image, a) an
instantaneous raw image, b) corrected and filtered image, ¢) binary image, d) detected edges
(black) and flame fronts (red), and e) fluorescence image superimposed with flame fronts.

The flame front in the premixed flame, the very thin reaction zone with most of
chemical reactions taking place, is characterized by high local heat release rate associated
with those reactions and separates burnt and unburnt gases due to thermal expansion.
Information associated with the flame front is very important as it involves most of
energy released by combustion, flame interaction with flow which in turn affects the

flame front behavior, flame structure, burning velocity and etc. The common flame
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markers used experimentally to identify the flame front are OH* and CH*, since the
maximum OH* intensity is near the maximum flame temperature [55] and CH* profile
presents in a thin, high-temperature region [56]. Typically, flame front detection is
obtained by using planar laser induced fluorescence (PLIF) of the CH or OH radicals [95,
96]. It is also known that Mie scattering images of seeding particles in the combustion
flow field show particle-concentration jump across the reaction zone in the flame front
due to gas thermal expansion. This flame-front detection technique using Mie-scattering
has been used by several investigators [97, 98] to identify the flame front and the

associated flame speed.

Figure 4-2 Snapshot of flame

In this study, OH-PLIF images were topologically processed to extract the flame
front, and then further analyzed to obtain the flame curvature and surface density.

For the flame front detection from OH-PLIF images as shown in Figure 4-1, each
raw image is first corrected with background image and laser intensity distribution.
Image filtering is performed by convoluting 5x5 pixel median filter and Gaussian filter

over the entire image to further reduce noise. A threshold of 50% of maximum
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fluorescence intensity is chosen to convert the intensity scale image into binary image as
in Figure 4-1c), with ones for completely burnt regions and zeros for un-burned fresh
mixtures. From this binary image, the boundary of ones, that is, the interface between hot
products and fresh mixture, can be tracked. since the flame is stabilized in the inner shear
layer as shown in Figure 4-2, the very portion of binary image boundaries that located in
the outer is the true flame fronts, as shown red lines in Figure 4-1d). Figure 4-1e) shows
the corrected and filtered fluorescence image superimposed with detected flame fronts. It

evidently shows that the flame fronts are successfully detected.

Figure 4-3 Progress variable <c> map superimposed with corrected <¢>=0.5 lines.

For the progress variable <c> map, which represents probability of the flame front
being at a given location, it can be computed from averaging the whole sequence of

binary images converted from fluorescence images, as shown in Figure 4-3. Again, for
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extracting a line with a specific <c> value, attention should be paid to the fact that only

outer portion of lines are effective, as the black lines for <c>=0.5 shown Figure 4-3.

4.2 Flame Front Curvature

From the instantaneous flame front topological images from OH-PLIF
measurement, the local flame front curvature can be calculated to investigate the flame
structure properties and the length scales along the flame surface. Here the probability
density function (PDF) of the curvature, k, is determined for a more comprehensive
representation of the statistics. To evaluate curvature, the procedure of Sioka et al. [99] is
followed. As described in previous section, the binary image of burnt and unburnt regions
is first generated from each instantaneous fluorescence images (similar to the evaluation
process of flame front detection). The positions of flame fronts are then extracted from
each such binary image and their Cartesian co-ordinates (x, y) stored, and parameterized
as a planar curve in terms of a path length variable s. By this process, the flame contour is
characterized via two functions x(s) and y(s), and a cubic spline interpolation is applied.
Finally the curvature k can be obtained as an inverse of the curvature radius ry, by:

1 iy —yi
T @ D

where k and ry, are defined positive if the flame element is convex toward the reactants.
Based on the whole data set of k values determined from hundreds of fluorescence

images, the PDF distribution of the flame curvature can be determined.
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4.3  Flame Surface Density

Two-dimensional measurement of flame surface density X can be estimated by
using the determined flame front instantaneous images. Here the topographic method
described in Shepherd et al. [100] is adopted where the progress variable space <c> is
subdivided into 10 intervals between O and 1, and then the corresponding flame zone
area, A(<c>), is determined directly from the <c> map by adding up the area of each
pixel corresponding to <c> value. Since the length of the flame is a function of <c>,
L(<c>), it can be calculated by smoothing the flame edge and then dividing it into
segments of equal length (0.1 mm). From the <c> map, each segment is assigned a <c>
value and the flame lengths accumulated to give a total flame length, L(<c>), for each
data set. Then the flame surface density, X(<c>), can be calculated readily from those
date sets:

L
I(<c>) = % (4-2)

4.4  Flame Strain Rate
The instantaneous flame front locations extracted from OH-PLIF images are used
in conjunction with corresponding PIV data to determine the stretch rate information

along the flame fronts. Two-dimensional flame stretch rate can be calculated using [101],

K=K, +K, (4-3)
du OJv Jdu v (4-4)

K, = —nxxnyx(@+a)+(1—n§)xa+(1—n§,)x@
K.=S./R,. (4-5)

where

K, is the tangential strain rate;
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K. is flame curvature induced flame stretch rate;

Si is the laminar burning velocity;

Rc is the radius of flame curvature;

n is the flame surface normal vector, and ny and ny are the x and y components of n;

u and v are the velocity components in the x and y directions.

In turbulence flame, there is a distribution of flame stretch rate, and the strain rate
contribution is dormant. Bradley et al [102] suggests that for values of Karlovitz number
Ka greater than 0.1 and of turbulent Reynolds number R; greater than 100, the PDF of
stretch rate is similar to that of strain rate. So here, the flame curvature effect is no
considered and only hydrodynamic stretch rate Ks is computed via PIV data and detected

flame fronts from OH-PLIF images.

45  Abel Inversion
To consider a radiation source is cylindrically symmetrical and it is observed in
the side-on direction, the line-of-sight emission can be described by the Abel equation, as
shown in Figure 4-2,
100 = [2 f(rdy (4-6)
where r is the radial location, f(r) is the original radial distribution. If f(r) is negligible

when r is greater than R, then the Abel equation can be re-written as,

1(x) = 2 J _fyrdr (4-7)

(r2 _ x2)1/2
To obtain the original radial distribution function f(x) for the lateral intensities

I(x), we have Abel inversion,
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Fo) = L[ Ll/dndx (48)

) (x2 —12)1/2

T
N

Figure 4-4 Schematic diagram of the line of sight

It shows that the integrand diverges at r=x, which make it difficult to apply
directly in practice. Here the numerical algorithm developed by Nestor and Olsen [103],
so called Nestor-Olsen method, which transforms the Abel inversion equation into a
summation to allow processing of discrete sets of data. This method is widely employed
due to its easy computation with reasonable accuracy [104, 105]. The relationship

between the emission f(r) and the integrated 1(x) is given by,
2
f(r) = ——=XL;1(x)B;; (4-9)
where the x-axis is divided into zones of equal width Ax, with the ith zone being x; <

x < x;41,Xx; = iAx , and the coefficients are as follows,

B

j,i=Aj‘i_1—Aj,i,f0Ti2j+1

Bj,i = —Aj’i,fOT'l. =]

1 1
4 = (+D2-j2)2-(i2-j2)2 (4-10)

J 2i+1

37



For the entire 2D image of side-on observation of the radiation, this Abel inversion
can be applied onto each row of the image in order to obtain the 2D distribution of the

radial emission.

4.6  Proper Orthogonal Decomposition

Proper orthogonal decomposition (POD) is a statistical method to decompose a
series of measurements into an orthogonal basis and corresponding time constants if the
data acquisition is time-resolved. The orthogonal basis consists of a set of eigenmodes, or
POD modes, representing distinct coherent flow structures arranged in descending order
of their contribution to the overall resolved kinetic energy. Therefore, if the flow
dynamics is dominated by a few large and energetic flow structures, then they will be
captured in the first modes. The time constants for each mode can be obtained by
projecting the original data onto the corresponding POD mode and yield all of the
temporal information. In present study, the POD was calculated by using snapshot
method of POD [106,107,108] for flame images captured by a high speed camera, to
further explore the flame front dynamics responsible for the LBO behavior. In following,
the procedure of snapshot method of POD based on flame images will be briefly
introduced. And the application onto 2D or 3D velocity field can be easily deduced.

Assume that there are N flame images, and each image is RxC matrix and in turn
has RxC data points. First arrange the fluctuating part of image intensity for the N

snapshots as:

xl x% e lelv
X=[xtx?.. 2N =] : : P (4-11)
Xke Xge XRc

Then we have auto-covariance NxN matrix C:
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c=U"U (4-12)
Solve this eigenvalue problem:
CA' = }'A! (4-13)
Arrange the solutions by eigenvalue in a descending order as:
M>22>..>2AV=0 (4-14)
Then the POD modes can be written as:

pi Tadia (19
[Z5=r Afxm|

Where i=1, 2,..., N.

For the mode coefficients or time constants, they then can be calculated by
projecting X onto POD modes. For example, in the n™ instant snapshot, the coefficient
for i"™ mode, a;, can be calculated by:

a; = o' x" (4-16)

Similarly, the complete coefficient set in this instant, a", can be written as:

a" = [¢' ¢* .. p"] 2 (4-17)

For re-construction, an instant "™ snapshot (fluctuating part) can be built as:

N

0= a9 ¢ 9'la (4-18)

i=1
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CHAPTER S : FLOW FIELD AND REACTON ZONE
CHARACTERISTICS

5.1 Introduction

In this chapter, experimental investigation in the flow field, the reaction zone, and
the flame structure properties has been performed as flame approaches the LBO limit.
2D-PIV, non-intrusive laser-based diagnostic technique for velocity measurements, was
used to capture flow field information, and a COMS high speed camera equipped with an
intensifier was employed for OH* chemiluminescence imaging to obtain the information
regarding the reaction zone and its behavior. The schematic view of this experiment setup
is shown in Figure 5-1. The experiment data is then analyzed to generate some key

mechanistic conclusions about LBO in methane and hydrogen-enriched flames.
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Figure 5-1 Schematic view of experimental setup

The test matrix, in terms of equivalence ratio, is listed in Table 5-1, with all data

taken at a Reynolds number of 17,670 based on the bulk velocity. For hydrogen-enriched
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methane mixture, the global equivalence ratio is calculated based on the ratio of
stoichiometric air to fuel ratio (AFR) to actual AFR with blended methane and hydrogen.
The hydrogen blend is expressed in the results as a volume percentage.

Table 5-1 Experimental test matrix (hydrogen percentage based on volume basis)

Fuels | @0 (O] (OP) D3 D4

CH,; | 0.675 0.744 0.694 0.689 0.684
40%H, 0.450 0.669 0.474 0.464 0.457
60%H, 0.345 0.654 0.447 0.359 0.354
80%H, 0.255 0.432 0.340 0.268 0.264

Vmean: -4-3-10 13 457 8 911121315 Vmean: -4-3-10 13 45 7 8 911121315
{ ik e REa y

k i

1t

]

...... abt L
X, mm ¢) 80% H,, ®=0.264 X, mm

a)cold X, mm b) CH,,

Figure 5-2 Axial velocity field for (a) non-reacting flow, (b) CH, flame at ®=0.684 , and (c)
80% Hydrogen-enriched flame at ®=0.264

In presenting the results, we will discuss the flow field behavior first and then
examine the high speed chemiluminescence images to correlate the heat release behavior

with the flow dynamics. The methane-only results will be contrasted with the data
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representing different hydrogen contents. We will conclude with an assessment of the

LBO mechanisms for both the methane-only and the hydrogen-enriched flames.

5.2 Flow Fie
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Figure 5-3 Boundaries of IRZ for (a) CH, flames, (b) 40% H, flames, (c) 60% H.flames, and

(d) 80% H, flames

Figure 5-2 shows the contours of mean axial velocity for the non-reacting flow

and for the reacting cases of methane-only and 80% hydrogen-enriched flames,

superimposed with corresponding velocity vectors. In the non-reacting flow, represented

only by the swirling air flow, it is clearly seen that a pair of nearly axisymmetric

recirculation zones are established above the dump plane, centered at nearly y/D=1.4

(y=50 mm), along with two weak corner recirculation zones. In the reacting flow with

methane or 80% hydrogen-enriched flames, a similar flow pattern is found as the ring-
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pair shape structure of internal recirculation zone (IRZ) in the non-reacting flow, but
positioned at nearly y/D=0.86 (y=30 mm). It is noted that all reacting cases in this study
have similar flow patterns.

