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This work studies the turbulent flame structure, the reaction-stnueture and the
exhaust emissions of strongly-pulsed, non-premixed flames with co-flaw swi

The fuel injection is controlled by strongly-pulsing the fuel fllny a fast-response
solenoid valve such that the fuel flow is completely shut off betwméses. This control
strategy allows the fuel injection to be controlled over a widgeaof operating conditions,
allowing the flame structure to range from isolated fully-matalguffs to interacting puffs to
steady flames. The swirl level is controlled by varyimg tatio of the volumetric flow rate of the
tangential air to that of the axial air.

For strongly-pulsed flames, both with and without swirl, the flge@metry is strongly
impacted by the injection time. Flames appear to exhibit campati-like structures for short
injection times, while elongated flames, similar in behaviorstéady flames, occur for long
injection times. The flames with swirl are found to be shorterthe same fuel injection
conditions. The separation/interaction level between flame puffs ge th@mes is essentially

governed by the jet-off time. The separation between flanfs datreases as swirl is imposed,



consistent with the decrease in flame puff celerity due td.ste decreased flame length and
flame puff celerity are consistent with an increased rate of aaientent due to swirl.

The highest levels of CO emissions are generally found for compact, isosatedfuffs,
consistent with the rapid quenching due to rapid dilution with ex¢esBh& imposition of swirl
generally results in a decrease in CO levels, suggestingraqmceand complete fuel/air mixing
by imposing swirl in the co-flow stream. The levels of MN@issions for most cases are
generally below the steady-flame value. The NO levelsineccomparable to the steady-flame
value for sufficiently short jet-off time. The swirled co-flair can, in some cases, increase the
NO emissions. The elevated NO emissions are due to a longer cmmbyastdence time due to
the flow recirculation within the swirl-induced recirculation zone.

The reaction zone structure, based on OH planar laser-inducedsfteace (PLIF) is
broadly consistent with the observation of luminous flame structurthése types of flames. In
many cases, the reaction zone exhibits discontinuities at taataseous flame tip in the early
period of fuel injection. These discontinuities in the reaction ziketylresult from the non-
ignition of injected fuel, due to a relatively slower reactiaterin comparison with the mixing
rate. The discontinuity in the OH zone is generally seen to dimmibhincreased swirl level.
Statistics generated from the OH PLIF signals show thatrehetion zone area generally
increases with increased swirl level, consistent with a broad@ more convoluted OH-zone
structure for flames with swirl. The reaction zone area Warled flames generally exhibits a
higher degree of fluctuation, suggesting a relatively stromgpadt of flow turbulence on the

flame structure for flames with swirl.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

According to Department of Energy, the annual consumption of foedd in the US has
tripled since 1949 and exceeded 80 quadrillion BTU’s in 2010 [1]. Even valy icreases in
combustion efficiency can result in a substantial decrease lofdnsumption and a significant
reduction in harmful exhaust emissions. With the increasing attemtidhe shortage of fossil
fuels and increasing concern on the protection of the environment, né@angka are presented
for developing innovative combustion strategies. The development of sodjustion strategies
is largely driven by ever-increasing requirements for lowssions, especially CO and NO
while at the same time satisfactory combustion stability agt thermal efficiency must be
maintained. In addition, from the economic point of view, it is importanavoid complex
configuration designs and focus on reliable and simple combustion configuration.

Control of turbulent combustion by intentionally exciting the largmes turbulent
structures has been seen to have significant advantages sndeoambustion efficiency and
emissions [2]. This manipulation of the large-scale turbulent stestio modify their
interaction can also ultimately improve the rate of oxidizeragmnent and the fuel/air mixing.
Such excitation can be achieved by different techniques, includingtiacimusing [3, 4], pulsed
combustors [5, 6], and strongly-pulsing by fast-response valves [7,r&§tidal benefits
associated with these approaches include the generation of cdrapees and combustors [7],

high combustion and thermal efficiencies [4, 5], and low combustion emissions [6].



A strongly-pulsed fuel injection technique (e.g. the fuel ingecis completely shut off
between each injection pulse) is used in the current study. Thi®lcsinategy allows the fuel
injection to be controlled over a wide range of operating conditindscan give rise to drastic
modification of the combustion and flow characteristics of flamess]ihg to enhanced fuel/air
mixing mechanisms not operative for the case of acousticalliedxar partially-modulated jets
[7]. In addition, this technique, due to its simplicity, can be readdynbined with other
combustion enhancements, such as swirl employed in the present research, torfpriwer the
combustion efficiency and emissions.

Swirl has been widely used in non-premixed turbulent flames to broaden the flditymabi
limit [9, 10], shorten the flame length [11], and reduce thg M@issions [12, 13]. In non-
reacting flow, a recirculation zone has been seen to be producesiffitiently strong swirl [9].
The reverse flow is due to the presence of an adverse prgsadient in the flow direction, due
to the tangential motion in the flow, which induces a radial presgradient (with a lower
pressure at the center of the flow). As swirl decays with doeenst distance, the pressure at the
center rises, thus causing an adverse pressure gradient alongstioé the flow, resulting in
flow recirculation [9, 14]. This recirculation zone can improve trebibty of flames by
transporting hot combustion products back to the injection plane, thus providiagle source
of heat and reactive species for flame ignition [14]. Due ttoitsidal vortex structure, a high
turbulence level is typically present on the boundaries of thecuésmiion zone [14], suggesting
that a potentially higher rate of oxidizer entrainment and endamgging can be achieved,
potentially leading to a decrease in flame length, thus neguh low NQ: emissions [15]. In
addition, due to the many similarities between the reciiomaone and a well-stirred reactor,

the temperature and gas composition within the reverse flow caséetially uniform [9]. With



a sufficiently high combustion temperature, but below that at whgshfisant thermal NO is
produced, and given sufficient oxidizer for CO oxidation [16], the G@lla swirled flames
can possibly be decreased, or prevented from increasing, whilBl@hemissions are also
reduced.

Despite the large number of studies on the control of non-swirling, turbulemsflinere
is a relative lack of information on the active control of flanvék swirl [17, 18]. Investigations
of unsteady swirling flames have typically involved acoustidtation, either as self-excited
flame oscillations [19] or by acoustic energy input directly itite flame [17, 20]. The more
drastic modification of these structures in swirl combustion bystheng-pulsing technique
could reasonably be expected to play a significant role in theotaftthe combustion process.
In any case, effective control of these swirling flames depentsally on understanding in
detail the nature of the large-scale turbulent flame strigtuneler swirled conditions. It is
proposed in this research to use a simple swirl burner without cordiie to study the

behaviors of strongly-pulsed, turbulent jet diffusion flames in the presence afiagwao-flow.

1.2 Entrainment

The rate of oxidizer entrainment is of central importance in aop-premixed
combustion system given that chemical reactions require the uenienixing of fuel and air,
which in turn depends directly on said entrainment. The combustion prigcakso directly
related to the rate and efficiency of the fuel/air mixing (againtduirby the rate of entrainment),
given that the chemical kinetic time scales in turbulent flaaresusually shorter than the

turbulent time scales [21].



The large-scale coherent structures in turbulent flow have beennktmwlay an
important role in oxidizer entrainment and thus fuel/air mixing, anddve an impact on
combustion and heat release processes in non-premixed flames [EXx@3ition of large-scale
structures has been extensively employed to achieve enhanced miboth non-reacting jets
and combustion systems. An early study on a non-reacting pulqeg gxtciting the organ-pipe
resonance of the fuel delivery tube) showed that the entrainment bathalitby pulsing at the
resonant frequency could be up to four times over that in the unpulsed24gt
Lakshminarasimharet al [25] studied the mixing characteristics in a strongly-for¢by
acoustic forcing) non-premixed methane jet flame. In thatysthe mean mixture fraction along
the jet centerline in the pulsed jet decayed below 0.08 in &sddtthree fuel-nozzle-diameters
downstream of the nozzle exit; while the mean mixture fractiorthrunpulsed jet remained
close to unity over the same distance. Lakshminarasirehah suggested that the enhanced
entrainment and mixing due to strong forcing could be the predominamamem that caused
the reduction in flame length and luminosity. A subsequent study doreelsame group [26]
reported a significant reduction of 70% in mean flame lengtla fimst-resonance pulsed flame
as compared to the unpulsed flame at a Reynolds number of about 2,500.

A recent study of the velocity field of isolated turbulent puffygdhe Particle Image
Velocimetry was performed by Johari’'s research group [27]. €h@ylsing in that case was
achieved by a fast-response solenoid valve, similar to the guisahnique employed in the
current study but with different injection conditions. Specificaliygt study was conducted at a
sufficiently low pulsing frequency (~ 1 Hz) such that each plgéred the test section before a
subsequent puff was generated. The results from phase-locked meadarerdicated that as

the injection volume decreases, the fluctuating velocities, adedcwith the turbulence level,



increase. The maximum turbulent shear stress within the puff cowdd bich as 2.5 times the
steady jet value. The entrainment rate (the ratio of the votinilew rate within puff to that of
the injected jet) for the smallest injection volume was redddebe up to a factor of 2.4 greater
than that of the steady jet. This is attributed to the fattalpauff may entrain ambient air over a
relatively larger surface area as compared to a steady jet.