Figure 5-3 shows the boundaries of the IRZ for cases of the methane-only flame,
and the hydrogen-blended flames with 40%, 60%, and 80% hydrogen respectively, along
with in the boundaries for the non-reacting flow. In all the reacting cases, there was no
flashback observed, and so changes in the observed flow patterns are not related to any
flashback mechanism. The IRZ boundaries are obtained directly from the PIV
measurements. The width of IRZ in the non-reacting flow initially increased immediately
after the dump plane, and then decreased slightly, followed by an increase along the axial
direction. The IRZ closes further downstream (beyond the axial region shown). This
initial non-monotonic behavior is believed to be due to the effects of the center-body and
the swirling flow. Very close to the dump plane, the recirculation mainly results from
center-body effect. The region above the center-body creates a negative pressure gradient
along the axis, and in turn, leads to the back-flow. Farther from the dump plane, the
negative pressure gradient caused by the center-body reduces and the width of
recirculation is decreased. Further downstream, the effect of the swirl generated upstream
by a swirler dominates. The decay of the tangential velocity of the swirling flow induces
another negative pressure gradient in the axial direction and increases the size of the
recirculation zones. For all the reacting cases the width of the IRZ initially expands and
then decays due to reduction of the tangential velocity. This behavior is influenced by the
increased vorticity resulting from combustion-induced vorticity generation. Along the

axial direction, the recovery of adverse pressure gradient caused by center-body was
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compensated for much earlier by the negative pressure gradient resulting from swirling

effect, and the initial decay in the IRZ was not observed.

Figure 5-4 Instantaneous OH* distributions for CH, flame at ®=0.684 (top two rows) and
80% H, flame at ®=0.264 (bottom two rows). Time increases from left to right with step
increments of 0.2s

In addition, as shown in Figure 5-3, in the case of hydrogen-enriched flames, the
width of IRZ increases as the equivalence ratio @ is reduced. This behavior is mainly due
to lower heat release leading to reduced axial velocities and increased local swirl level
when @ decreases. The increased local-swirl leads to a broadened width of the IRZ with
reduced ®. However the width of IRZ in the methane flame surprisingly decreases as the
LBO limit is approached. This behavior is counter to the observation for the hydrogen-
enriched flames noted above and points to the existence of different LBO behavior for the
two cases. As will be discussed, the OH* measurements indicate that the methane flames
are lifted, especially when approaching the LBO limit, while the hydrogen-enriched

flames are all attached.
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Figure 5-5 Power spectra of OH* signal for (a) CH,4 flames, and (b) 80% H, enriched flames

Figure 5-4 shows the instantaneous OH* distributions at time step increments of
0.2 second for both the methane-only (top two rows) and hydrogen-enriched (bottom two
rows), and these point to key differences between the two flames. In the top two rows in
Figure 5-4, for methane, the flame near LBO is clearly lifted from the dump plane and the
lift-off shows variation in size with time. The OH* distributions show a periodic variation
in the intensity distributions. This is characteristic of a precessing vortex core (PVC) that
is generally sensitive to external perturbation [109]. For the hydrogen flame in the bottom
two rows in Figure 5-4, the OH* distributions are anchored closer to the dump plane and
the intensity distributions remain fairly steady implying the absence of a helical PVC. It
should be noted that Lewis number for methane is near unity while that for hydrogen is
much lower leading to preferential diffusivity of the fuel-mixture toward the flame front
for the hydrogen-enriched cases. This mechanism could have a role in the stronger flame
attachment for the hydrogen flames. As will be discussed later, the different OH*
behaviors for the methane flame and the hydrogen flame near LBO are related to

different modes of the instability of vortex breakdown.
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Figure 5-6 Normalized Vs color contour superimposed with normalized Vean line contour
and thickened IRZ lines for CH, flames for a) ®=0.684, b) ®=0.689, ¢) ®=0.694, and d)
D=0.774

In order to verify the occurrence of PVC, a high speed measurement of OH*
signal was carried out in a region spanning y from 17 mm to 52 mm, and x from -40 mm
to 25 mm. Gate time and framing rate were set at 90 us and 10K fps, respectively. The
signal was recorded for 2.1 seconds. A total of six different locations with x steps of 15
mm and y steps of 10 mm were processed, and two different calculation spot sizes of 1x1
mm? and 5x5 mm? were used to do the spectral analysis. It is found that neither location
nor spot size affects the calculated spectral results. Figure 5-5 shows the power spectrum
plots of OH* signal frequency in methane flames and 80% hydrogen-enriched flames,
obtained at point (-15 mm, 30 mm) and with calculation spot size of 1x1 mm?. Figure 5-5
shows that all three measured methane flames of equivalence ratios of 0.684, 0.694 and
0.744 have strong spectra, located at 22 Hz, 89 Hz and 77 Hz, respectively. The
maximum Strouhal number (based on outer diameter of feed tube and average velocity)
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obtained from the spectral analysis is of the order of 0.05 which is much smaller than a
jet-vortex shedding frequency for which Strouhal numbers in the range of 0.1-0.3 are
expected. The periodic unsteadiness for the methane flame is therefore associated with a
helical PVC. Clearly as LBO is approached, the PVC frequency decreases and is related

to the PVVC breakdown preceding LBO.

Figure 5-7 Normalized Vs color contour superimposed with normalized V pean line contour
and thickened IRZ lines for 80% H; flames for a) ®=0.264, b) ®=0.268, c¢) ®=0.340, and d)
®=0.432

In Figure 5-5b, for 80% hydrogen-enriched flames, a peak frequency in the
spectrum is not obtained. Similarly, there is no evidence of a spectrum peak observed in
the 40% or 60% hydrogen-enriched flames. These results indicate broad-band
unsteadiness absent of any PVC observed for the methane flame. This indicates that
hydrogen addition mitigates the PVC behavior observed for methane flames. Major
differences between the hydrogen and methane flames are the higher flame speed and

lower Lewis number of hydrogen. The higher flame speeds potentially increases the axial
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velocities, but as Figure 5-2 shows, the differences in the axial velocity between the two
flames are small. Hydrogen has a much lower Lewis number than methane and is
characterized by greater flame front instability and wrinkling associated with the
preferential diffusivity of the hydrogen. It is speculated that this flame-front instability
and wrinkling transitions the PVC into a more stable bubble type of vortex breakdown.

)
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Figure 5-8 Normalized Vns color contour superimposed with normalized V ean line contour
and thickened IRZ lines for non-reacting flow

Figure 5-6 and Figure 5-7 show the color contours for axial velocity RMS
superimposed with line contours for axial velocities and thick-black lines representing the
envelope of IRZ in methane flames, and in the 80% hydrogen-enriched flames,
respectively. Both axial velocities and their RMS are normalized with their corresponding
maximum values in each case, in order to compare the distributions of the axial velocity
fluctuation. It can be observed that the regions with high RMS are all located in the shear
layer for both methane and hydrogen-enriched flames, whereas the RMS inside the IRZ is
low. The RMS values can be associated with flame stretch and stretch-related extinction.
In regions of high RMS, it can be argued that flame extinction can occur due to high

stretch and particularly at low @ where flame speeds and resistance to stretch are
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reduced. In Figure 5-6 and Figure 5-7 it can be seen that the RMS values near the flame
base are much higher for the methane-only case which may explain the existence of
flame quenching and lift off observed earlier for methane-only flame as LBO is
approached. The low RMS inside the IRZ is also notable since it plays an important role
in the LBO mechanism especially for hydrogen-enriched flames as discussed in the next
section.
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Figure 5-9 Abel inverted radial distributions of averaged OH* superimposed with
IRZ lines for methane flames for a) ®=0.684, b) ®=0.689, c¢) ®=0.694, and d)
®=0.744

For reference purposes, Figure 5-8 shows the RMS for the non-reacting case
which reflects a more uniform distribution of RMS than the reacting cases. Further, the
axial velocity RMS decreases downstream in view of decreasing shear and the absence of
any combustion-generated turbulence. Considering that the reaction takes place in the
inner shear layer that borders the IRZ, as shown in next section (Figure 5-9 and Figure 5-

10), there are two paths for flames to advance toward a favorable reaction region of lower

turbulence levels-downstream and inward toward the IRZ. Thus, an important
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determinant in the LBO is the relative location of the flame front and the region of the

high turbulence which, in turn, is linked to the location of the IRZ.
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Figure 5-10 Abel inverted radial distributions of averaged OH* superimposed with IRZ
lines for 80% hydrogen-enriched flames for a) ®=0.264, b) ®=0.268, ¢) ®=0.340, and d)
®=0.432
5.3  Reaction Dynamics

To capture the flame front behavior, OH* images are obtained using a gated
ICCD camera. In each flame, a total number of 1250 OH* images were captured. For
every data set, each image was first corrected by the background image, then filtered and
averaged over the whole sequence of 1250 images to yield the mean line-of-sight OH*
image. This averaged global OH* image was then numerically Abel inverted to unfold
the radial distribution of OH* signal by using Nestor-Olsen algorithm, which transforms
the Abel inversion equation into a summation to allow processing of discrete sets of data
and is widely employed due to its easy computation with reasonable accuracy [110, 111,
112]. Figure 5-9 and Figure 5-10 show the Abel inverted radial distributions of the
background-corrected OH* intensity averaged over 1250 images, superimposed with the
corresponding boundaries of the IRZ represented by the thickened black lines, for pure

methane and 80% hydrogen-enriched flames, respectively. The OH* intensities have
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been normalized by individual intensity maximum and only half of the measurement
domain is shown for clarity. Figure 5-9 shows that methane flames are lifted (very low
OH* at the base), especially for equivalence ratio 0.684 as mentioned earlier, while
Figure 5-10 shows that hydrogen-enriched flames are all attached to the dump plane. In
order to compare the relative positions of the flame front and the IRZ, the geometric
center of the flame front is calculated from the images in Figure 5-9 and Figure 5-10 and
this is plotted in Figure 5-11 along with the boundaries of IRZ for pure methane and 80%
hydrogen-enriched fuels. For methane flames in Figure 5-9 and Figure 5-1la, as
equivalence ratio decreases from 0.744 to 0.684, the center of reaction zone (OH*) moves
radially inward from 16 mm to 12 mm approximately, and downstream from 25 mm to
30 mm, and the IRZ boundary also moves inward. At LBO, the center of the flame sits at
the edge of the IRZ and is displaced downstream from the base (lifted). Thus, as shown in
Figure 5-9, the flame straddles the IRZ boundary (black line) and the portion of the flame
in the shear layer sees high turbulence level (Figure 5-6). Thus at LBO, where the flame
speeds are lower, the portion of the flame in the high RMS region is susceptible to
extinction and LBO is initiated from here. For the 80% hydrogen-enriched flame shown
in Figure 5-10 and Figure 5-11b, when @ is decreased from 0.432 to 0.264, the center
location of reaction zone also moves radially inward from 17 mm to 12 mm, but does not
change axially, located around 16 mm at all times. On the other hand, the IRZ boundary
moves outward. Therefore, as @ decreases towards LBO, the reaction in the hydrogen-
enriched flames takes place almost completely within the IRZ, where hot combustion
product exists and residence times are longer, providing a favorable combustion

environment. The flame shape changes from a conical to a more elongated columnar
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shape as the equivalence ratio is reduced, especially in hydrogen-enriched flames (e.g. in

Figure 5-10).
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Figure 5-11 Boundaries of IRZ (lines) and centers of reaction zones (circle symbols) for a)

CH, flames, and b) 80% H, flames
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Figure 5-12 Hypothesis diagram for LBO mechanisms of methane and hydrogen-enriched

54 LBO Mechanism

flames.

Based on the measurement of the reaction zones and the flow field, a LBO

mechanism is proposed and described in Figure 5-12. The basic process of LBO is as
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follows: as equivalence ratio reduces, the flame resistance to turbulence and stretch is
reduced and flame quenching can occur locally in regions of high u’-RMS. The flame
moves to the region of lower turbulence level and toward the boundary of IRZ (OH*
maxima closer to IRZ observed). Hot combustion products and some unburnt reactant
mixture are entrained into the IRZ via the rear of the toroidal vortex; the reactants can
easily burn within IRZ due to higher temperatures, longer residence times and lower
turbulence. This process sustains high temperatures within the IRZ which, in turn, can re-
ignite the locally extinguished flame in the shear layer close to the IRZ. As the
equivalence ratio is further reduced, the flame cannot sustain itself in the high turbulence
regions, the reactions and high temperatures within the IRZ fail to survive, leading to the
final LBO. This generic LBO mechanism is shown by the group of solid-boundary boxes
in the middle of Figure 5-12.