In addition to intentional flow excitation, enhancement of entrainmeoiftes achieved
by the imposition of swirl. Feikemet al. [28] employed planar Rayleigh scattering to image the
structure of the mixture fraction field and the scalar dissipdéigers near the base of a non-
reacting turbulent jet, both with and without swirl. The results showed that whenvawiadded
to the coaxial air stream, the mean mixture fraction on theejeerline at a downstream location
of 14 fuel-nozzle diameters decreased to a value of 0.26, which Was tiee value in the jet
without swirl. The value of the mean dissipation rate, an indicattireofocal mixing rate [29],
also doubled over the same region as swirl was added. The authimstesttthe increased
dissipation rate to the increased number of flow interfaces pevalome, which resulted from
the entrainment of large numbers of “islands” of ambient air. Felet al also suggested that
the swirl employed in their study was not sufficient to caesgraqulation, but that the swirl
essentially broadened the jet and produced centrifugal forces that helpéchito @nbient air.

Furthermore, Masret al [30] used Raman-Rayleigh-LIF (laser-induced fluorescetace)
study the compositional structure of a highly swirling, turbulent premixed flame. The range
of swirl level in that study was sufficient enough to produce andtstecirculation zone. Similar
to Feikemaet al’s study [28], the results from Mast al showed that the centerline decay of
the mean mixture fraction was faster for highly swirlirenfes with a swirl number &= 1.59

than for flames with a swirl number 8f= 0.66. The faster decay of the mean mixture fraction



was a result of more intense mixing due to the increased swilelsame study, the RMS (root-
mean-square) fluctuations of mixture fraction also exhibitedghenivalue for swirling flames
than for non-swirling flames. Maset al suggested that these excess fluctuations may be
genuine since higher turbulence levels were also measured umbaent jet flame with
swirl [31].

As mentioned previously, the pressure gradients resulting fromgsswitl can cause
vortex breakdown, resulting in recirculating-flow near the burngf{@2]. This recirculation has
been known to produce high turbulence and thus result in enhanced entrainmerersel
mixing [9, 11]. Tangiraleet al [33] used Laser Doppler Velocimetry (LDV) to measure the
velocity field of a swirl-stabilized flame and found that thebulence level appeared to peak at
the boundary of the recirculation zone, consistent with Syred & Bstrtyy on a non-reacting,
swirling jet [34]. The volumetric flow rate of the recircuteg flow was up to a factor of 3 for
flames with a strong swirlS= 2.0) compared to flames with a relatively weak sw8rk(1.0),

suggesting the enhancement of entrainment due to the swirl-induced redrcotate.

1.3 Emissions

A major challenge in developing a modern combustor is to meé&idieasingly rigorous
regulations on exhaust emissions. An efficient combustor can lead tmlyduel savings, but
also a corresponding reduction in CO and yNénissions. It is well known that pulsed
combustion can have advantages in terms of high combustion and theromh@#s and low
emissions [2]. In addition to pulsed combustion, swirl serves ageanative in lean combustion

applications to reduce emissions of CO and; N{].



Zinn [2] suggested that the advantages of a pulse combustor ardystedatpd to the
presence of pulsations, in the following sense. First, the pulsationscentmaing rates between
various species, which in turn accelerates the combustion proceseduwks the required
amount of air for complete combustion. Furthermore, the more completieustion due to the
enhanced mixing reduces the amount of unburned hydrocarbon and thus GOremiselleret
al. [6] showed that a pulse combustor can be operated in a lean premodsd with the
concentration of CO being as low as 5.0 ppm without the use of anggrabtistion cleanup
technologies. Chaet al [35] found that reduction of both N@nd CO emissions was possible
in an acoustically-forced propane jet flame.

Paschereitet al. [17] employed a closed-loop active control system to suppress the
thermoacoustic pressure oscillations and to reduceg MHAissions in a swirl-stabilized,
acoustically-forced combustor. Their results showed simultaneouditedatemissions of both
NOyx and CO. The authors argued that fluctuations in heat releasecamsgquently in
temperature in unstable lean combustion may lead to a simultanecessaan NQ and CO,
due to the exponential dependence of both emissions on temperature, stathil®ing the
combustion process it was possible to simultaneously decrease hssioamlevels. Paschereit
& Gutmark [36] also found a reduction in both N@d CO emissions in an elliptic swirl-
stabilized burner: NOby up to four times and CO by a factor of 2-3. In Masial’s study [30],
the higher swirl level reduced the formation of CO, but led to increasing @IS, which, the
authors suggested, may be possibly due to the longer residence time inducestiontes flow
recirculation in a highly swirling flow.

Chenget al [37] measured concentrations of N@&d CO in a swirling methane jet

flame and found a decrease in NO levels, accompanied by intréaséevels, with increasing



swirl. Newboldet al [38] obtained a similar result in their swirling propane turbudkffiision
flames, in which high values of CO levels and D, was observed in a highly swirling flame,
while NO emissions were reduced compared to the flame withaéively weak swirl. Both
studies observed a significant decrease in flame length and feanperature and suggested that
the reduced NQlevels were the result of a lower flame temperature antoaes global
residence time, due to the decreased flame length; whileghed® emissions were associated
with the cold air quenching by rapid entrainment of excess cold air due to swirl.

Regarding the formation of CO, Puri & Santoro [39], in their stodaminar diffusion
flames, found evidence supporting their hypothesis that the obserord sbrrelation between
soot and CO was a result of competition between soot and CO foxittizing species OH.
Turns & Bandaru [16] found that the CO emissions in a jet flameleted strongly with the
global residence time and suggested that more complete mixingarmistion would lead to
more complete CO burn-out and lower levels of CO.

In general, control of N emissions in combustion involves more complicated
mechanisms than that of CO emissions [40, 41] and thus has extemsogyed more attention
in combustion emissions research [42, 43]. For hydrocarbon fuels, thmagypmechanisms are
responsible for NO production [42]: (1) the thermal, or Zeldovich, ax@sim; (2) the Fenimore
mechanism; and (3) the 8 mechanism. In non-premixed hydrocarbon combustion, the
majority of NO is produced via the first two mechanisms [42, 44].NJ&@ mechanism involves
a three-body recombination reaction and generally becomes more im@stthe fuel-air ratio
decreases, or as pressure increases [43].

The thermal mechanism consists of three chain reactions [40]:

N, + O NO + N @R



0;+N«< NO+O0 &R

OH+No NO+H &
By assuming that N atoms are in steady state and theoNCentration is small compared to its
equilibrium value, the reverse reactions can be neglected, lemdihg rate of NO formation
[40]:

d[NOJ/dt = 2k3[O][N 2] Eq. 1-1,
wherek; is the rate coefficient of reaction {fRandk;, = 1.84 x 1&* exp(-38,370T) cnm’/gmol-s
[40]; andT is the temperature in Kelvin. As shown in Eq. 1-1, the productionofd has a
very strong temperature dependence; the concentration of NO @rpaentially with
temperature and linearly with residence time. Due to thevelgtiarge activation energy [42],
the NO production through the thermal mechanism is slow and themahenechanism is
relatively less important at temperatures below 1,800 K [40]. Howeliex to the strong
coupling between O atoms and the combustion chemistry [40, 43], the eqgunlissumption
may not be valid in active oxidation zones within flames and sqp#it@ium concentrations of
O atoms can exist, leading to acceleration of thermal NO production even below 1,800 K.

Following Bowman [43], prompt NO is defined here as the rapid NO pnodyethich
occurs long before there would be time to form NO by the therreahamism. Therefore, the
NO production by the Fenimore andmechanisms are all considered to be prompt NO. The
Fenimore mechanism generally involves reactions of hydrocarbonalsadith molecular
nitrogen and has relatively more importance in fuel-rich hyabmracombustion [43]. The NO
production by the BD mechanism increases under conditions where the total NOtionnnate

is relatively low and combustion is in fuel-lean operation mode [43].



Keller & Hongo [45] found that the mechanism responsible for suppgedsO
formation in their pulse combustor was the short residence timiglatemperature. The short
residence time at high temperature was caused by rapid nukimgt products with relatively
cooler residual gases that were lower in temperature due itactkased rate of heat transfer in a
pulsating flow. Chacet al [35] found a significant reduction of N@or some low-frequency
excitation cases in their hydrogen-air jet flames. They estgg that the reduced levels of NO
were results of a short residence time, primarily due to theeased flame length by acoustic
excitation. Similarly, Kimet al [46] measured a 15% reduction in flame length of a turbulent
hydrogen-air jet flame by acoustic excitation using forcediebair. Consequently, a 25%
reduction in levels of NOwas achieved, compared to conditions without acoustic excitation.

Syred & Beér [34] reported that a swirling flame had betsnd stability as a result of
the formation of the toroidal recirculation zone, and had the shorter flame lengtbsadt af the
high rates of oxidizer entrainment for combustion. The shorter flemggth is beneficial for
reducing NO formation, due to the decreased global residencevitma) scales linearly with
the cube of the flame length [47]. Chen [15] reported that when thyatha the recirculation
zone was comparable to the flame length,xN¥@s formed in the recirculation zone and was
strongly impacted by the characteristic time of the recateut zone, similarly reported in Masri

et al’s study [30].

1.4 Non-Swirled, Strongly-Pulsed, Turbulent Diffusion Hames

Previous research on strongly-pulsed flames without swirl has shuwatrthte flame
geometry is strongly impacted by the injection time [48]. $fwrt jet injection times, depending

on the jet-off time, such flames appear to exhibit compact, puff-like strecttl@ngated flames,
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similar in behaviors to steady flames, occur for long injectimes. The separation/interaction
level between the turbulent flame puffs in these flames eng@ally governed by the jet-off time.
These flame puffs tend to have a higher celerity (i.e. the buticiaglof the puff) for short jet-
off times than those for long jet-off times, where isolated flame puffs ocoua §iven injection
time or fuel volume, this higher celerity is consistent witldexreased rate of momentum
exchange with the co-flow that would accompany a decreasedfraxédizer entrainment. This
decreased rate of entrainment, also consistent with the obserged fame length, has been
suggested to occur since each flame structure has to compet#swithghbors for the same
oxidizer, thus decreasing the rate of oxidizer entrainment into each strid@re

The highest levels of CO emissions are found for compact, esoldame puffs,
consistent with the rapid quenching due to rapid dilution with excesgl& 49, 50]. The
amount of CO for the case of compact flame puffs decreasesrdidistaas the jet-on fraction
and the residence time associated with the increased flanmb leagease. At the same time, for
most injection conditions the measured exhaust-point NQ&d@centrations in these flames are
below those of the steady flame. The NE@vels become comparable to the steady-flame value
for sufficiently short jet-off time, while the flame lengthskorter than that of the steady flame.
There appear to be combinations of injection time and jet-off tirae produce a turbulent jet
flame that is more compact than a steady flame and witbrldi@, emissions, while achieving

CO levels comparable to those of steady flames [48].
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1.5 Swirled, Turbulent Diffusion Flames

An example that illustrates how a flame interacts with aexag a swirl-stabilized flame.
Syred & Beér [34] pointed out that for sufficiently strong switbroidal recirculation zone can
form and increase the flame stability by recirculating hot products aingj asta heat reservoir.

In Chen & Driscoll’'s study [11], the overall fuel-air miximgte within a swirl-stabilized
flame was found to be a factor of five greater than that ahalsijet flame, as evidenced by a
fivefold shortening of the flame length. The enhancement of mixiag the result of the
formation of the recirculation zone, which acted like a large &dttya characteristic velocity
and length scale that were much larger than those associ#teelddies in a simple jet [11]. In
another study of Chen & Driscoll [51], the measured levels@f N a non-premixed jet flame
was reduced as swirl was added to the coaxial air stredm.r@duced levels of NO
accompanied with higher levels of MQvas attributed to the increased rate of fuel-air mixing

and the decreased flame length due to swirl [51].

1.6 Flame Zone Structure

The interaction between flow phenomena and chemical kinetics piaiyspartant role
in turbulent combustion processes. Although much insight into these potessbeen gained
from statistical, time-averaged data [52], temporally- andiaparesolved measurements in
combustion processes are needed for a better understanding of therewaiuhe turbulent
flame structures. In order to resolve temporal and spatial firoetures, planar laser-induced
fluorescence (PLIF) diagnostics is often employed. This technisjuspecies-selective and
enables the detection of reactive intermediates in combustion adelals (ppm level). The

hydroxyl radical (OH) has been commonly imaged using PLIF to sthdyreaction zone
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structure of flames, mainly due to its peak concentration beingatipinear the peak
combustion temperature [53]. A more detailed introduction of PLIFgimgaand the study
review of OH PLIF on the flame zone structure of turbulent non-pmeairflames can be referred
to Appendix A.

It is well-known that the large-scale structure of turbullawd plays a crucial role in the
combustion performance and resulting pollutant emissions [23, 46]. For stpnigéd flames,
the reaction zone structure of these flames, not surprisingiyheaignificantly impacted by the
unsteady, large-scale turbulent structure induced by the fuehgusid the co-flow air swirl.
The OH PLIF technique thus helps to understand the impact of swdrlpalsing on the
behaviors of swirled, strongly-pulsed flames, and enables the exmhoddtthe reaction zone

structure of these flames and possible ignition/extinction issues.

1.7 Research Objectives

The overall objective of this research is to better understantumidemental processes
that govern the combustion characteristics of strongly-pulsed, turledehtfusion flames with
the presence of swirl. Specific objectives include:

e Study the large-scale turbulent flame structures at differgection conditions with
the presence of swirl. The large-scale flame structugdlifes of interest include the
flame length, the degree of flame puff interaction, and the flame puff gelerit

e Examine the implications of the large scale turbulent struckymamics on the time-
varying rate of oxidizer entrainment.

e Study the effect of the volumetric co-flow flow rate and thespnee of a quarl on the

behaviors of strongly-pulsed flames in the presence of a swirling co-flow.
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Determine the exhaust concentrations of CO and NO in swirledigbtrpulsed
flames over a wide range of injection parameters and swirlslégedetermine the
combustion efficiency and emissions levels.

Study the reaction zone structures and look for possible extingtidighn issues in
swirled, strongly-pulsed diffusion flames by performing hydroxdHj planar laser-
induced fluorescence (PLIF).

Explore the existence of optimal strongly-pulsed injection conditiongroducing

compact, swirled flames with low emissions.
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CHAPTER 2

EXPERIMENTAL SETUP

All of the experiments reported here were performed in the Combustion Laboratoey i
Department of Aeronautics and Astronautics at the University ahiigton. The experimental
facility consisted of a combustor, exhaust hood, fuel/air suppliespptichl and gas-sampling
diagnostics. For the purpose of this study, the combustor was dksagidle constructed to
produce a strongly-pulsed turbulent jet diffusion flame with a edjrlair co-flow.
Characterization of the combustor and determination of the switl\were performed with by
hot-wire anemometry. Three major diagnostics techniques were edpio the study: High-
speed video imaging, standard emissions analyzers, and planar laser-inducecefiger@LIF).
The high-speed video imaging of the flame luminosity allowed for the digigiion of the flame
length and the flame puff celerity as well as the detaitedysof the flame puff interactions.
Emissions measurement was performed using standard emissioymeenabmbined with an
aspirated sampling probe. Finally, planar laser-induced fluoresadritbhe hydroxyl radical (OH)

was employed to study the structure of reaction zones within the flame.

2.1 Experimental Apparatus

The combustor in the current study had a fuel nozzle with inner ddachet 2 mm
centered in a coaxial, swirled air stream, as shown scheihatic&ig. 2.1. The fuel nozzle tip
was located 6 mm downstream of the throat of the co-flow dugthigh point the combustor
diameter wa® = 35 mm. An optional diverging nozzle (quarl) downstream the fuel nomde

employed in most cases to help stabilize the swirling co-fldwe. diverging portion of the quarl
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began 9.2 mm downstream of the fuel nozzle exit. The quarl had a diverlgghangle of 28°

and the length of the conical portion was 47.4 mm. The design of thewasaldased on that of
Beer & Chigier [14] to produce the optimum stabilizing effect ba swirling flow. The

contracted section of the co-flow duct was designed to avoiduamganted flow turbulence
(such as flow separation) and to produce an effectively top-hat tyefwoifile when swirl was

not added to the co-flow stream.

The fuel was 99.5% pure ethylenex{z). Ethylene was selected as the fuel due to its
easy ignitability and high sooting tendency, which facilitated divestialization of the flame.
The flow rate of the injected fuel under steady injection conditiwas monitored by a digital
flow meter,OmegaModel FMA1826, to ensure a fuel injection velocity that correspotml &tk
desired Reynolds number. The fuel nozzle tube had a length of appreyidat to allow for a
fully-developed turbulent velocity profile at the nozzle exiteacsteady injection velocity was
achieved [48]. The fuel flow was controlled by a fast-respondéQus) solenoid valveRarker
Hannifin model Series 9, actuated in an on-off (rectangular wave) fashion fogeaaimjection
times and jet-off times. A similar fuel injection techniquaswemployed in previous research on
non-swirled, strongly-pulsed flames [54]. The injected volume asedcrath the overshoot and
oscillations was measured to be less than 3% of the total. Agounsly energized igniter wire
(= 76 um in diameter), situated 2 mm downstream of the fuel nozzlertgured ignition of all
injected fuel. The igniter wire was madekdinthal material for its high temperature resistance
without creeping or rapid oxidization. Igniter wires near thel fiozzle tip in non-swirled,
strongly-pulsed turbulent jet flames have been shown to have negligipact on the

configuration on these flames [7].
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The co-flow oxidizer was standard room air, consisting of 21%@a@l 78% N by
volume. The air was supplied by a building laboratory compressexyayly, with a flow rate
measured using a pressure gauge and two rotameters. Thisydslgeem ensured a steady
supply of co-flow oxidizer during the experiment (the airflow was mmtdulated in this
research). The amount of supplied air varied by less#Hz¥. The co-flow swirl was achieved
by a combination of axially- and tangentially-injected air dr@lamount of axial and tangential
air was controlled by the two rotameters, respectively. Thal ar was delivered to the
combustor through four inlets (0.72 cm I. D.) at the base of the comlaumstaronditioned by a
perforated plate and a honeycomb section (1/8” cell size, 1” thicloh@sn in Fig. 2.1. Four
tangential air inlets with inner diameter of 0.79 cm were locdi®.8 cm upstream of the
combustor diverging exit. The exhaust gases from the combustor gndxeess air were
discharged into an exhaust fume hood. All reactants were unhekted300 K) and all
experiments were conducted at atmospheric pressure.