For methane flames, with a Lewis number around one, the low fuel mass
diffusivity does not promote diffusion of reactants into the IRZ in order to sustain a flame
there. Further, as noted earlier, as LBO is approached the flame is lifted and straddles the
boundary of the IRZ (Figure 5-9a and Figure 5-11a) resulting in a portion of the flame in
the shear layer subject to high turbulence and quenching. The extinction initiated in the
shear layer region spreads as equivalence ratio is lowered leading to the final LBO.
These mechanisms are shown in the set of boxes on the left in Figure 5-12.

With hydrogen-enriched fuels, the IRZ expands as LBO is approached and the
attached flame moves inside the IRZ (Figure 5-10a and Figure 5-11b), where local
temperature is relatively high and the flame can sustain itself in this low stretch region.

Additionally, with the Lewis number being less than one, the excess hydrogen reactant
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with high mass diffusivity in the shear layer diffuses more rapidly into the IRZ with a
favorable combustion environment. Since the molecular diffusion is more rapid than the
thermal diffusion from the IRZ, the burning inside the IRZ more than compensates for
the heat loss by local flame quenching leading to an almost constant axial location of the
OH* maxima observed in Figure 5-10 and Figure 5-11b. The reactions within the IRZ
function as a pilot flame that can sustain itself within the IRZ as the equivalence ratio is
further decreased leading to relatively low values of the LBO for hydrogen-enriched
flames. The LBO happens after this IRZ flame kernel itself fails to survive. These

mechanisms for hydrogen-enriched flames are shown on the right in Figure 5-12.

55  Conclusions

An experimental study was performed in a swirl-stabilized combustor with the
goal of understanding the flame behavior as the equivalence ratio was decreased toward
LBO. Fuels used were pure methane, and methane blended with 40%, 60%, and 80%
hydrogen. The following major conclusions are made:

e Both the center-body and swirl levels affect the central inner recirculation
zone (IRZ). The near field is dominated by the center-body wake, while the
far field is influenced by the swirl.

e As the equivalence ratio approaches the LBO limit, the width of IRZ in the
methane-only flame decreases, while that in the hydrogen-enriched flame
increases. The PIV and OH* spectral measurements show that the vortex
breakdown is in a spiral mode (PVC) in the methane flame while a bubble

type vortex breakdown is observed in the hydrogen-enriched flames. It is
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believed that the flame front instability associated with the preferential
diffusivity of the hydrogen content transitions the PVC into a more stable
bubble type of vortex breakdown.

For methane flames, approaching the LBO limit, the reaction zone is moved
inward toward the IRZ, and convectively moved downstream with flame
quenching at the base. The decreased width of the IRZ serves as a barrier to
burn methane under much leaner conditions, compared to the hydrogen-
enriched flames with a larger IRZ. As equivalence ratio is reduced toward
LBO, the flame straddles the boundary of the IRZ with the outer half of the
methane flame in the high-turbulence shear layer region where flame
guenching is initiated. At LBO, the region of flame extinction extends farther
and the flame is no longer able to sustain burning.

For hydrogen-enriched flames, the increased width of IRZ approaching LBO
limit leads to the flame region to be within the IRZ and sustains reactions in
this region where temperature is relatively. Further, as LBO limit is
approached, the excess reactant with the high mass diffusivity hydrogen in the
shear layer diffuses more rapidly into the IRZ with a favorable combustion
environment. Reactions take place within the IRZ with the help of longer
residence times, and serves as a pilot flame to re-ignite reactants in the shear

layer.
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CHAPTER 6 : FLAME STRUCTURE CHARACTERISTICS

6.1 Introduction

In this study, the main objective is to investigate the topological properties of lean
flames as equivalence ratio is reduced and LBO limit is approached for both methane and
hydrogen-enriched flames. As noted earlier, the statistical flame properties capture the
effect of several key flame-front mechanisms that can potentially play an important role
in LBO, and an effort is made in this paper to understand the cumulative effect of these
mechanisms via statistical flame-front properties. These statistics include flame
orientation angle, flame brush thickness, and flame curvature. Considering the flame is
expected to be very unstable and vulnerable to small perturbations approaching LBO,
OH-PLIF imaging, which is a non-intrusive, laser-based diagnostic technique, is used to
capture the flame structure and the flame front as LBO limits are approached. These
image-data and the identified flame front are then processed for the flame structure
properties analysis.

Table 6-1 Experimental test matrix (hydrogen percentage based on volume basis)

Fuels D o D, D, O} O
CH,4 0.655 0.67 0.71 0.76 0.81
40%H, 0.425 0.44 0.48 0.53 0.58
60%H, 0.315 0.33 0.37 0.42 0.47
80%H, 0.205 0.22 0.26 0.31 0.36
100%H, 0.140 0.15 0.19 0.22 0.24
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The test matrix, in terms of equivalence ratio, is listed in Table 6-1, with all data
taken at a Reynolds number of 11,044 based on the bulk velocity. The percentage of
blended hydrogen is defined as oapp=Vuo/(VH2+Vcha), Where Vi, and Vcpg are the
volume flow rates of hydrogen and methane in the unburned fuel mixture, respectively.
The global equivalence ratio is calculated based on the blended methane and hydrogen
mixture and is defined conventionally as the ratio of stoichiometric air to fuel ratio (AFR)

to actual AFR with both fuels present.

2000 =

1500

1000

500

Figure 6-1 CHEMKIN simulation of CH, premixed flame

Considering that OH exists in the high temperature regions of both reaction zone and
burned gases, and that it exists in super-equilibrium concentrations in the reaction zone
[113], a strong gradient in the OH-PLIF image can be expected along the flame front due
to the strong temperature gradient resulting from the chemical reaction. Therefore, by
tracking the gradients of the OH-PLIF distributions, the profile of the reaction zones can
be detected more precisely compared to a flame-front identification directly based on

OH-PLIF intensity level, the one discussed in data processing chapter. As shown in
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Figure 6-1, the CHEMKIN 1D simulation result of a laminar premixed methane flame at
®=0.81 shows that the OH concentration peaks slightly later than CH concentration,
while the location of the maximum gradient of OH coincides with the location of the
maximum CH concentration. In the structure of a premixed flamelet, CH is presented in
the inner layer of large chemical reactivity [114]. It therefore indicates that the maximum
gradient of OH is located within the primary reaction zone, and so it has been extensively
used to identify flame fronts [115, 116]. Therefore, in this study, the flame front detection
technique based on the gradients of OH-PLIF images was employed. The basic procedure
is shown in Figure 6-2. First each raw OH-PLIF image was subtracted from a background
image taken in the absence of a flame. This background-corrected image was then filtered
by a Gaussian filter to minimize the digitalization noise and normalized with the
maximum OH-PLIF signal. Finally the flame front, identified by thresholding the

gradient of the OH fluorescence field, was detected by using the Canny edge detection

algorithm [117].

Figure 6-2 Flame front detection procedure: a) background corrected and filtered OH-
PLIF, b) gradient of OH-PLIF, and c) OH-PLIF superimposed with detected flame fronts
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6.2 Flame Brush Thickness

thickness,mm

y,mm

Figure 6-3 Flame brushes of 100% H, flames for a) ®=0.24. b) ®=0.15. ¢) Flame brush
thickness.

Turbulent flame brush, one of important flame front properties describing the spatial
distribution of heat release of a turbulent flame, represents the span from the mean flame
front in which instantaneous flame realizations fluctuate, and therefore is an estimation of
flame front fluctuation and an indication of instability. The instantaneous flame fronts

were identified as described above based on the OH gradients from each background
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corrected OH-PLIF image, then the whole sequence of images were processed to yield
the time ensemble of flame fronts, as shown in Figure 6-3a and b of RHS flames for H,
fuels with equivalence ratios of 0.24 and 0.15, respectively. To evaluate the flame brush
thickness at different heights, the full width of half maximum of instantaneous flame
front counts at a given height was used to estimate the flame brush thickness, and shown
in Figure 6-3c. First, for both equivalence ratios of 0.24 and 0.15, the flame brush
thickness grows gradually with axial distance, an observation consistent with prior
studies [118, 119, 120, 121]. Flame brush thickness grows according to the turbulent
diffusion law [120]. With Taylor hypothesis of y=Ut, where U is the mean gas flow
velocity in the axial direction and t is time, the dependence of flame brush thickness on
the axial distance can be transformed to the dependence on time. According to Taylor
theory of turbulent diffusion, the relation between flame brush thickness &t and turbulent
dispersion ¢ then can be derived as &t ~ o~u't~ u'y/U, for flame close to flame holder
[29]. Therefore &1 grows with axial distance. Second, as equivalence ratio decreases from
0.24 to 0.15, flame brush thickness increases to maximum of twice (from ~1 mm to 2
mm) in near field (y<13 mm). For all other fuel compositions tested, they have a similar
trend as in Figure 6-3c. It indicates that the local turbulence is relatively increased in the
near field as equivalence ratio decreases and LBO limit is approached. This may arise
from the combination of increased local extinction events and alternating variations of
strain rate close to center-body. The results demonstrate that the ultimate blowout may be
caused the reduced stabilization of the flame root close to center-body, and therefore
modifying the flow field in this region in burner design to better sustain the flame root

would extend the LBO limit.
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6.3 Flame Orientation Angles
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Figure 6-4 Estimation procedure of mean flame position: a) time-averaged OH-PLIF, and
b) masked time-averaged OH-PLIF superimposed with line segment presenting flame
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Figure 6-5 Mean flame positions for a) CH, , b) 60% H, and ¢) 100% H,
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Although detectable amounts of OH exist in both the reaction zone and the high
temperature product region [116, 122], as shown in Figure 6-1, the locations with high
level of OH fluorescence represent regions in which the reaction mostly likely takes
place. In order to examine the spatial position change of flame structure as equivalence
ratio reduces, the ensemble of OH-PLIF images was used to estimate the mean flame
postion and flame length. The time averaged OH-PLIF image in Figure 6-4a) is masked
with its 50% the maximum fluorescence signal, and then a line segment, representing the
mean flame structure position and flame length, is estimated using least-squares
regression as showed in Figure 6-4b). The corespending results are shown in Figure 6-
5a)- 5¢) for CH,4, 60%H; and 100% H, flames, respectively. For all measured cases, as
equivalence ratio deduces, the flame length decreases resulting in reduced reactivity, and
the flame orientation angle between the flame fronts and dump plane is increased. In fact,
the root cause for this observed change in flame orientation angle may be explained by

the basis of the source terms of the vorticity transport equation:

D—“’zw-VV—w(v-V)+piz(Vprp) (6-1)

Dt

Equation (6-1) describles the invisid transport of vorticity . On the right hand
side of the equation, the first two terms represent the effects of vortex stretching and the
gas expansion due to heat release, respectively. The third term accounts for the baroclinic
torque effect. For viscous flow, there will be another term for contributions of viscous
diffusion and dissipation. As equivalence ratio decreases, the reduced heat release leads
to decrease in density jump across the flame brush thickenss. The conbination of reduced
density dilation ratio and the increased thickness results in lower density graident, and

thereby less generation of positive vorticity (pertaining to right hand side flame as shown
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in Figure 6-4 inside the flow resirculation zone, which induces negative pressure
gradient, and in turn, leads to negative velocity along the axis. Then the slight recovery
of adverse pressure gradient leads to the downstream convection of reaction zones,
resulting in an increased flame orientation angle and shrunk flame toward internal

recirculation zone .

6.4 Distributions of OH-PLIF Maxima
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Figure 6-6 Distribution of normalized OH-PLIF maxima for a) CH, and b) 100% H,

Since linear fluorescence measurement was used here, the OH fluorescence intensity
can be used to reasonably represent the relative OH concentration. The maximum OH
concentration within the flame front is a good measure of the chemical reaction intensity
in the flame [123]. For a given fuel composition, instantaneous maxima of OH-PLIF
signal in the image sequence were indentified, subtracted with their mean value, and then
normalized with their deviation. The distributions of normalized OH-PLIF maxima are
shown in Figure 6a)- 6b) for CH, and H, flames, respectively. For tested conditions, the

distribution pattern does not vary much with equivalence ratio for each flame, while it
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changes with fuel composition- negative skewed (skewness= -0.56) in CH,4 flames and
nearly even undefined (skewness= 0.08) in H, flames, that is, the mass of the distribution
is concentrated on the right side of the mean for CH, flames and relatively evenly spread
on both sides of the mean for H;, flames. In fact, the way OH-PLIF maxima are picked
here is to implicitly select the reaction regions positively enhanced by curvature, if any,
because it always unbiasedly chooses the instantaneous maximum fluorescence signal in
each OH-PLIF instant. For a steady and high turbulent flame, however, the dominant
influence on flame wrinkling is the turbulence [124], so the distribution of OH maxima
should be close to Gaussian. Considering the randomness of running experiment and
taking each data set, and distribution of OH maxima in a same pattern for all four
equivalence ratios for each fuel composition, it is reasonable to assume the OH-PLIF
measurement operated at 5 Hz does not under-sample the OH maxima statistically. Then,
the relatively even distribution of OH maxima implies H, flames are relatively steady,
while the negative skewed distribution indicates CH, flames are unsteady, i.e., processing
vortex core, strong flame quenching or rolling present. Actually, in our another
experimental test with high speed imaging [125], it was found that methane flames are
strongly asymmetric with great reaction strength in left and right periodically about 10-15
Hz, while hydrogen enriched flames burn in a more axisymmetric structure. These results
demonstrate that fuel composition can affect the LBO control process via altering flame

response.

64



6.5 Flame Front Curvature

To study the flame wrinkling behavior as LBO limit is approached, the flame
curvature probability density functions (PDFs) are calculated. The instantaneous flame
front curvatures are calculated based on the OH gradients from each OH-PLIF image and
then the whole data set obtained from the image sequence are equally divided into 51
bins to calculate the PDF distributions. Figure 6-7a and c show the flame curvature
distributions for CH,4, 60% H,, and 100% H; flames, respectively. Here, three different
equivalence ratios per case were chosen to present their PDFs for clarity. As the LBO
limit is approached, the curvature distribution is narrowed in CH,4 flames in Figure 6-7a),
and more evidently as hydrogen blend increases as in Figure 6-7b)-c). Comparing Figure
6-7a)-c), it is found that: 1) the calculated range of flame curvature increases with
hydrogen blend: about + 3mm™1 for CH, flames, +3.5 mm™! for 60% H, flames, and
+ 4 mm™1 for 100% H, flames, respectively; 2) the flame curvature distribution shifts

toward positive side as hydrogen content increases.
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Figure 6-7 Flame curvature distributions for a) CH,4, b) 60% H, and c) 100% H,,

To interpret the curvatures shown in Figure 6-7a)-c), the mean, standard deviation,
skewness and kurtosis of the curvature distributions are calculated and shown in Figure

6-8. Figure 6-8a) show all mean flame curvatures are positive, indicating that flames burn
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in spherical structures convex with respect to reactants, as opposed to cylindrical (zero
curvature) or saddle (negative curvature) configurations, especially for high hydrogen
level of fuels due to the high preferential diffusivity. In addition, as equivalence ratio
decreases, the mean flame curvature gradually increases in CH, flames while it decreases
in H, flames. In 60% H, flames, there is no monotonic trend observed in mean curvature

but seemingly behaving in a way as the transient between CH,4 and H; flames.
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Figure 6-8 Moments of curvature PDFs: a) mean, b) standard deviation, ¢) skewness, and
d)Kurtosis

It should be noted that, furthermore, the increase (in methane flames) or decrease (in
hydrogen flames) in the mean flame curvature is relatively small variation in regard to the
same type of fuel. For example, all measured mean flame curvatures are less than 0.1
mm™ in methane flames even though increasing as equivalence ratio decreases, while
they are all greater than 0.3 mm™ in hydrogen flames albeit decreasing as LBO limit is
approached. These relatively small variation indicate that as equivalence ratio decreases,
there is a reduced prevalence of larger spherical features for methane flames, whereas a
reduced dominance of smaller spherical features for hydrogen flames. That is, the
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relatively slight increase in mean curvature for methane flames does not sustain the
reaction subject to higher flame stretch (negative effect for Lewis ~1), leading to LBO
happening at a higher equivalence ratio, while the fairly small decrease in mean flame
curvature (but still at least 3 times higher than methane flames) in hydrogen flames
survives the flame against relatively lower flame stretch (positive effect for Lewis <1),
leading to LBO occurring at a lower equivalence ratio.

Figure 6-8b)-d) show that as equivalence ratio decreases the standard deviation of
the flame curvature decreases for all cases, while both the skewness and kurtosis
increase. Higher skewness indicates a further bias to spherical burning structures, that is,
flame burns more in convex curves toward reactant side and quenches more in concave
areas. Larger kurtosis (>3) means the distribution becomes peaky compared to normal
distribution (=3), and further away from Gaussian distribution. It indicates that the
dominant effect of turbulence on flame wrinkling is reduced and the fuel preferential
diffusivity effect increases, promoting further flame wrinkling and even cellular burning
structure featured with small scale wrinkled flame fronts, localized regions of intense
reaction and quenching. Therefore, it can be expected that the fuel properties would play

an important role in the final LBO control process.

6.6 Conclusions

In a swirl stabilized combustor, the flame structure characteristics near LBO and the
effects of hydrogen addition have been experimentally investigated by using OH-PLIF
imaging over five types of fuel mixtures from pure methane to pure hydrogen. The flame

structure properties have been calculated in terms of flame brush thickness, curvature,
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length and orientation angle between flames and dump plane. As equivalence ratio

decreases and LBO limit is approached, the major conclusions are as follows:

Flame brush thickness increases in near field, indicating increased local
unsteadiness. It demonstrate that the ultimate blowout could be caused the
reduced stabilization of the flame root close to center-body, and therefore
modifying the flow field in this region in burner design to better sustain the flame
root would extend the LBO limit.

The conbination of reduced density dilatation ratio and increased flame brush
thickenss decreases the density gradient across flame brush thickness, leading to
reduced baroclinic torque effect on induced negative axial velocity, increased
flame orientation angle between flames and dump plane, and thereby shrunk
flame toward internal recirculation zone .

The distribution pattern of OH maxima does not change much with equivalence
ratio for a given fuel composition, while it changes with fuel composition. It is
negative skewed (skewness= -0.56) in CH,4 flames and nearly even undefined
(skewness= 0.08) in H, flames, indicating fuel composition can affect the LBO
control process via altering flame response.

The flame curvature distribution is narrowed in CH, flames, more evidently as
hydrogen blend increases. And it shifts toward positive side as hydrogen content
increases. The calculated range of flame curvature increases with hydrogen blend:
about + 3 mm~1! for CH, flames, +3.5 mm™! for 60% H, flames, and + 4 mm™!

for 100% H, flames, respectively.
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The relatively slight increase in mean curvature for methane flames does not
sustain the reaction subject to higher flame stretch, leading to LBO happening at a
higher equivalence ratio, while the fairly small decrease in mean flame curvature
(but still at least 3 times higher than methane flames) in hydrogen flames survives
the flame against relatively lower flame stretch, leading to LBO occurring at a
lower equivalence ratio.

The increase in both skewness and kurtosis of PDF distribution of the flame
surface curvature shows that flames are more inclined toward spherical burning
structure, and fuel preferential diffusivity effect on flame wrinkling increases,
promoting further flame wrinkling and even cellular burning structure featured
with small scale wrinkled flame fronts, localized regions of intense reaction and

quenching .
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CHAPTER 7 : HIGH SPEED IMAGING AT LBO LIMITS

7.1 Introduction

In this experiment, the main objective is to experimentally investigate the LBO
transient behavior of unconfined and confined premixed methane flames with different
levels of hydrogen addition, and to characterize the flame front behavior and time scales
as lean blow out occurs. Measurements mainly include high speed imaging of OH*
chemiluminescence and photo-diodes for integrated light intensities (both for time
scales), and planar laser induced fluorescence imaging of OH (for flame front behavior).
The corresponding experimental setup is shown in Figure 7-1.

Additionally, to estimate temperature effect in extinction transition, temperatures
on center-body and quartz shell wall (for confined flames) are recorded at 1000 Hz by
using two K-type surface thermocouples made from 0.013 mm thickness thermocouple
alloy foil with 0.05 mm diameter leads. One thermocouple is placed on the inner surface
of center-body, and the other one is installed on the outer surface of the quartz shell with
a distance of 25.4 mm (1d) from burner dump plane.

A key contribution of this paper is the measurement of an extinction time scale
representing the LBO event. It was observed from the high speed photodiode and
chemiluminescence images or signals that the path to extinction was inherently unsteady
with a defined periodicity (10-15 Hz), and that immediately preceding extinction there
was a rapid drop off in the emitted intensity which could be represented by an extinction
time scale.

In presenting the results, we will first discuss the LBO limits and the extinction

time scale, and then examine the flame front characteristics and the fluctuation of heat
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release rate, and finally inspect the flame dynamics from high speed imaging. It is

observed that the extinction time scale behaves differently for confined and unconfined

flames, is correlated with the heat release fluctuations, and they both have a strong

dependence on the hydrogen content in the fuel feed.
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Figure 7-1 Schematic view of experimental set-up

7.2 LBO Limits and Extinction Time Scale

A total of 10 different conditions were tested, and for each, the measurements

were repeated 5 times to acquire a small statistical sample for averaging and to verify

repeatability and consistency in the data. Each LBO limit was calculated by averaging the

five equivalence ratios at which the lean blowout occurred. Figure 7-2a) shows the

measured LBO equivalence ratio limits with error bars. The maximum measurement

uncertainty is about 14%. With hydrogen addition, the LBO limit gradually reduces for

both the unconfined and confined cases reaching values in the neighborhood of 0.2. For a



given fuel composition, the confined flame can burn leaner since, due to the presence of a
constraining shell, there is no direct entrainment of the cold ambient air and less heat loss
compared to the unconfined condition. Further, the confined flame benefits from the
stabilization provided by the corner recirculation formed between the combustor shell
and the annular shear layer representing the feed stream. In addition, it will be shown in
the section on flame stabilization, the confined flame as it approaches LBO moves
inwards and burns inside the internal recirculation zone (IRZ) which is a favorable
combustion environment with hot combustion products present. This favors a lower
LBO, and as observed in Figure 7-2a), the confined flame LBO is about 0.1 lower
(ranging from 0.15 lower for pure methane and 0.1 lower for 60% H,) than the

unconfined flame.
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Figure 7-2 Equivalence ratios, heat release rates, and adiabatic flame temperatures at LBO

Figure 7-2b) shows the calculated adiabatic flame temperatures and estimated
heat release rates at LBO limits. The adiabatic flame temperatures are calculated using
CHEMKIN code with GRI-mech 3.0 mechanism, and heat release rates are estimated by

the lower heating values (LHV) of the fuel mixtures. Both adiabatic flame temperatures
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and heat release rates decrease significantly and almost linearly with hydrogen addition
for both the unconfined and confined flames. For example, for both unconfined and
confined cases, the adiabatic flame temperature and heat release rate for 80 % H, flames
are half and one third those of CH, flames, respectively. If only radiation heat loss is
considered, the ratio of heat loss to heat generation (heat release rate) for 80% H, flames
can be estimated to be about 19% that of CH, based on a (T, — T;*) assumption for
radiative loss, where T; is either ambient temperature T,, for unconfined flames or quartz
shell wall temperature T,, for confined flames. This indicates a significant increase in heat
retention due to H, addition, and coupled with an associated reactivity increase, is

another contributing source for lowering LBO limits with H, addition.
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Figure 7-3 Normalized integrated OH* time series for unconfined flames for a) CH, and b)
60%H,.c) and d) are corresponding photodiode data for a) and b), respectively

Figure 7-3a)-b) show the time series of the normalized integrated OH* signal
obtained from the high speed imaging for the unconfined flames. The OH* signal is

normalized by the time-averaged OH* signal up to the point marked A in Figure 4a
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which is identified as the last point in the time trace reaching the normalized value (i.e.,
after this point the signal begins to drop off reflecting the last stages of LBO). A similar
behavior and time scale is confirmed with the corresponding data recorded by a
photodiode, as shown in Figure 7-3c)-d), for an extended period of the last five seconds.
The results for methane only are shown in Figure 7-3a) and c), and for 60% hydrogen
enriched flame, the time series is shown in Figure 7-3b) and d). The OH* signal shown
captures the whole extinction transient from a sustained flame just prior to LBO (as
shown by the normalized OH* signal oscillating about a normalized value of 1) to
complete blow-out (with a zero value representing a background no-signal condition).
The LBO extinction time scale is defined as the time increment between the last sampling
point reaching the normalized OH* signal value of 1 (identified as point A in Figure 7-
3a)) and the first point reaching the background value of O (identified as point B). This
region A-B, identifying the extinction event, is shown in Figure 7-3 by the red colored
curve segment of the integrated OH* signal with end points marked by A and B. With
this definition of the extinction time scale, Figures 7-3a) and Figure 7-3b) show that the
extinction time T, for 60% hydrogen enriched flame is 199 ms and is much larger
compared to the methane only flame for which the extinction time scale is only 48.5 ms.
This difference underscores the significant role that hydrogen plays in the extinction
process, but as seen in Figure 7-4, hydrogen addition has a markedly different effect on
confined and unconfined flames.