To minimize complications in the swirling flow, such as jet psston, possible acoustic
instabilities, and an outer recirculation zone due to the presencenéihement [55], an
unconfined combustion environment was used in the current study. In oreeute reffects of
possible room disturbances on the flame, the combustor was surroundedidesaby a fine

mesh wire screen cube (60 cells per square inch) with each side 1 m x 1 m.
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Figure 2.1 — Schematic of the swirl, pulse combustor.
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2.2 Flow Conditions

The Reynolds number of the flame was based on jet-on conditionsfaetim®zzle exit.
A Reynolds number oRege = 5,000, corresponding to a nominal, steady jet velocity of
Ujet = 22.2 m/s at the exit of the fuel nozzle, was used for all Brpats. This Reynolds number
ensured that the fuel jet was fully turbulent [48]. Although Hersnaet al [54] reported that
the fuel injection technique employed in the current study resufiea certain amount of
velocity overshoot and oscillations, the amount of those was desalthan 3% of the total) and
thus the jet-on velocity was essentially constant during each injectiovainter

The injection timeton, in this work ranged from 11.3 ms to 155.7 ms. It has been shown
that the injection time governs the nature of isolated turbulemhef structures and the
dimensionless injection time parameters (U,-etton/d)l’e’, effectively characterizes the structure
of the puffs in strongly-pulsed flames [48]. The paramitisrsimilar to the “formation number”
employed by Gharilet al [101] and Kruegeet al [102] to characterize the dependence of
vortex-ring formation on the stroke length of the piston generdhtiaging. In addition, this
parameter has been shown previously to characterize the visgtd & strongly-pulsed flames
consisting of isolated puffs [48]. For ethylene/air flames wittsoitl, P = 8 is the approximate
upper limit for compact, individual puff-like flame structures, witile higher values d? lead
to elongated turbulent flame structures, not puff-like but rathemtelsesegments of a steady
flame [7]. The lowestP value to be investigated in this work wBs= 5, corresponding to
ton = 11.3 ms; the highest wls= 12, corresponding tig, = 155.7 ms.

The jet-off timetof, is directly connected to the degree of the flame puff intieraf48].
The initial separation distance between flame puffs in the woeaiithe fuel nozzle exit scales

with the product of jet-off time and the jet exit velocity. §helation along with the fuel nozzle
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diameter can be used to define a dimensionless jet-off timamptea rof = Ujedor/d. A
dimensionless jet-off time afys = 444 has been observed, for strongly-pulsed flames without
swirl, as a threshold value between isolatgg X 444) and interactingdi < 444) flames puffs
[48]. Those flames without swirl are considered here as aibaselse. The jet-off time in this
work ranged frontes = 10 ms {oir = 111) toter = 100 ms £ = 1110). The injection times and
jet-off times as well as the corresponding values of their dimeless parameters are
summarized in Table 2.1.

The corresponding injection frequency, depending on the injection time anet-thfé
time, varied from 3.9 Hz to 47 Hz. These injection frequencies I¢idetealue of the Strouhal
number at injectionSt = fd/Ujer, ranging from 3.5 x 16to 4.2 x 10’ These Strouhal numbers
were far below the criteriorS(~ 0.25) associated with the natural instability in the near-field
region of the jet, so the phenomena described here were esgatd@upled from the natural
instability of the momentum-driven jet [56, 57].

One consideration in the case of strongly-pulsed diffusion flaménétsher the flame is
driven primarily by buoyancy or by momentum. Becker & Yamaza®] [nvestigated the effect
of buoyancy forces on the characteristics and structure of é&mntonbnpremixed jet flame. The
effect of buoyancy can be characterized using the parametep.dgpieUiec)"3(L/d), wherep,
and pje; are the density of the co-flow and the fuel jet, respectivglys the gravitational
acceleration, and is the flame length. Faf, < 2, the flame is considered to be momentum-
driven and foré&. > 10, it is considered to be buoyancy-driven. For the steadyedlamthe
present study = 6.9, thus indicating that the steady flames were likely piiyneuoyancy
driven. This argument would not necessarily be expected to hold dogktrpulsed flames. In

these flames, if anything, the transition to buoyancy-dominated dccurs for values less than
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¢ =10 because of the loss of jet momentum due to the rapid entrairmdemi>ang of ambient
air that occur for widely spaced puffs. Alternatively, the buayaeffect in strongly-pulsed
flames can be determined by a local, bulk Richardson nurber,(pa — p(z)96(z)p(z)c(z5,
wherep(z) is the gas density in the flame structué&) is the maximum width of the puff
structure, ana(z) is the convection speed of the center of the structure [7]. Invthis, except
the region near the nozzle, most of the resulting values of Rsdranumber were much higher
than 0.05, a threshold value where buoyancy effect became more dorbBjaftherefore, the
majority of the flames considered here were expected to be buoyancy driven.

Two co-flow volumetric flow rates, 2.5 SCFM (.18 L/s) and 3.5 SCFM:(1.65 L/s),
were employed in the study, and provided an overall air/fuel volatne of 16.92 and 23.69,
respectively, based on steady fuel injection conditions. The stoichmioragtfuel ratio, %, on a
volume basis, for an air/ethylene flame is 14.34, indicating thfiaales studied here were fuel-
lean, with more than sufficient air from the injected co-flanfully ventilate the flame. The
coaxial swirl was produced by a combination of axially- and tatmegjey/-injected air. The swirl
level, quantitatively represented by a swirl numiSesvas controlled by varying the ratio of the
volumetric flow rate of the tangential air to that of theakxir [33]. The swirl number and the
associated volumetric flow rates of the axial and the tarajeaiti are given in Table 2.2. The
swirl number is commonly defined as the ratio of the flux of angulamentum Gy) to that of

axial momentum@y) at the throat of the combustor, divided by the throat ragi{&, 14]:

G
S=—¢ Eq. 2-1
G.R
R
G, =[pU U, r2m dr Eq. 2-2
0
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R
G, = pU 2 dr Eq. 2-3
0

whereU,, Uy are the axial and azimuthal components of the mean velocities respectively.

In this work, hot-wire anemometry was used to measure the tyetmsnponents of the
swirling flow at the throat, which subsequently can be appliecterichine the swirl number. A
single hot-wire sensor probe, 5Qué& in diameter, was placed in the throat of the combustor
without the fuel nozzle installed to characterize the swirllse\Ry rotating the probe 90 degrees
along the combustor axis, both the mean axial and azimuthal velamatiebe measured. The
radial component of the mean velocity at the throat was relatsrefll compared to the other
two components [60, 61], and was taken here to be negligible. The drgmalthe probe were
analyzed by theDantec Model 54T30 miniature constant-temperature anemometer. Time-
averaged velocity surveys at the combustor throat are shown in Figed@R. point plotted
represented the ensemble average of 6,000 velocity samples. The padsswot is seen to
modify the axial velocity profile. The radial shift of the locatiof the maximum axial velocity
indicates the spreading of the flow due to swirl. The meanwbkahvelocity profile shows an
increasing trend with the increasing swirl level, as expedibd. nearly-linear growth of the
azimuthal velocity with radius is suggestive of a forced vortex,istamg with Guptaet al’s
study [9]. The mean axial and azimuthal velocity profiles wieea humerically integrated along
the radius of the throat to produce the swirl number, as defined in Eg. 2-1.

Another characterizing feature of the swirling flow is the decay oifritb@n axial velocity
along the combustor centerline, as shown in Fig. 2.3. The dashed linstesdice location of
the quarl exit. The rate of centerline velocity decay iregsaas the swirl level is increased,
implying an increased rate of entrainment and spreading ofaivebf} the introduction of swirl.

Although the accuracy of a single-sensor probe in measuringetiteriine velocity in the
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downstream regions of a swirling flow is difficult to ascertalue to the complex and three-
dimensional velocity field, the centerline velocity decay measheee is consistent with other
studies of swirled flow that employed LDV (Laser Doppler Vetery) for determining the
velocities [62, 63]. The stabilizing effect of the quarl on the swirling fiag also characterized,
as shown in Fig. 2.3. The more rapid decay of the centerlineityelatien the quarl is present,
is consistent with the effectiveness of the quarl on the statidn of the swirling flow. For this
reason, all experiments in the current study were performedheatpresence of the quarl unless
specified otherwise. A similar characterization was alsoiechrout for swirling flows with
different volumetric flow rates; those results are shown in Eig. For swirling flows with a
comparable swirl number, the normalized centerline velocity ashabquite similar decay with
downstream distance for the two different air flow rates, wthike rate of velocity decay is
slightly higher for flows with the higher volumetric flow eatAn increased rate of the centerline
velocity decay may suggest an even more increased rate aher@nd Accordingly, flames
with varied both co-flow flow rates will be conducted in this whirlstudy the effect of co-flow

strength on behaviors of swirled, strongly-pulsed flames.
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Injection Time, Dimensionless Jet-Off Time, Dimensionless Jet
ton (MS) Injection Time,P torr (MS) Off Time, 7o
11.3 5 10 111
19.46 6 20 222
46.13 8 40 444
90.1 10 100 1110
155.68 12

Table 2.1 — Fuel jet injection conditions. The nominal fuel jevelocity is 22.2 m/s during
injection; Reynolds number= 5,000.