For each measurement condition, 5 separate runs were conducted and the mean
estimated extinction times were calculated, averaged and normalized by a characteristic

resident time D/U, where D is the outer diameter of the swirler (and also the inner
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diameter of the burner), and U is the bulk velocity, respectively. According to our

previous flow velocity field measurements with Particle Imaging Velocimetry [31], the

width of the IRZ is nearly 1D and the length is about 1-2 D. Since the flame front region

is usually an envelope around the IRZ, the scaling time D/U will provide some estimate

on the characteristic residence time in the flame region.
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Figure 7-4 Extinction time T, normalized by the resident time D/U

The normalized extinction time with error bars is plotted in Figure 7-4, with a

maximum estimated measurement uncertainty of 18% (based on RMS sum of the

repeatability norm and time-resolution norm) as a function of the estimated adiabatic

flame temperature (lower horizontal axis) and the LHV (upper horizontal axis). The

hydrogen content is indicated at each data point, and as shown in Figure 7-2, %H, and

Taqare almost linearly correlated. Figure 7-4 shows that all estimated extinction times are
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an order of magnitude greater than the characteristic time D/U in the burner. This
indicates that for all the conditions tested, the complete extinction of the flame takes
much longer than the time for the flow to convect out, supporting the well-stirred reactor
concepts of blowout. Further, as the hydrogen blend increases, the estimated extinction

time increases for unconfined flames, while it decreases for confined flames.
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Figure 7-5 Instantaneous OH-PLIF for unconfined flames for row a) CH4, b) 40% H,, and
c) 80% H,. In each row of images, first image was captured before extinction starts, and
second one during the extinction as denoted by t/T,
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This is a surprising result, and an important one, since the trends are opposite to
each other, and the role of hydrogen is significant. As noted in Figure 7-4, the extinction
time dependence on hydrogen content and adiabatic flame temperature appears to be
almost linear. For unconfined hydrogen-rich flame, as noted earlier, the higher heat
retention and lower radiative heat loss combined with higher reactivity is likely to be a
reason behind for the longer extinction times. Unconfined methane-rich flames have
considerably higher heat losses and shorter extinction times. For confined flames, heat
losses are likely reduced due to the shell, and the corner recirculation provides added
flame stabilization. In this case, hydrogen has significantly shorter extinction times while,
for methane flames the extinction times are extended. Thus, other factors besides heat
loss from the flame are in play here, and in order to explore the reasons for such
behavior, we will examine the flame front behavior, the heat release fluctuations and the

high-speed flame dynamics.

7.3 Flame Stabilization

Figure 7-5 shows the instantaneous OH-PLIF images near and during the
extinction transient for the open unconfined flames for methane and for increasing
hydrogen blends going up to 80% hydrogen. The specific time instances in these images
are shown in Figure 7-3a, where the laser pulses for the synchronized OH-PLIF imaging
are marked by solid circle symbols. The first image (#1) is captured right before
extinction is initiated (less than one second away from the extinction starting point
marked by A in Figure 7-3a), and the second image (#2) is captured during the extinction

process and in the near vicinity of the point marked as B in Figure 7-3a. For methane
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flames in row a), the OH fluorescence images show high intensity regions near the edge
of the center-body (x/d=0.5), and they decay toward the middle of the burner. The
regions with high level of OH fluorescence indicate super-equilibrium OH formed in the
reaction zones, and the regions with medium and low levels of OH shows the burned
gases whose concentration and temperature has decayed towards equilibrium when they
were convected away from the reaction zone. Regions without OH represent the gases
with low temperature such as ambient air or fresh reactant flow. These instantaneous OH-
PLIF images reveal that the reaction for the unconfined flame takes place near the inner
shear layer between the incoming swirling fresh reactant flow and relatively hot internal
recirculating flow. As the hydrogen blend increases in the images from row a) to row c),
the reaction zone marked by high intensity of OH becomes much thinner and more
frequently disconnected, but they are still stabilized inside the inner shear layer and along
the edge of the center-body. Additionally, the second image in each row shows the flame
profile during the extinction process. However, it should be noted that the time instance
of the second image relative to the start of the extinction (point A in Figure 7-3a) is not
the same for the different fuel blends. For example, the second image in row a) for
methane flame is near the half-way mark of the extinction transient (t/T.=0.46, where T,
is the extinction time scale and t is measured from the start of the extinction process), and
shows that the reaction zone is very small compared to that before the extinction, and
recedes back to the dump plane. The second image in row b) for 40% hydrogen enriched
flame is captured near the end of extinction transient (t/T.=0.97), and only a small spot of

flame is left above the center-body.
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Figure 7-6 Instantaneous OH-PLIF for confined flames for row a) CH4, b) 40% H,, and c)
80% H,. In each row of images, first image was captured before extinction starts, and
second one during the extinction as denoted by t/T,

Figure 7-6 shows the OH-PLIF images near and during the extinction transient for
the confined flame cases. Compared to Figure 7-5, the confined flames in Figure 7-6
show completely different flame stabilization mechanism near flame extinction. In row a)
for the methane flame, the OH-PLIF images clearly show the reaction zone is significant
across the middle of the center-body indicating that the reaction takes place inside IRZ,
where the relatively high temperature from the recirculated products in the IRZ favors the
combustion. This is part of the reason why confined flames can burn at leaner condition.

As hydrogen content increases, e.g., in row b) with 40% hydrogen flames, the reaction
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clearly moves further inside the IRZ and near the axis of the burner, and the flame shape
transitions from a conical shape to a columnar shape, indicated by the elongated and
more complex structure of the high OH-level region. This transition to columnar shape is
accompanied by strong unsteadiness, and we believe this is responsible for the decreasing
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Figure 7-7 Time averaged OH-PLIF over very last 5 seconds before extinction

extinction time scale with hydrogen addition in confined flames. As hydrogen blend
increases further, the flame and reaction regions become more isolated and localized,
exhibit greater unsteadiness, and with only small localized spots of relatively high OH

fluorescence level observed in the 80% hydrogen flames (shown in row c).
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Figure 7-7 shows the time averaged OH-PLIF images that are averaged over the
last 5 seconds before extintion starts. Within this 5 seconds, the variation of global
equivalence ratio is negligible considering the fact that the change in global equivalence
ratio is only 0.01 per minute. Figure 7-7a)-c) for the unconfined flames clearly show that
all unconfined flames are stabilized near the inner shear layer and along the edge of
center body of the burner, and the time averaged reaction zone reduces in terms of
intensity and size as hydrogen addition increases. Figure 7-7d)-f) of confined flames
indicates that in all the confined flames the flame stabilization take place inside the IRZ
and near the the burner axis. For the 80% H, flame the reaction is extremely lean and
isolated, and the time averaged OH-PLIF image over 5 seconds does not capture the
flame shape clearly. Thus, our conclusion is that for the confined flame the IRZ plays an
important role in the flame stabilization and as hydrogen content is increased, the flame is
increasingly moved inwards into the IRZ (presumably due to the higher molecular
diffusivity of hydrogen relative to methane). The IRZ contains recirculated hot products,

and provides the ignition source for flame stabilization allowing the flame to burn leaner.

7.4  Fluctuation of Heat Release Rate

The next issue is the reduction in extinction time scale with hydrogen addition for
confined flames, and the opposite trend with the unconfined flames. Our preliminary
observations noted earlier are that this is related to the flame unsteadiness as LBO is
approached. To explore this further, high speed OH* chemiluminescence data was
examined. OH* and CH* are the strongest chemiluminescence signals in hydrocarbon

flames, and are often used as indicators of heat release rate [32, 33]. Here the integrated
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OH* from high speed imaging is used to estimate the fluctuation of the heat release rate.
Figure 7-8 shows the ratio of RMS (OH* ') and mean (<OH*>) of OH* signal for
confined and unconfined flames. With hydrogen addition, the fluctuation of OH*, that is,
fluctuation of heat release rate, gradually decreases in unconfined flames (as shown in
Figure 7-3a-b and c-d), while it increases in confined flames. The trends shown in Figure
7-8 when compared to those in Figure 7-4 shed important light on the behavior observed
for the extinction time scales. Near LBO, the unsteadiness represented by the RMS
(OH*) or heat release increase with hydrogen addition in confined flames. The higher
unsteadiness implies higher straining rates (assuming stress and strain are related) and
therefore the thin flame fronts near LBO are subjected to the high straining and can be
quickly extinguished leading to short extinction times. In unconfined flames, the RMS
(OH*) levels actually decay with hydrogen addition, and this implies that the flame fronts
are subjected to relatively lower straining at higher hydrogen levels for the unconfined

flames leading to longer extinction times.
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Figure 7-8 OH* fluctuation
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7.5  High Speed Flame Imaging

In order to further visually investigate the flame dynamics at LBO limits, high
speed flame imaging without any spectral filtering were performed with framing rates of
5000 Hz for unconfined flames, and 2000 Hz for confined flames, as shown in Figure 7-9
to Figure 7-12. For each set of images, they are arranged in a time sequence and marked
by t/T, values, where T, is the estimated extinction time scale as defined and shown in
Figure 7-3, and t is the actual time measured back from the extinction initiating point
(Point A in Figure 7-3a). In all cases, the plots are shown from t/T, of -1 to the extinction
point of 1. The size of plotting domain is 50x50 mm? and 80x80 mm? for unconfined
and confined flames, respectively. The black dashed line represents the central-axis of the

burner.

Figure 7-9 Final LBO events for unconfined CH, flames

For unconfined CH,4 flames in Figure 7-9, when the flame is away from the

extinction transient (t/T, <0), one can observe significant regions of extinction alternating
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from the left (t/T.=-0.83) to the right (t/T. =-0.29) with re-light between these asymmetric
extinction events. This asymmetric burning structure with strong burning zones
periodically appearing on the left and right, along with chemiluminescence fluctuations,
continue through to extinction, but the total integrated chemiluminescence decreases
gradually as the extinction point is approached. In the images at t/T.=0.55 and 0.6, weak
alternating-spiral-shape flame filaments appear near the center-body, indicating
significant flame quenching. In the images at t/T.=0.6 and 0.7, disconnected reaction
filaments are convected downstream. Then, final blowout happens after the flame kernels

fail to survive.

Figure 7-10 Final LBO events for unconfined 60% H, flames

Thus, for the unconfined 60% H, flames, away from the extinction transient, the
flame profile appears to be symmetric (Figure 7-10) from t/T,= -1 to 0. Closer to the
extinction transient, and between t/T.=0.36-0.45, loss of symmetry is observed with

alternating patterns of extinction and re-light as in CH, flames. This process is repeated
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in sequence with reduced reaction strength till the final flame kernel near center-body
fails to survive.

To better assess the differences and investigate the flame dynamics further,
another measurement of high speed imaging was carried out for open methane and 60%
hydrogen enriched flames, by placing the high speed camera looking down with
declination angle of about 30°. The results of instantaneous image sequence clearly show
methane flame is rotating but hydrogen enriched flame is not. These image sequences
was then further analyzed by applying proper orthogonal decomposition (POD) and

discussed in next section.