Total Co-Flow Air Flow Rate: Total Co-Flow Air Flow Rate:
Qair = 2.5 SCFM Qair = 3.5 SCFM
Swirl Axial Air Tangential Air Swirl Axial Air Tangential Air
number Flow Rate Flow Rate number Flow Rate Flow Rate
S (Unit: SCFM) | (Unit: SCFM) S (Unit: SCFM) | (Unit: SCFM)
0 2.5 0 0 3.5 0
0.15 2.0 0.5 0.15 2.8 0.7
0.41 1.8 0.7 0.44 2.5 1.0
0.87 1.3 1.2 0.87 1.8 1.7
1.61 0.7 1.8 1.64 1.0 2.5

Table 2.2 — Swirl number and its associated volumetric flow rate of axially- and
tangentially-injected co-flow air.
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Figure 2.3 — Normalized centerline velocity along downstream dence for flows for
various swirl strengths, both with and without the quarl. The volumetric flow rate is 2.5
SCFM.
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Figure 2.4 — Normalized centerline velocity profiles with dowstream distance for different
swirl strengths and volumetric air flow rates. The quarl is presentdr all conditions.
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2.3 Diagnostics

2.3.1 High-Speed Video Imaging

Images of the flames were acquired using an 8-bit black and ®Ki2 array with a
spatial resolution of 1.8 mm/pixel at a framing rate of up to 400 frames/second. Theraam
was aKodak Megaplugamera Model ES 310 Turbo withCmputarlens Model T2Z1816CS.
The camera’s maximum image size was 648 x 484 pixels at 8%higswas reduced to
320 x 101 pixels at a framing rate of up to 400 fps. The primary luminosity in thess fiacthee
to radiating soot, which is roughly associated with the localiceastrfaces [64]. The 400 fps
framing rate was sufficiently high to allow for both the wete determination of the flame
length, even for the shortest injection time in the current stadky also allow for the detailed
study of the interactions between flame puffs.

The flame length for each flame puff was determine®pgtlight an imaging tracking
program developed by NASA, which effectively tracked the most dogarst elements of the
luminous flames as they approached burn-out. A luminosity level of 1B&l{af the pixel
depth of an 8-bit grayscale image), where the luminosity hadharpest spatial gradient [48],
was chosen as the threshold for the flame edge determinatiorensbmble average of these
measurements was referred to here as the mean flame [Ehgtmeasured mean flame length
had an estimated error of 5-7%, depending on the test condition, basedstantiad deviation
in the measurement.

The motion of the luminous flame structures was investigatethdyisual tracking of
the time-resolved image sequences. Each 2-D flame image, také® dps, was effectively

rendered through time, in a similar approach as 3-D volume rendering, butioras the third
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dimension [65]. The volume rendering was performed by the volumdéia visualization
software,Slicer-Dicer by PIXOTEC LLC A 2-D image was then taken through the time axis
from the created 3-D volume at the flame centerline (i.e.e¢h&dine of the fuel nozzle). Thus,
this 2-D image showed the evolution of puffs with time at the demeof the fuel nozzle. The
celerity of the turbulent flame puffs (i.e. the bulk velocity offgufvas measured from the slope
of the flame edges at various locations in the image. An exavhpihe 2-D image fronslicer-
Dicer is shown as Fig. 2.5. The error of the measured flame pl#fity was approximately 9-

18% based on the standard deviations of the measured values.

y |. .“.
O i
Z, COMbUSEOr aXis | Sy e

t, time axis

Figure 2.5 — Two-dimensional slice inZ t) of a flame luminosity. The injection conditions
wereP = 6 andzyy = 111.
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2.3.2 Emissions Measurement

Measurements of emissions were performed using standard ie@misanalyzers
combined with an aspirated sampling probe located downstream of thke ¥ilame tip. A
schematic diagram of the emission system layout is shown irRF6gA chiller was to remove
water from the sample gas stream and patrticle filjgrsgcale) were used to eliminate soot. The
concentrations of NO and the total N@ere measured using hermoElectronModel 42C
chemiluminescent analyzer. The levels of CO were determined Gwlifornia Analytical
InstrumentsModel 602P non-dispersive infrared analyzer. The analyzer was@lgmped with
a paramagnetic oxygen detector for the measurement of oxygenntatioa. Emissions
analyzers were calibrated with a zero gas and various spas \gesea specific concentration
respectively. The zero gas was 99.99% nitrogei (N

The emissions measurements were taken on the centerline of thestorat a location
downstream of the visible flame tip, att 1.8 L; wherez was the downstream distance dnd
was the averaged flame length. A survey of emissions versus damstistance was
performed to ensure that by that downstream location all chiengiaations were complete.
Recording of emissions data commenced 3 minutes after theigtaf every test condition and
lasted for another 3 minutes. During recording, the emissions @aéataken every 30 seconds
to allow for the relatively long response time of the emissiosguments (10-30 seconds).
These data were then averaged as the mean concentration of gm®mpiem which the
Emission Indices were calculated.

The uncooled sampling probe [66] was made of stainless steel. Thehadka tapered

tip with a 3 mm inlet orifice, as shown in Fig. 2.7. In order to coantea possible drift in the
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calibration of each analyzer and improve the accuracy of emissimasurement, the
instruments were re-calibrated approximately every 1-2 hours.

The Emission Index (El) was used to characterize the emigsiels lin this investigation.
By directly comparing the amount of each emissions species tofthiae injected fuel, the EI
effectively takes into account all effects of variable atranment and dilution due to pulsing
[49]. Neglecting any soot downstream of the flame tip and asguthat all the fuel carbon

appears as either GOr CO, the emission index can then be defined as [40]:

- MW
I — XY Eq. 2-4
Xco T Xco, MW,

wherey is the mole fraction of speciesCO, and C@Q respectivelyx is the number of moles of

carbon in a mole of fuel €l,, andMW andMW; are the molecular weight of specieand the
fuel, respectively. The uncertainty in the emission indices w&86, based on the standard

deviation from the measurements.
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Figure 2.6 — Schematic of emissions measurement system.
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» <« 3 mm

Figure 2.7 — Schematic of emissions sampling probe [48].
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2.3.3 OH Planar Laser-Induced Fluorescence (PLIF) Imaging

The arrangement of OH PLIF imaging system is shown in Fig.Th8.PLIF system
consisted of an Nd:YAG laser, a dye laser with a frequen@nsiin unit, laser sheet forming
optics, an intensified CCD camera, and appropriate opticalsfiliehe Nd:YAG laser was a
Spectra-Physic8lodel GCR-130 operated at a wavelengtii ef 532 nm with a repetition rate
of 10 Hz and a pulse duration of 6-8 ns. The output beam at 532 nm had ay @herg
approximately 200 mJ per pulse. The dye laser, pumped by the Ndia&&G waContinuum
Model ND6000 with a wavelength tuning range of 420-590 nm, depending on ¢cdasebf
laser dye. For the current research, the laser dye was Rimmdé&@i(also known as Rhodamine
590) dissolved in methanol. The output of the frequency-doubled dye lasat wagavelength
of around 283 nm, with an energy of approximately 10 mJ/pulse. Theiceleftthe Q(6)
excitation line (283 nm) at the transition band GEA(' = 1) — XII (" = 0) was to provide
reasonably strong OH PLIF signals while minimizing the Boétmm population sensitivity to
temperature in a range of 1,400-2,200 K [67]. A brief introduction of Ri&ging and a
discussion of the challenges of performing PLIF in hydrocarbodeduiames is found in
Appendix A.

To allow for spatial PLIF imaging, the laser beam was edpd into a laser sheet, with
approximately 15 cm in height and estimated @@0thickness at the center of the imaging plane
(i.e. the fuel nozzle centerline). The sheet forming optics cods$tevo fused-silica cylindrical
lenses with focal lengths of 40 and 1000 mm respectively. The daset inhomogeneity was
taken into account in processing the PLIF images by using anagé consisting of the laser-

induced fluorescence of a volume of uniform acetone vapor [67]. Howevetengpatvas made
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to correct for the variation of the sheet intensity along the apagation direction, thus some
laser sheet attenuation across the flame may be present.

The OH fluorescence from the’® (v' = 0) — X1 (" = 0) and the A (v' = 1) — XII
(v" = 1) transition bandsi(= 306-320 nm) was collected by an intensified CCD camera
(Princeton InstrumentModel PI-MAX2, 512 x 512 pixels) equipped with an UV 105 niih.0
lens UKA Optic9. The camera, placed orthogonally to the laser sheet, wabkiitte a \WG-305
and UG-1 glass filters to reject the flame luminosity azattering from the incident laser sheet.
Any unwanted signal can be further diminished by setting the exptisigdo be as short as 20
ns. The field-of-view was set to be about 79.4 x 79.4 mm, which pasaky sufficient to
image the full width of the flame at the location of its maxm width. This allowed imaging of
a region of flames extending over 75 jet nozzle diameters,yingplthat a maximum of
approximately five image planes will suffice to image the entgions of all the flames in this
study. To improve the signal-to-noise ratio (S/N ratio), each4 pixel region was spatially
averaged (data binning) [68], resulting in a spatial resolution ofu6#Pixel. The camera was
synchronized with the laser pulse, with the laser being the nmadstk. Although the available
Nd:YAG pump laser was limited to a pulsing rate of 10 Hz, theRQHF imaging on strongly-
pulsed flames can be carried out by phase-locking the laser jet ihgection (i.e. the initiation
of the jet injection was triggered by the laser pulse).

In this work, the OH radical was primarily used as an approximat&er of the reaction
zone and the OH PLIF imaging was to study the reaction zams®. The imaging regions of
OH PLIF are shown in Fig. 2.9. For steady flames, the OH Rh#ging was employed to cover
the entire flame, while, for strongly-pulsed flames, the imaginQH PLIF was only performed

at two downstream regions of LOCand LOCII, due to the lack of OH signal downstream of
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the relatively short flame length of strongly-pulsed flamdse Taser energy was monitored
before and after the image acquisition for each test condition andatia¢ion in laser energy

was found to be less than 2%.
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Figure 2.8 — Schematic of the OH PLIF imaging system.
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Figure 2.9 — Sketch of OH PLIF imaging regions.

37



CHAPTER 3

TURBULENT FLAME STRUCTURE

One goal of the current research is to study the large4srhldent structure of strongly-
pulsed flames with the presence of a swirling co-flow. THecefof swirl on the structure
dynamics of turbulent jet flames, including steady and stropglsed flames, is presented and
discussed in this chapter. Steady flames, both with and withoul, snér discussed first,
followed by strongly-pulsed flames with and without swirl. Fworsgly-pulsed flames, several
important factors, such as the fuel injection conditions, the co-flow strengttheaaddition of a
qguarl are discussed. Three scaling relations are presentecbimathe impact of the volumetric
fuel-to-air flow rate ratio and swirl on the visible flanemdjth. All of the results presented here

are with the presence of the quarl, unless otherwise stated.

3.1 Structure of Steady Flames with/without Swirl

The flame length of a diffusion flame, in general, is consdeio be the distance
required to entrain sufficient oxidizer to dilute the fuel to ttwechiometric ratio, the dilution
being primarily governed by the rate of oxidizer entrainm@8}.[That suggests that altering the
mechanism by which the oxidizer is entrained and mixed withudglecn significantly modify
the flame length.

Representative images of turbulent steady flames, both with ahduivihe quarl, with
different swirl levels and with two volumetric co-flow flowtea are shown in Fig. 3.1. A typical
long and slender turbulent jet flame structure is observed for wioled flames. A gradual

decrease in the visual flame length with the increased vl is apparent for both co-flow
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flow rates employed here. In addition, the flames with swels@en to become somewhat wider
with increasing swirl, specifically with the high co-flooW rate and with the addition of the
quarl, as can be seen in Fig. 3.1. The swirled flames alsorajgpeahibit a somewhat more
convoluted flame surface than non-swirled flames. The effect iof @wthe normalized length
of steady flames is quantified in Fig. 3.2. The maximum reégluah the visible flame length is
up to 35% for a swirl number & = 1.6 with the quarl present. The shorter flame length with
increasing swirl suggests an increased rate of entrainment duerl, and implies that the rate
of entrainment in swirled flames can be varied by controllegamount of swirl. A comparable
result was also found in Chen & Driscoll’s study [11] for a samihass flow rate ratio of fuel to
air, but for a different fuel and Reynolds number.

For non-swirled steady flames, the variation in the stren§tco-flow employed in the
current study is not seen to have a significant impact on the flangth. Chen & Driscoll [51],
by contrast, reported that an increased coaxial flow can @gggnificant reduction in flame
length. One difference between that work and the current sfuitiye choice of fuel. Ethylene
was used as the fuel in the current study with an airgbyfelocity ratio of 0.05 and 0.08 for a
co-flow of 2.5 SCFM and 3.5 SCFM, respectively. By contrast, Ch&rigcoll used hydrogen
and methane fuels, observing reductions in flame length of 18% ande3pectively, for a
similar range of air-to-fuel velocity ratio employed he@ne possibility accounting for the
difference could be the ventilation condition of flames. All flames in theotstudy were over-
ventilated, e.g. the volumetric fuel-to-air flow ratio was beltw stoichiometric fuel-air ratio;
however, most flames in Chen & Driscoll’s study [51] had a foadit flow ratio that exceeded
the stoichiometric ratio. In addition, with the similar fuel nozdlameter employed in their

study and the current work, the relatively low density of hydiogied methane implies that a
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given Reynolds number (5,000 in both studies) led to a higher jet velocity; hence a larger
increase in the amount of co-flow air within an identical rapigair-to-fuel velocity ratio, than

for the case of ethylene fuel. This large increase in tleuatof co-flow air, implying more air
dilution, can be expected to result in a shorter downstream distaeded in order to dilute the
fuel to stoichiometric proportions [74], thus leading to a more obviouatiariin flame length.

In any case, results reported in the current study and observaton€hen & Driscoll’'s study

are both in agreement with the analytical formulations of DahiMa§man’s analysis [70] on
the effect of coaxial air on the length of a turbulent non-premixed flame.

The addition of the quarl has a negligible impact on the flameHdogthe non-swirled
flames studied here. It should be pointed out that since the amount ad-floev in all cases
reported here is sufficient to significantly over-ventilateftame, air from the surroundings has
little impact on the flame in the vicinity of the combustont @kane when the quarl is not present.

For swirled, steady flames, the co-flow strength is sedmate an impact on the flame
length, an effect not observed for the non-swirled cases mentionadystg. For most cases
studied here, swirled flames with the higher co-flow flote &@.5 SCFM) are shorter than those
with the lower co-flow flow rate (2.5 SCFM), regardless of thespnce of the quarl. In general,
a greater reduction of 8-10% in flame length is observegvioted flames with a co-flow of 3.5
SCFM than for those with 2.5 SCFM.

The volumetric flow ratio of fuel to air has been shown to have ancingmathe flame
structure of swirled diffusion flames [11,37]. In Chen & DriscoBwidy [11], lowering the
volumetric fuel-to-air flow ratio by decreasing the flowteraf the fuel, while keeping the air
flow rate fixed resulted in a shortening of the flame by approximatély 2@ a given swirl level.

Although a detailed explanation of that observation was not provided, uttg stipports the
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argument that the mixing for swirled flames depends not onhheriuel flow conditions, but
also on the air co-flow conditions [9]. In the current study, dekrgdke fuel-to-air flow ratio
was achieved by increasing the volume of the co-flow air. Fiaed swirl number, an increased
air flow leads to a higher angular momentum flux and a highgular velocity, which could, in
turn, increase the turbulence level [14], leading to an increasednergrd and mixing and
resulting in a shorter flame.

In addition to the impact of co-flow strength on the flame lergt swirled flames, a
greater reduction of flame length, up to 10%, is seen for sMidenes with the presence of the
qguarl than those without the quarl (see Fig. 3.2). The effect of treengeometry on the flow
pattern of a swirling jet was reported by, for example, Be€higier [14]. Their study suggests
that the use of a divergent nozzle has a combined effect of stapittee swirling flow and
increasing the recirculating mass flow rate. Based onitidenf), the addition of the quarl in the
current study is believed to improve the stability of the sfho and favor the formation of a
recirculation zone for a sufficiently strong swirl [9, 14]. @h& Driscoll [11] have shown that
the air engulfment mechanism within the recirculation zorgnmslar to that in an eddy in a
shear layer proposed by Broadwell & Breidenthal [100] while theackexistic velocity and
length scale of the recirculation zone could be larger, compardtbse of an eddy. Swirl and
the accompanying recirculation zone tend to increase the turbutetieeflow field [9] and are
expected to improve, in turn, the rate of oxidizer entrainment anghgniresulting in a

shortened flame length.
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Figure 3.1 — Instantaneouwisual flame images of steady flamewith different swirl levels

for co-flow strengths of2.5 and 3.5 SCFM. (a) With quarl; (b) without quarl. The image
height is 57.9 cm.
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Figure 3.2 — Impact of swirl on the normalized visual flame legth of steady flames, with
and without the quarl, for co-flow strengths of 2.5 and 3.5 SCFM.
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3.2 Structure of Strongly-Pulsed Flames with/without Swrl

Distinctive types of flames are shown in Fig. 3.3 for various figedimes with co-flow
strengths of 2.5 and 3.5 SCFM and different swirl levels, and in FidoBvérious jet-off times,
respectively. The non-swirled strongly-pulsed flames exhibielangated structure for high
injection times P > 8), similar in behavior to that of steady flames; while,dbort injection
times P < 8), flames appear to be more compact and have puff-like struaiegending on the
jet-off time. Flames with interacting structures:(< 444) have a relatively longer flame length
than those with isolated puff structuresy (> 444), presumably due to the more competition
between the flame puff and its neighboring structures for thikableaoxidizer, resulting in a
decreased rate of entrainment [71], leading to a long flamehleRgr a fixed jet-off time, a
shorter injection time implies a smaller injected fuel volurhestresulting in a shorter flame
length. Flames with a relatively shorter flame length asour with relatively longer jet-off
times for a fixed injection time, due to the decreased compekigdtmeen flame puff structures,
resulting in an increased rate of entrainment and a shortez feargth. All of the results on the
flame structure of strongly-pulsed flames without swirl gopliaable to both of the co-flow
strengths applied here and are fully consistent with the previoaarceson these types of
flames [48], for a different co-flow strength and combustor gegmAtricording to Hermanson
et al [7], a dimensionless injection time Bf= 8 is a threshold value between elongated @)
and compact, puff-likeR < 8) flame structures; while the dimensionless jet-off time®f 400
is the threshold value for interacting#< 400) and isolated:{; > 400) flame puff structures,
very similar to the results reported here.