Figure 7-11 Final LBO events for confined CH, flames

Results for the confined flames are shown in Figure 7-11 for CH4. For t/T¢<0, a
large and stable conical reaction zone resides downstream and across the middle of the
IRZ. Note that for the confined flame, a corner recirculation exists and there is reduced

heat loss with confinement, and for these reasons, unlike the unconfined flame, the flame
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structure remains relatively stable till /T, of O providing an extended extinction time.
From t/T.=0 to 0.54, the flame shrinks in size and strength, the center of reaction zone
gradually moves upstream, and eventually resides inside the IRZ and next to the center-
body. During this process, there is a strong pull-back of the high chemiluminescence
region along the axis, and the flame eventually recedes and is quenched. Because no
significant extinction and re-light events are observed, the overall fluctuation levels and
RMS in OH* (and straining rate) are relatively smaller which contributes to an extended

time for extinction.

Figure 7-12 Final LBO events for confined 60%H, flames

For 60% H, confined flames in Figure 7-12, the reaction evidently takes place
inside the IRZ in an elongated columnar shape, and time-resolved images indicate a
strongly sinuous swirling motion. Before extinction, the dominant columnar burning
structure appears to be helical and is strongly localized with significant unsteadiness as

the hydrogen concentration increases. High speed imaging shows that close to LBO, the
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localized flame kernels distributed along the middle of the burner is fed by the
entrainment of unburnt reactant mixture via the rear of the toroidal vortex of IRZ, leading
to higher unsteadiness and heat release fluctuations (OH* RMS), and in turn, higher
straining rates resulting in shorter extinction time scales with hydrogen addition. During
the extinction transient t/T.>0, the columnar burning structure reduces in length with one
end always residing next to the center-body, and eventually shrinks to a spot leading to

complete extinction.

7.6 POD Analysis
To further explore the flame front dynamics responsible for the LBO behavior, proper
orthogonal decomposition (POD) was applied to the high speed flame images as outlined

in data processing section.

Figure 7-13 First six POD modes for unconfined CH, flames (flame images captured with
30° declination angle).
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Figure 7-13 shows the first six POD modes for unconfined methane flames.
Modes 1-4 represent the mean flame burning shape, flame rotating, flame flapping
inward and outward, and flame jumping up and down, respectively. Modes 5-6 indicate
the vortex shedding. Thus, the flame rotating mode is the most dominant feature in this
case. The time constant for this mode was then used to do spectral analysis. It shows a

distinct peak at ~70 Hz, as shown in Figure 7-14.
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Figure 7-14 Power spectrum for mode 2 for unconfined CH, flames.

Figure 7-15 First six POD modes for unconfined 60% H,flame (flame images captured with
30° declination angle).
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Figure 7-15 shows the first six POD modes for unconfined 60% hydrogen
enriched flame. Mode2 mimics mode 1 with correlation coefficient of 0.96, representing
the average axisymmetric burning pattern but with less reaction in the recirculation zone.
Modes 3-4 are the flame flapping and modes 5-6 represent flame jumping and vortex
shedding. Compared to Figure 7-13 of POD modes for methane flame, the major
difference is that the dominant burning structure is symmetric and not rotating in
hydrogen enriched flame. This may explained by following. At LBO limit, local
quenching occurs due to local excessive flame stretching or cold unburnt gas
entrainment. To successfully re-ignite the flame, the corresponding minimum ignition
energy (MIE) should be reached. And the MIE of methane is much higher than hydrogen.
For example, at 25 °C and 1 atm the MIEs are 0.017 mJ and 0.30 mJ for hydrogen and
methane air mixture in equivalence ratio about 1, respectively [126]. Then for methane
flame, once local quenching happens, it could be harder to get it re-ignited by
neighborhood, resulting in extinguished areas traveling along the swirling flow until more
favorable condition is met. Therefore, for methane flames, the appearance of flame
rotating with local extinction regions periodically occurring around the axis indicates
high straining rates, and leads to strong fluctuation of OH* oscillation and therefore a
shorter extinction transient. However, for 60% H, flames, due to small MIE and also high
molecular diffusivity associated with hydrogen content (leading to local enrichment),
they may relight the quenching regions if occurring, and the flame has a relatively
symmetric structure till late in the extinction stage, and this elongates the extinction

transient.
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Figure 7-16 First four POD modes for confined CH, flame.

For confined methane flame, the first four POD modes are shown in Figure 7-16.
Mode 2 show the reaction in the counter rotating vortex pair downstream or right above
burner tip, while mode 3 represents the reaction in the middle of recirculation zone. As
shown in Figure 7-17, the coefficients of mode 2-3 are significantly correlated with a
correlation coefficient of -0.83. In fact, these two modes mimic the longitudinal mode of
acoustics, representing reaction zone pinching and detaching from the centerbody. FFT
show the frequency peak at about 4 Hz. The burning pattern of burning right above the
centerbody is dominant especially during the extinction transient, as observed in Figure
7-11. It sustains flame longer due to favorable combustion environment of higher
temperature and lower turbulence. Mode 4 is less important and shows the waving of

flame tips in the downstream.
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Figure 7-17 POD mode coefficients for confined CH, flame.

Figure 7-18 First five POD modes for confined 60% H, flame.

Modes 2-3 of confined 60% hydrogen enriched flames In Figure 7-18, show the
flame spiraling around the axis. Mode 4 represents flame burning right above the burner
tip or downstream, or the transient between these two conditions. Mode 5 shows flame
expands or shrinks radially. The spectra associated with modes 2-4 by applying FFT to

their time constants show a distinct frequency peak at 16 Hz as shown in Figure 7-19.
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From the time series of images, it is observed that the columnar burning structure is
always spiraling and the reaction is fed by the entrainment of unburnt and burnt gases

from downstream.
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Figure 7-19 Power spectrum for mode 2-4 for confined 60% H, flames.

7.7  Temperatures on Center-body and Shell Wall
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Figure 7-20 Temperatures of center-body and shell wall at extinction.

Since the temperatures at reaction boundaries, such as the center-body tip (T¢) and

the quartz shell wall (T,,) for confined flames, could alter LBO limits and thereby LBO
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characteristics, temperatures on these two boundaries have been measured to further
evaluate the contributing factors to the inverse trend of extinction time scales in
unconfined and confined cases, and shown in Figure 7-20. Temperatures T, and T, are
calculated by averaging over last one second before extinction is initiated. It shows that
from CH, to 80% H,, T, decreases about 50 °C in unconfined flames, while it decreases
about 130 °C along with 150 °C dropping in T,, for confined flames. Thus clearly, flame
dynamics plays a major role in unconfined flames since consideration of T.alone would
imply that hydrogen-enriched flames would have shortened extinction times, which is
clearly not the case. For confined flames, however, boundary temperatures T. and T,
show the same trend as extinction time scale with respect to hydrogen addition. This
indicates that in confined flames these temperature boundaries could be another factor, in

addition to flame dynamics, contributing to the opposite trend of extinction time scale.

7.8  Conclusions

An experimental study of synchronized OH-PLIF and high speed OH* imaging
along with light intensity recording was performed in a swirl-stabilized combustor for
unconfined and confined hydrogen-blended methane flames with hydrogen levels ranging
from 0% to 80% by volume. Conditions close to LBO and during the LBO transient were

monitored. The following major conclusions are observed.
1. Hydrogen addition lowers the LBO limit (lower than 0.2 in equivalence
ratio), and for a given fuel composition, confined flames can burn at leaner
conditions (nearly 0.1 leaner in equivalence ratio) compared to unconfined

flames. The calculation of adiabatic flame temperatures and heat release
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rates based on LHV shows the significant increase in heat retention with
hydrogen addition for unconfined flames which contributes to longer
extinction times.

H, addition increases extinction time for unconfined flames, and reduces it
for confined flames. These inverse trends appear to be correlated with the
RMS fluctuations of OH*.

In unconfined flames, the flames near LBO are stabilized along the inner
shear layer between the relatively hot IRZ and incoming swirling fresh
reactant flow for all methane and hydrogen enriched cases tested. POD
analysis shows periodic flame rotating with local extinction is dominant
for methane flames well ahead of the extinction transient, and are
potentially associated with high RMS and straining rates leading to shorter
extinction times. For hydrogen-enriched flames, the flame structure is
relatively symmetric and stable, leading to reduced RMS of OH*, lowered
heat release fluctuation, and therefore longer extinction time.

In confined flames, the flame front spans the IRZ for methane flames, and
is relatively symmetric and stable in the early phases of extinction. For
high hydrogen, the flame is within the IRZ due to the higher molecular
diffusivity, and flame structure appears to be columnar with high
hydrogen addition. Before extinction, the dominant columnar burning
structure appears to be a helical swirling motion which results in high
unsteadiness, leading to high OH* RMS, and a shorter extinction time.

Additionally, reduced temperature boundaries at center-body tip and
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quartz shell wall could be another contributing factor, since it shows the
same trend as extinction time with hydrogen blend.

5. In all the tested confined and unconfined flames, the final extinction
occurs shortly after the reaction zone immediately above the center-body
fails, indicating a significant effect of this flame root on the final
extinction. It is suggested that the ability to better sustain this flame root
might extend the LBO limit to leaner conditions.

The results of this study can provide guidance to a combustion designer. While no
design optimization is done here to extend LBO or extinction times, the results of this
study indicates that for confined flames, adding additional hydrogen with higher
molecular diffusivity than methane causes the flame structure to be located within the
IRZ. Thus extinction times are controlled by the flow dynamics in the IRZ. Suitable
geometric design changes may be needed to control or alter such behavior. These are left

for future efforts.
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CHAPTER 8 : SYNCHRONIZED PIV AND OH-PLIF
MEASUREMENTS

8.1 Introduction

In this chapter, the simultaneous measurements of PIV and OH-PLIF are
performed to assess the responses of the flow field and flame structure as equivalence
ratio decreases and hydrogen content is increased. Methane only, 40%, 60%, and 80%
hydrogen blended fuel mixtures are chosen, and for each fuel composition four different
equivalence ratios are tested. The test matrix along LBO limits are shown in Figure 8-1
Test conditions. The corresponding temperatures on the center-body in Figure 8-1b)

shows the maximum temperature variation in same fuel composition is within 25 °C.
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Figure 8-1 Test conditions

Figure 8-2 shows the verification of the mapping between PIV domain and OH-
PLIF domain. Figure 8-2a) shows the target plane image captured by PIV camera
superimposed with corresponding detected edges of grids on the target plane, and Figure

8-2b) shows the same image taken by OH-PLIF ICCD camera superimposed with the
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detected edges of grids from PIV image. It clearly shows the two coordinate system

match each other.
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Figure 8-2 Verification of mapping between PIV and OH-PLIF coordinate system

8.2  Correlation between Vorticity Dynamics and Flame Fronts

As discussed in introduction section, the flow field, especially the vorticity
dynamics of the flow could play an important role in flame blowout process. And the
flame front involves key issues such as flame-vortex interaction, flame-wrinkling, flame
holding and their relations to the flow field and turbulence levels. Thus, close scrutiny of
flame front and vortex interaction is expected to provide deep insight into the blowout
phenomena. Figure 8-3 shows the typical instantaneous PIV and OH-PLIF results for
CH, flames at ®=0.81. The left panel show the normalized OH-PLIF intensity contour
superimposed with velocity vectors and detected flame fronts, which are drawn in thick
black lines. The right panel show corresponding instantaneous vorticity contour
superimposed with the flame fronts. At this equivalence ratio far away from LBO limit
the flame is relatively stable. Figure 8-3 indicates that the flame fronts are wrinkled but

connected, and more importantly, they are almost entirely located in low vorticity regions

97



along the shear layer — in between blue and red vorticity contour regions, that is, high

magnitude counterclockwise and clockwise vorticity, respectively.
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Figure 8-3 Typical instantaneous results of synchronized OH-PLIF and PI1V for CH, flames
at ®=0.81. Left panel: normalized OH-PLIF intensity contour superimposed with PIV
velocity vectors and detected flame fronts. Right panel: out-of-plane vorticity contour

superimposed with flame fronts

As equivalence ratio decreases, flame is approaching LBO limit and appears to be
unstable. Figure 8-4 shows the typical instantaneous results of simultaneous PIV and OH-
PLIF for CH4 flames at ®=0.70 and near blowout limit. The majority of flame fronts
now shifts into the high vorticity regions. And the second image in the left panel of

normalized OH-PLIF images clearly shows a break or hole along the flame fronts, as

98



circled by A and shown by quite low OH-PLIF intensities around the break indicating
local low temperature. The corresponding vorticity plot shows this break coincides with
high magnitude vorticity regions. Additionally, from the vorticity field, it is noted that the
local high vorticity around the flame front break can entrain the unburnt fresh mixture

directly into internal recirculation zone and allow reaction there.
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Figure 8-4 Typical instantaneous results of synchronized OH-PLIF and PI1V for CH, flames
at ®=0.70. Left panel: normalized OH-PLIF intensity contour superimposed with PIV

velocity vectors and detected flame fronts. Right panel: out-of-plane vorticity contour
superimposed with flame fronts

Although the breaks of flame fronts detected can be simply interpreted as the
flame itself is out of the 2-D measurement domain, the fact that majority of flame fronts

are located in high vorticity regions implies the strong likelihood of flame experiencing
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higher stretch rates induced by local intense vortices along the flame fronts, which will be

discussed later in this paper.

To further examine the correlation between vortices and flame fronts,

Figure

8-5a)-b) show the vorticity magnitude and OH-PLIF signal at y/d=1.0 f for flames at

®=0.81 and 0.70, respectively. Comparing Figure 8-5a) and b), the peaks of vorticity

magnitude and of OH-PLIF signal become closer to each other and therefore show more

correlated as equivalence ratio is reduced.
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Figure 8-6a) shows the mean vorticity along the normalized flame front. The
mean vorticity map is first calculated from a set of 1000 PIV images. The time ensemble
average flame front, defined as progress variable <c>=0.5 computed from the 500 OH-
PLIF images, are then laid onto the mean vorticity map to interpolate the vorticity along
flame fronts. Figure 8-6a) shows as equivalence ratio decreases, the local vorticity
intensity increases relatively. In Figure 8-6b), the vorticity amplitudes are averaged over
the entire flame fronts to obtain the representative vorticity for each case, and plotted
with respect to equivalence ratio @. As @ decreases from 0.81 to 0.70, vorticity increases
up to about twice. This indicates that the vortex dynamics could play an important role in
the flame LBO behavior. The further assessment of vortex flow effect in flame stretching

or hydrodynamic stretch rate will be analyzed and discussed in next section.

8.3  Flame Stretch Rates

As equivalence ratio is reduced and flame is approaching LBO limit, the increase
in correlation between strong vortices and flame fronts may indicate higher flame stretch
rates along the flame fronts induced by higher strain or hydrodynamic stretch rates. For a
given equivalence ratio, the fuel/air mixture has its stretch rate limit, or extinction stretch
rate, in laminar flame. Theoretically flame stretch rates exceeding the limit will result in
flame extinction. Thus, increase in flame stretch rates as flame approaches LBO limit
could lead to excessive flame stretching, resulting in local flame extinction, as observed
breaks along flame fronts. Therefore, the flame stretch rate is estimated here using

detected flame fronts from OH-PLIF images and velocity field measured by PIV system.
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In turbulence flame, there is a distribution of flame stretch rate, and the strain rate
contribution is dormant. Bradley et al [102] suggests that for values of Karlovitz number
Ka greater than 0.1 and of turbulent Reynolds number greater than 100, the PDF of
stretch rate is similar to that of strain rate. So here, the flame curvature effect is no
considered and only hydrodynamic stretch rate K is computed via PIV data and detected

flame fronts from OH-PLIF images using[127]:
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K, = X x(au+av>+(1 2)><au+ 1—n2 xav
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Where ny and ny are the x and y components of the flame surface normal vector, and u
and v are the radial and axial velocities.

Figure 8-7 shows the PDF distributions for calculated hydrodynamic stretch rates
K for CH,4 flames. The dashed lines are corresponding flame-extinction strain rate values
computed from opposite flow simulations for a premixed methane flame using
CHEMKIN program with GRIMech3.0 reaction mechanisms. As equivalence ratio
decreases from 0.81 to 0.70 and flame approaches LBO limits, the PDF distribution of K,
is shifted into higher value range, clearly indicated by the crossover at absolute K value
about 600s™. In the other hand, the extinction strain rate is significantly reduced from
1800 to 1200 s™. It leads to higher possibility that flames experience too high stretch rate
to sustain themselves, and as a result flames locally extinguish and breaks on flame
sheets are expected. Figure 8-8 shows the percentage of OH-PLIF images with broken
flame fronts observed based on 200 OH-PLIF images. At ©=0.81, almost all flame fronts
are connected. When & decreases to 0.70, about 14% of fluorescence images show
broken flame sheets. It evidently shows the increase in the fraction of broken flame

sheets as flames approach LBO limit.

8.4  Turbulence Intensity

The turbulent intensity can be defined as U’ = /(u2ys + v2ys + Wiys)/3 for a
3-D velocity field, where urms, Vrms, and wgys are the RMS velocity fluctuations in the

axial, radial and tangential directions, respectively. Based on current 2-D PIV data, an

estimate of turbulent intensity can be defined as U’ =/ (u2,s + 2 * v2,5)/3, assuming
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Vs = Ways. With the time ensemble average flame front profile (<c>=0.5) from OH
fluorescence images and velocity field data from PIV, urms, Vrms and U' along the
average flame front are interpolated and plotted in Figure 8-9a)-c), respectively. The total
length of the flame front is used for normalization of flame path for each equivalence
ratio. From Figure 8-9a), Urms increases with a distance from burner dump plane due to
the turbulent transport of turbulences generated by high velocity gradients in the inner
shear layer and flames. As equivalence ratio decreases, urms decreases overall. This is
explained by the fact that flames are stabilized in the inner shear layer between incident
swirling flow and internal recirculation zone and with inclination much closer to
horizontal or burner radial direction (compared to axial direction), thus the flame
introduced turbulence is more dominant in radial direction [128], as the similar
experimental observations as in open V-shaped flames[129,130]. So then decrease in
equivalence ratio reduces heat release rate, velocity jump across the flame fonts, and
therefore the flame generated turbulence, resulting in lower Ugrys in this swirl stabilized
burner. For vgus as shown in Figure 8-9b), however, it increases as equivalence ratio
decreases. This trend is actually associated with the flame front immigration into higher
turbulence regions. Figure 8-9a) and b) show line plots of velocity RMS and mean axial
velocity with respect to radial axis at y/d=0.75 for equivalence ratio 0.81 and 0.70,
respectively. Axial velocity fluctuation vgms shows a local minimum coincidental with
maximum of mean axial velocity Vmean, and two local peaks distributed in two side of
maximum Vmean, that is, inner shear layer in left side and outer shear layer in right side.
Flames are stabilized in the inner shear layer as denoted by dashed lines. In Figure 8-10a)

of ®=0.81, flames are close to the core of incident swirling flow where turbulent level is
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relatively low. As equivalence ratio is reduced to 0.70 in Figure 8-10b), the decrease in
flame burning speed leads to a reduction of flame inclination angle with respect to
horizontal axis (flame shrinking), balancing the local flow velocity normal to flames and
flame burning speed. Then flames shift into lower velocity regions and interact with the
inner shear layer more intensely, and also progressively approach the local high
turbulence peak in the inner shear layer. As a joining result of different behaviors of
velocity fluctuations, the turbulent intensity along the flame front increases about 16% as

equivalence ratio decreases from 0.81 to 0.70 as plotted in Figure 8-10c).
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Figure 8-9 Turbulence intensities along flame fronts
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8.5 Local Da and Ka
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Figure 8-11 Temperature profile with its first derivative from CHEMKIN 1-D simulation
for CH, flame at ®=0.81.

The timescales related to chemical reaction and physical turbulence are often used
to investigate the extinction of turbulent premixed flames. The most commonly used non-
dimensional parameters are Damkohler number, Da, defined as the ratio of characteristic
fluid time scale to chemical reaction time scale, and Karlovitz number, Ka, defined as the
ratio of chemical time scale and smallest turbulent time scale. Here, these two parameters
are calculated along the flame fronts using following formula [41]:

Ly u
(=

Dy = —
“ 5L SL

L K= ()G

where Lt and u’ are integral length scale and the turbulent intensity, and &, and S, are the
laminar flame thickness and speed. The laminar flame speeds were obtained by running
1-D free propagating flame simulation using CHEMKIN program with GRIMech3.0
reaction mechanisms. Figure 8-11 shows the corresponding temperature profile for the

simulated methane flame at ®=0.81. The first derivative of the temperature dT/dx is

determined from the temperature profile. The laminar flame thickness is then defined as
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OL=(Tp-Ty)/(dT/dX)max, Where Ty, and T, are temperatures of burnt gas and unburnt gas,
respectively.
For the integral length scale Lt along the flame fronts, it is evaluated using a two-

point correlation of the axial turbulent velocity fluctuation and calculated as follows:

LT == fooo RL (T‘)dr

Av(x) - Av(x +71)
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Figure 8-13 Progress variable <c> contour superimposed with flame front (<c>=0.5) for
CH, flame at ®=0.81(only RHS shown)
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Since the flame is positioned in shear layer and the local turbulence is highly
anisotropic, the anisotropy is considered when defining the local characteristic length
scale. Here, the characteristic integral length scale at a point of interest along the flame
front is computed by averaging those evaluated from eight different directions with 45°
increments from the horizontal axis. Figure 8-12a)-b) show the two-point correlations of
axial velocity fluctuations at two different positions along the flame front, as marked in
Figure 8-13. From Figure 8-12, it is evident that the turbulent flow has different length
scales in different directions. In the calculation of integral length scale at each direction,
the corresponding correlation coefficient R(r) is integrated up to the first zero-crossing
point. Then those integral length scales in different directions were averaged to represent

the local characteristic length scale.
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Figure 8-14 Local Da and Ka

With data of estimated turbulent intensities, laminar flame speeds and thicknesses,

and characteristic length scales, Figure 8-14a) and b) show the local Damkohler number
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Da and Karlovitz number Ka along the flame front for methane flames, respectively. The
horizontal axis is the normalized flame path length. S=0 represents the end of flame front
near dump plane, and s=1 for the flame tip in downstream. For each equivalence ratio, Da
decreases and Ka increases with the distance from the burner dump plane. It indicates
that susceptibility of flame extinction increases along flame path, and the last reaction
survivor, if happening, would be most likely located near dump plane. This is in
accordance with the OH-PLIF and high speed imaging at exactly LBO limits in our
previous paper [125]. Moreover, as equivalence ratio decreases, the minimum and overall
mean values of Da decreases, and Ka falls into the opposite trend to Da, with maximum
and overall mean values of Ka increasing with distance from dump plane. It can be
explained by the reduced laminar speed and the increased turbulence intensity as flame
approaches LBO limits, as shown in Figure 8-9c¢). It implies the increase in flame stretch
rate as flame approaches LBO limit, which therefore may be responsible for local flame

extinction.

8.6  Effects of Hydrogen Addition

For hydrogen enriched flames, similar flame behaviors are observed as in
methane flames. For example, as flame approaches LBO limit, flame fronts experience
higher turbulence level, higher vorticity, and higher flame stretching rate and therefore
have more breaks. As shown in Figure 8-15, the effect of hydrogen addition on these four
parameters is non-linear, especially in mean stretch rate (absolute value) and fraction of
broken flame sheets with 80% hydrogen blend. In fact, due to high molecular diffusivity

associated with hydrogen content (Le<1), hydrogen flames are prone to be burning in
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cellular structure- localized intense reactions and quenching. That is, unlike methane
flames, flame stretching (positive curvature) with hydrogen fuel even promotes localized
enrichment of fuel and therefore reaction to some extent. From Figure 8-15d), this

phenomenon is not significant until hydrogen level blended is greater than 60%.
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Figure 8-15 Hydrogen effects on a) mean turbulent intensity, b) mean vorticity, ¢) mean
stretch rate(|Ks|), and d) percentage of broken flame sheets

8.7  Conclusions

In this study, synchronized PIV and OH-PLIF has been performed for four
different equivalence ratios for methane flames in a swirl-stabilized burner. OH
fluorescence images have been used to determine the flame front via an image intensity
threshold technique. Results presented include the flow-flame interaction, vorticity along

flame fronts, estimates of turbulent anisotropy, local Damkohler number and Karlovitz
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number, and hydrodynamic strain rates. The following are the main conclusions of this
study:

1. For a stable flame, the flame front is winkled but connected, and located in
regions of low vorticity. As equivalence ratio decreases, the flame front breaks
appear more and more frequent, majority of flame fronts are overlapping strong
vortices. From equivalence ratio 0.81 to 0.70, the average vorticity increases
about 100%.