As seen in steady flames, a decrease in the visible flame lengtbrajlg-pulsed flames,

due to swirl, is evident in Fig. 3.3 and Fig. 3.4 for all injection comaiti Although swirl is seen
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to decrease the flame length of strongly-pulsed flames, tpacinof swirl on the length of
strongly-pulsed flames can depend on the injection conditions and tHewcastfength, as
discussed later in this chapter. Similar to steady flastemgly-pulsed flames with swirl appear
gualitatively to exhibit a somewhat more convoluted flame surtamapared to the cases
without swirl, in particular for flames with a strong swif € 1.6) and the higher co-flow
strength. At a given swirl level, flames with long injection @an(i.e. flames with elongated
structuresP > 8) exhibit a similar structure to that of steady flamesaddition, the length of
flames with elongated structures seems to be impacted mawildythan that of flames with
puff-like structures R < 8). For flames withP < 8, increasing the swirl level froif8 = 0.4 to
S= 1.6 seems to have comparatively little impact on the heofgthese flames, regardless of the
jet-off time. Explanations accounting for these observationshailprovided in Section 3.2.2

along with the quantitative measurement of the visible flame length.
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Steady

2.5 3.5 2.5 3.5
SCFM  SCKFM SCFM  SCKFM
S=041 S=0.44 S=161 S=1.64

Figure 3.3 — Representative nstantaneous flame images with different injectiontimes,
different swirl levels, and two c«flow flow rates of 2.5 and 3.5 SCFM. Th dimensionless
jet-off time for all the cases of strongl-pulsed flames isros = 111 { = 10 ms. The image
height is 57.9 cm.
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Steady

Toff = 111

Toff = 222

Torf = 1110

2.5 3.5 2.5 3.5
SCFM  SCKFM SCFM  SCKFM
S=041 S=044 S=161 S=1.64

Figure 3.4 — Representative nstantaneous flame images with different je-off times,
different swirl levels, and two c«flow flow rates of 2.5 and 3.5 SCFM. The dimensioaks
injection time for all the cases of strongl-pulsed flames isP = 8 (o = 46.17 ms). The imag
height is 57.9 cm.
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3.2.1 Impact of Swirl on Flame Puff Separation

For strongly-pulsed flames, the separation between a given flaufie and its
neighboring structures is mainly governed by the jet-off time.s Td@paration has been
considered as an indication of the degree of competition between suftit the entrainment
of the available oxidizer, as mentioned previously. In addition to thaffij¢ime, swirl is also
seen to have an impact on the flame puff separation. Examinattbe gideos showed that the
separation distance between adjacent puffs at a given point igdleenas generally decreased
by swirl and further decreased with increased co-flow sthefata given swirl level. Time-
resolved image sequences of the flame luminosity for a typitadaicting flame structure are
shown in Fig. 3.5 for different levels of swirl. The high-speed visual imagingh as that shown
in Fig. 3.5) indicates both a decrease in flame puff separatidnaadecrease in flame puff
celerity with increasing swirl. The decreased celerityuaffs is consistent with a more rapid
momentum exchange between the fuel jet and the surrounding co-ftpwuggesting an
increased rate of air entrainment due to swirl. However, thetejfeswirl on the entrainment
could be limited by the nature of strongly-pulsed flames. Spatlifj for strongly-pulsed flames,
a decreased separation would be expected to result in a strongestition between flame puffs,
leading to a decreased rate of oxidizer entrainment and mixihgihds, the amount of such an
increase in the rate of entrainment due to swirl could be lintijethe decreased flame-puff
separation. With sufficiently strong swirl, the flame puffpa@ation becomes almost
indistinguishable in strongly-interacting flames:(< 222) and these flames appear to resemble
steady flames, as shown in Fig. 3.5. In addition, the co-flomgtineis also seen to have an
impact on the flame puff separation for strongly-pulsed flamets, with and without swirl. The

effects of co-flow strength on the flame structure of stropgiged flames, both with and
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without swirl, are discussed further in Section 3.2.3. The celdrittyeoflame puffs is discussed

further in Section 3.4.
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(@)

(b)

Figure 3.5 —Sequence of flame luminosity through a typical injetion cycle of strongly-
pulsed flames, both with and without swirl, with irteracting flame structures. (a)Co-flow
2.5 SCFM. (b) Coflow 3.5 SCFM. The injection conditions areP = 8 and oz = 111. The
time interval between each image is 12.5 ms and timage height is 57.9 cn All results are

with the quarl present.
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3.2.2 Impact of Swirl on Visible Flame Length

For non-premixed flames, the flame length serves as a goaatiidi of the overall rate
of entrainment, with a shorter flame length suggesting a magel rate of entrainment and
mixing [69]. The normalized flame length for strongly-pulsed flaymsoth with and without
swirl, with various injection conditions is quantified in Fig. 3.6 vatlo-flow of (a) 2.5 SCFM
and (b) 3.5 SCFM. In the current study, the flames with swirlcaned to be 4-34% shorter than
non-swirled flames for the same injection conditions, depending on tHewatrength. The
imposition of swirl is found to have a relatively stronger eff@ctthe flame length of steady
flames than that of strongly-pulsed flames, as shown in Fig. 3.@ddition, the length of
strongly-pulsed flames seems to be impacted more by fwiHigher injection times than for
shorter injection times, as seen in Fig. 3.6. For example, stizadgs with a co-flow flow rate
of 2.5 SCFM have a reduction of 15% in flame lengtls at 0.41; a further increase in swirl
level fromS=0.41 toS= 1.61 appears to lead a reduction in flame length up to 24%. Howeve
such increased swirl level only leads to 7% more reduction mefleength for flames with
P = 10 and no apparent decrease in flame length is evidenafoedl withP < 8 when the swirl
level is increased fror8 = 0.41 toS= 1.61. Similar observations are also made for flames with a
co-flow flow rate of 3.5 SCFM. These effects are explained below.

The relatively weaker effect of swirl on the length obsgly-pulsed flames compared to
the steady flames could be due to a combination of 1) the réjagiverter residence time and 2)
the lesser amount of heat release (due to the smaller voluthe ofjected fuel) of strongly-
pulsed flames than that of steady flames. Regarding gteofiint, flames with relatively longer
injection times P > 8) exhibit a relatively longer flame length, suggestingrayér residence

time for fuel to interact with the swirling co-flow airdding to a greater decrease in flame
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length than those with relatively shorter injection timBs<( 8). On the second point, for
strongly-pulsed flames, the injected fuel volume, directly gowklethe injection time, affects
not only the residence time of interaction between the fuel andddilew air, but also the
amount of heat release, which could in turn affect the flow ndation and thus mixing and
flame length [33]. Specifically, Tangirakt al [33] found that increasing the amount of heat
release resulted in a number of benefits, including an incredise racirculation, the turbulence
levels, and the flame stability. They suggested that heaseeleelps to drive the recirculation
due to the gas expansion due to combustion.

Although swirl was seen to result in a decrease in the flanfies@pération, the impact of
swirl on the flame length, in most cases, was similaeémh value of the jet-off time, as seen in
Fig. 3.6. The similar impact of jet-off time on the flaneagdth of strongly-pulsed flames, both
with and without swirl, suggests that the degree of competitiomeleet flame structures has a
similar, significant impact on the flame length of stronglysed flames, regardless of the co-

flow swirl.
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Figure 3.6 — Normalized flame length of strongly-pulsed flames,ath with and without
swirl, for various injection conditions, with a co-flow of (a)2.5 SCFM. (b) 3.5 SCFM. All
results are with the quarl present.
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3.2.3 Impact of Co-Flow Strength on Large-Scale Flame Structure

The co-flow strength is found to have an impact on the flame pp#raton and the
visible flame length of strongly-pulsed flames, both with and witbaurl, as shown in Figs. 3.5

and 3.6.

e Impact of co-flow strength on non-swirled, strongly-pulsed flames

For non-swirled, strongly-pulsed flames, the separation betweenre flanffs for
interacting flamesz{s; < 444) is seen to increase slightly with increased co-floangth, as seen
in Fig. 3.5. The increased separation is possibly due to the decetmsadoetween the fuel jet
and the surrounding co-flow air, in that the decreased shear woukpbeted to decrease the
rate of entrainment, leading to less momentum exchange betweeriu¢l jet and the
surrounding co-flow air. Thus, the flame puff would travel downstre&itewetaining relatively
more of its initial injected momentum, resulting in a higheersl leading to the observed
modest increase in separation between flame puffs.