2. In four tested lean conditions, flames are all stabilized in the inner shear layer
between incident swirling flow and internal circulation zone. The normal of flame
brush is more inclined to horizontal axis and therefore flame-generated turbulence
is dominant in that direction. Thus the horizontal velocity fluctuation deceases as
equivalence ratio decreases. However the escalated interaction between flame
fronts and shear layer caused by reduced flame burning speed increases the
turbulent intensities along the flame front overall. The mean turbulence intensity
increases about 16% as equivalence ratio decreases from 0.81 to 0.70.

3. As equivalence ratio decreases, the flame extinction strain rate is reduced, while
the PDF distribution of hydrodynamic stretch rate shifts toward higher value. This
inverse trend is believed to result in local flame extinction and flame front breaks,
as indicated by increased fraction of broken flame sheets.

4. Along the flame front starting from dump plane, the calculation shows Damkohler
number decreases, while Karlovitz number increases. The decrease in equivalence
ratio leads to decrease in Damkohler number and increase in Karlovitz number. It

implies the increased susceptibility of flame local extinction along the flame path.
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5. For tested three hydrogen blend levels of 40%, 60%, and 80%, hydrogen effect is
not significant in term of turbulence intensity, vorticity, stretch rate and broken

flame edges until 80% hydrogen present.
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CHAPTER 9 : SUMMARY AND OUTLOOK

9.1  Summary and Conclusions

In this study, swirl-stabilized dump premixed flames have been investigated
experimentally for different Reynolds numbers and different hydrogen levels.
Simultaneous measurements of PIV and OH*/CH* Chemiluminescence, high speed
imaging, and PIV and OH-PLIF images have been conducted to investigate the flow
field, reaction zone, heat release, flame structure properties, and flow-flame interaction as
equivalence ratio decreases and hydrogen addition increases. For high speed imaging of
flames at LBO limits, both unconfined and confined flames are studied.

In unconfined flames, as equivalence ratio decreases, the flame orientation angle
between flames and dump plane increases due to reduced flame speed, leading to flame
receding toward IRZ. Then the correlation between flame fronts and flow strong vorticity
is increased. The flame edges experience higher hydrodynamic stretch rate, resulting in
higher flame local extinction, and breaks along the flame fronts. Those breaks, in turn,
entrain the unburnt fuel air mixture into IRZ passing through the shear layer, further
leading to reaction taking place within IRZ. In the flow field, the width of IRZ in
methane-only flames decreases. It causes the methane flame to straddle the boundary of
the IRZ with the outer half of the methane flame in the high-turbulence shear layer
region, resulting in a very unstable flame. High speed imaging shows that periodic flame
rotating with extinction and re-light events are evident. This results in high RMS of heat
release rate, and therefore a shorter extinction time scale. With hydrogen addition, flames
remain in relatively axisymmetric burning structure and stable with the aid of low

minimum ignition energy and high molecular diffusivity associated with hydrogen.
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Additionally, the opposite advancing between reaction zone (moving toward IRZ) and
IRZ (expanding outward) also leads to the flame region to be further within IRZ with a
relatively favorable combustion environment. High speed flame imaging shows hydrogen
enriched flame is relatively symmetric and stable, even right before flame entering
extinction transition at LBO limit equivalence ratio, leading to lower heat release
fluctuation and a longer extinction time scale.

For confined flames, however, the hydrogen effect on the extinction transient is
completely opposite due to spiraling columnar burning structure, in comparison of a
relatively stable conical shape in methane flames.

Additionally, hydrogen addition evidently lowers the LBO limit, and for a given
fuel composition, confined flames can burn at even leaner conditions compared to
unconfined flames. Calculation based on adiabatic flame temperature and heat release
rates shows hydrogen addition also increases the heat retention.

High speed flame imaging in all tested confined and unconfined flames, the final
extinction occurs shortly after the reaction zone immediately above the center-body fails,
indicating a significant effect of this flame root on the final extinction. It is suggested that
the ability to better sustain this flame root might extend the LBO limit to leaner

conditions.

9.2  Recommendations for Future Work
High speed imaging in confined flames shows strong correlation between elevated
boundary temperature and flame extinction transition time scales. In fact, there are two

distinct extinction limits for laminar premixed flames: a radiation (heat loss) extinction
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limits and a stretch extinction limit. It suggests that the boundary temperature effect on
the LBO process. Detailed investigation on the contribution from this factor would
provide more insights into the flame extinction mechanisms.

Better understanding of the vortex breakdown and its transition between different
modes in reacting flow especially in low flow dilation is needed to explain the flame
behavior when it is approaching LBO limit. In swirling flow, it is the vortex breakdown
induced recirculation zone that provides the flame holding.

The key challenge is still the understanding of what ultimately leads to the
blowout. Then, the time-resolved measurements of flow field and flame structure very
near LBO limit are very important and critical.

In addition, the pressure affect on LBO is of practical importance. As is well
known, most of turbine engines are operated on high pressure and high temperature
condition. And conclusions and techniques on normal pressure and temperature may not

be directly applied onto those cases.
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APPENDIX A: DETAILED SETUP FOR SYNCHRONIZED PIV AND
PLIF MEASUREMENTS

In this chapter, the detailed experimental setup and procedure is described for
synchronized PI1V and PLIF measurements, along with phase-locked recording of fuel/air
flow rates, temperatures, and photodiode signal. The following designed triggering
scheme also includes phase-locked high speed flame imaging, which can be configured at
a high framing rate and capture a certain number of flame chemiluminescence images
before and after each triggering pulse. The measurement configuration will first be

introduced, and then followed with the detailed operation procedure.

Measurement system and configuration

Figure A-1 shows the experimental setup diagram. The measurement systems
mainly include a function generator (SRS DS345; used as a primary triggering source),
IDT-PIV system, a high speed camera equipped with an intensifier, OH-PLIF system,
and two additional computers — one used for recording data such as flow rates and the
other for generating triggering signal for OH-PLIF system as a pulse delay generator.
The goal is to synchronize the PIV measurement and OH-PLIF imaging, and at the same
time, to take a certain number of flame images at high framing rates using a high speed
camera before and after each triggering signal for OH-PLIF imaging. The corresponding
timing diagram is shown in Figure A-2. Each OH-PLIF image is captured in the middle
of the two PIV consecutive images.

In this test, PIV measurement and OH-PLIF imaging are operated at 5 Hz. The

high speed camera will take 20 images at 2000 Hz framing rate before and after each PIV
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image pair and OH-PLIF image. Detailed setting for each component of this

measurement system is described as follows.

OUTPUTS-FUNCTION Function generator

l SRS DS345
— TRIGA
OQUTPUTS-TRIGGER
. —TRIG B
LogicAND gate |
SN74LSO8N l
L TRIG C
PFIO
VTRIG IN W TRIG IN
. LabVIEW recording
High speed camera IDT-PIV system (LaBVIEW codel for Qv Oy,
Photron SA-3 CAM A CAM B temperatures, photodiode...)
GEN OUTL(POS SYN) PFI O A co
Pulse delay generator
LOGICTRIG IN (LabVIEW code2 with
NI USB-6343 OEM device)
Camera Intensifier o0 o1
UvVi 1850-10
LAMP IN Q-5W IN

Pump Laser
OH-PLIF system

LAMP OUT
lEXTIN
ICCD camera
OH-PLIF system

Figure A-1 Experimental setup diagram

The function generator, once configured, will generate the programmed waveform
signal continuously, as shown as the square wave signal in Figure A-2. In order to
produce triggering signal sources for high speed camera and other measurement systems
having the exactly same starting point that can be controlled and given manually, Burst
modulation is used, and a logic AND gate is implemented to synchronize these two
triggering signals. The function generator SRS DS345 is then configured with a square

function at 96 Hz (period =10.42 ms) and burst count at two. When sweep mode is off,
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the FUNCTION OUTPUT will generate the specified square waveform only and
continuously, and the real-panel TRIGGER OUTPUT signal goes low. When sweep
mode is on by pressing the button “SWEEP ON/OFF”, the FUNCTION OUTPUT will
generate the pulse bursts of two square waveform cycles, and the TRIGGER OUTPUT
will produce simultaneously TTL compatible signal that goes high when the pulse burst
is on and low when it complete. By combining with these two signals with a logic AND
gate, the triggering signal for high speed camera- the two-pulse burst signal as TRIG C in
Figure A-2, and the triggering signal for PIV system — the TTL compatible signal as
TRIG B in Figure A-2 — then can be manually controlled by pressing/depressing the

sweep mode button in the front panel of the function generator.

TRIG A

TRIG B

TRIG C

High speed
camera

Pre-delay dt

!
|
T
1
1
1
1
!
!
|
T
1
1
1
1
!
PIV |
T

1
] A
1
1 Ya¥dt
1
—

|

OH-PLIF

Figure A-2 Timing diagram
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The high speed camera is configured at 2000 Hz framing rate, 768x768
resolution, reset Random-20 mode, trigger-in delay at 0 and general outl at positive
synchronized signal for synchronizing the UVi intensifier. It will start taking 20 images at

2000 Hz framing rate when the external triggering signal goes high.

P synch TC_eqRatio_photodiode_triggerStart_30sIlmH2_50sImCH4_waveform_V2.vi Front Panel

[
o vasoesis ol ||

Jloesc |

Figure A-3 Screenshot of LabVIEW codel for data recording

PIV system is set in external trigger mode. The pre-delay is set at 10 ms, right
after high speed camera finishes taking first 20 images. The time delay for PIV
measurement, dt, is configured at 20 us. The synchronized camera A signal is then used
to serve as external triggering signal for OH-PLIF system. And the synchronized camera

B signal is used to count the PIV image number through the LabVIEW program, which
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also records fuel/air flow rates, temperatures, and photodiode signals. The screenshot of

the LabVIEW codel is shown in Figure A-3.

> Pulse delay generator for OH PLIF_USB 6343.vi Front Panel
File Edt View Project Operste Tools Window Help

% Dev3ictrl

’ X
zoou

{ I—
T

Figure A-4 Screenshot of LabVIEW code2: pulse delay generator

The pump laser for OH-PLIF system is operated at external trigger mode for both
lamp and Q-switch trigger sources. These two triggering signals are generated by the
labVIEW coded pulse delay generator whose input pulse is the synchronized PIV
imaging signal. The screenshot of the corresponding LabVIEW code?2 is shown in Figure
A-4. To capture the PLIF images at the middle of two PIV consecutive images, the time
delay between OH-PLIF imaging and PIV imaging is set 10 us, half of the time delay for

PIV measurement.
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Operation procedure

The operation procedures described here are steps after all measurement systems

such as PIV and OH-PLIF systems are positioned, focused, calibrated and ready to take

measurements.

1. Run LabVIEW code2- pulse delay generator-program;

2. Run LabVIEW codel-LabVIEW Recording-to set fuel flow rates and open fuel
lines;

3. lIgnite the flame, adjust equivalence ratios if needed, and monitor the center-body
temperature through LabVIEW program, till it reaches the equilibrium value (the
constant maximum temperature);

4. Enable external trigger mode for both lamp and Q-Switch for OH-PLIF pump
laser;

5. Set ICCD camera for OH-PLIF imaging at gate mode, and enable image capturing
in external trigger mode to ensure both laser system and imaging system are ready
to taking measurement for external triggering;

6. Start PIV image pair recording in external trigger mode to ensure it is ready to
take measurement for external triggering;

7. Arm UVi intensifier, adjust the gain if needed, and start high speed camera
recording to ensure it is ready to capture images for external triggering;

8. Click the “Record data” button in LabVIEW codelto ensure the program will start
recording data once the external triggering signal is received;

9. Slowly open PIV seeding particle line till it is fully open;
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10.

11.

12.

13.

14.

15.

16.

17.

Turn on the sweep mode on the function generator by pressing the “SWEEP
ON/OFF” button, to simultaneously start taking data;

Once the data collection is finished, the flame will be automatically turned off.
Then close the PIV seeding particle lines; (Note: As soon as the PIV system
finishes recording the pre-set number of image pairs, which is also counted by
LabVIEW codel, the LabVIEW codel program will automatically stop recording
data and then shut down the fuel lines, and finally exit the program.)

Depress the “SWEEP ON/OFF” button in the front panel of function generator, to
stop sending triggering signals;

Change the lamp and Q-switch back to internal mode for pump laser;

Put ICCD camera in safe mode, and save OH-PLIF image data;

Stop running UVi intensifier, and save image sequence captured by the high
speed camera;

Save PIV image pair data;

Repeat above steps for different fuel mixtures and equivalence ratios.
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