In addition, it is found that the higher co-flow strength resultea irelatively greater
increase in flame length for isolated puff-like flamBs<(8) than for elongated flameB ¢ 8), as
seen in Fig. 3.6. As the value increases (beyoitd= 8) and more elongated flames result, the
sensitivity of the mean flame length to the co-flow stremigitreases markedly, regardless of the
jet-off time. The effect of non-swirling co-flow on the length radn-swirled, strongly-pulsed
flames was also studied by Hermansoml [72], who reported little impact of co-flow strength
on elongated flames. It is also found in the current study thalafoe$ withP < 8, the co-flow
strength has different degrees of impact on the length of fleses with interacting and

isolated flame puff structures, depending on the jet-off time. flHmee length is found to be
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somewhat less sensitive to the co-flow strength for flam#shighly-interacting puff structures
(rof < 111) than those with more-spaced puff structuegg X 222) for P < 8. All of the
dimensionless jet-off timeszf) in Hermansonet al’s study [72] were around 3,000,

considerably larger than the maximum value,gf 1110 in the current study.

e Impact of co-flow strength on swirled, strongly-pulsed flames

As seen in Fig. 3.5 and in Appendices B and C, increasing the catflemgth generally
decreases the separation between flame puffs for swirled, stronglg-flalses for a fixed swirl
level. A similar cause described in Section 3.1 could account fordduseased flame puff
separation. That is, for a fixed swirl level, the higher co-fiivength would result in higher
angular momentum than the lower co-flow strength, which could, ininargase the turbulence
in the flow, leading to an increased rate of entrainment, resultimgmore rapid momentum
exchange between the fuel jet and the swirling co-flow. Thus, aked separation between
flame puffs, due to the increased strength of co-flow, could be expected.

A decrease in flame length up to 14% is observed for the high#owostrength,
depending on the fuel injection conditions and the swirl level. In caritra®n-swirled flames,
the flame length of swirled, strongly-pulsed flames,Ro¥ 8, is found to be more sensitive to
changes in the co-flow strength than thatRor 8, regardless of the jet-off time. FBI< 8, the
strength of co-flow has a proportionally greater impact on theeawith interacting structures
(7ot < 444) than the flames with isolated flame putfs & 444). The impact of co-flow strength
on the mean flame length of swirled, strongly-pulsed flamadugily decreases as the value of
P decreases, as seen in Fig. 3.6.

The different sensitivities to co-flow strength for interactitagnes and isolated flames,

both with and without swirl, could be attributed to the combination of theedexf competition
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between flame puffs due to their separation, and the residencauait@ble for fuel to interact
with the co-flow air. For strongly-pulsed flames without swihle tdegree of competition is
presumably highest for flames with closely-spaced, interactingtsres {o < 111). Due to the
high competition, there would be expected to be limited momentum exchatween the fuel
jet and the co-flow air, in which case the flame puffs would beat&gdeo persist downstream
while retaining relatively more of their initial injectionamentum. This effect would not be
expected to be significantly impacted by changes in the codtoangth. On the other hand,
flames characterized by relatively more-spaced flame ategcthat occur for,s > 222 would be
expected to have a more rapid momentum exchange with the surrourtliags, the relative
lack of competition between structures for the surrounding co-flop&jr Thus, any change of
the co-flow momentum would affect the momentum exchange betweémethend the co-flow
relatively more strongly for these flames, and would thus restiite observed changes in flame
length. The available residence time for fuel to interadt e swirling co-flow will be directly
related to the distance the flame puffs travel before burnfbetfurther downstream the flames
travel before burn-out, the more impact the swirling co-flow woul@é@xmected to have on the
flames due to the longer residence time. This would be thdaraft@mes with interacting flame
puffs, which exhibit a longer flame length than those with tedldlame puffs for a given
injection time. Similarly, flames with a long injection tirffe > 8) have a relatively longer flame
length, suggesting the longer residence for fuel to interatit thie swirling co-flow air.
Therefore, the high strength of the swirling co-flow would be ebgoeto result in a greater
decrease in the length of interacting flames and flam#s lamg injection times, while having
comparatively less impact on the length of isolated flames antefl with short injection times,

as seen for flames witlyy > 444, and® = 6 andP = 8 in Fig. 3.6.
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3.2.4 Effect of the Quarl on Flame Structure

The addition of the quarl stabilizes the swirling flow and helpsfthmation of the
recirculation zone [14]. The normalized flame length of stronglgguliflames, both with and
without swirl, without the presence of the quarl is shown in Fig(tB& corresponding results
with the quarl present were shown in Fig. 3.6). For non-swirled, syrguiged flames, the
addition of the quarl apparently results in no significant impad¢herflame length, as was seen
to be the case in steady flames. It should be pointed out thaivemyap-flow volume flow rate
sufficient to fully ventilate steady flames will be evewns abundant in providing oxidizer to
strongly-pulsed flames. Therefore, any possible additional airrdiate the flame from the
surroundings when the quarl is absent is not expected to sign¥iedfgtt the flame length of
non-swirled, strongly-pulsed flames.

However, the addition of the quarl does impact the flame lengthrohgty-pulsed
flames with swirl, in a fashion similar to steady flamesshown in Fig. 3.2. The addition of a
qguarl has been suggested to favor the formation of a recicculadne where rapid entrainment
and intense mixing occur [14], as mentioned in Section 3.1. In gererahaximum reduction
in flame length for flames without the quarl is about 23% with strong swiripared to 34% for
the cases with the quarl.

In addition to the impact on the flame length, the presence of theigudsio found to
have an impact on the separation between flame structuresiftadswtrongly-pulsed flames.
Image sequences of typical strongly-pulsed flames with integaftame structures without the
qguarl are shown in Fig. 3.8. As compared to the images in Fig. 3.5 wieegrarl was present,
the separation between flame structures for swirled flam#wuwiithe quarl is more apparent

than those with the quarl and only slightly decreases as sviinpigsed. The more decrease in
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flame length and flame puff separation for the cases withqtlal is consistent with the
increased rate of entrainment and mixing due to the addition of thé gsadiscussed in

Section 3.1.
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Figure 3.7 — Normalized flame length of strongly-pulsed flames,ath with and without
swirl, for various injection conditions, with a co-flow of (a)2.5 SCFM and (b) 3.5 SCFM.
All results are without the quarl present.
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Figure 3.8 —Sequence of flame luminosity through a typical injetion cycle of strongly-
pulsed flames, both with and without swirl, with irteracting flame structures. (a)Co-flow
of 2.5 SCFM. (b) Coflow of 3.5 SCFM. The injection conditions areP = 8 and o = 111.
The time interval between each image is 12.5 ms atite image height is 57.9 cm. All result

are without the quarl present.
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3.3 Flame Length Scaling

The flame length of both swirled and non-swirled, strongly-pliffsemes has been seen
to be strongly dependent on the injection time. Thus, it is expdudhie injected volume of
fuel could have a significant impact on the flame length of tHasges. The classical concept
presented by Hawthorret al. [69] for the length of a turbulent jet flame burning in ambient air
without a co-flow is useful here to relate the injected volumeelftb the average visible flame
length of strongly-pulsed flames, both with and without swirl. Accordirtdaathorneet al, the
flame length can be considered to be the distance needed to entraiergudiicio dilute the fuel
to the stoichiometric ratio. For all strongly-pulsed flames, hwitth and without swirl, the
volume of the injected fuel is directly proportional to the cube ofdilheensionless injection
time, P, by definition. Assuming that, for a given jet-off time, the bwostion is essentially
complete (i.e. the fuel is completely consumed during the combustioaesgjaturing every jet-
injection cycle, the volume of air entrained into the flame woelgioportional to the cube of
the average flame length. This suggests that the normaliaegk flength in strongly-pulsed
flames, both with and without swirl, can be written as:

L/d~w'3p
where ¥ is the stoichiometric air-fuel ratio on a volume basis withvélee of ¥ = 14.34 for
ethylene/air flames. Figure 3.9 shows the result of emmipthis flame length scaling relation
versus the jet-off time. This scaling is seen to be of sorfigy uti characterizing the observed
flame length for all injection times (i.e. values Bf considered here. A very similar scaling
approach was used in Johari's study [73] for isothermal buoyant pufisjuieous media, in
which the volume of buoyant puffs consisted of the entrained fluid la@dnjected fluid,

resulting in a different scaling constant than that for jet flames.
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The results presented in Figs. 3.6 and 3.7 showed that the eftseirlobn the length of
strongly-pulsed flames is evidently more dependent on the jetiomdane @) than the jet-off
time (o). This variation in flame length witR is taken into account in the scaling employed in
Fig. 3.9. The effect of co-flow strength on strongly-pulsed flames, with and without swirl, is
also shown in Fig. 3.9. With the higher co-flow strength, thedl&angth showed somewhat less
dependence on jet-off time at any imposed swirl level than focase of the lower co-flow
strength. The scaling employed in Fig. 3.9 also reflects awbatestronger effect of co-flow on
non-swirled, isolated flame puffs and swirled, interacting flames, as destpssviously.

A further scaling to account for variations in flame length ba developed to take into
account the volume flow rate ratio of the injected fuel to thdae-&ir over the injection cycle.
It has been shown that the normalized flame length for strongbegulames without swirl
appears to scale linearly with the dimensionless injection thehich is based on the cube
root of the injected fuel volume for different jet-on fractions [7]. 48 the previous scaling
relation based on the Hawthorne concept, the normalized flame lergtly ilato account the
variation in injection times, is a clear function of the jettafie. All of these scaling relations
reflect the fact that the nature of the interaction betweemjbeted fuel and its surrounding co-
flow has a significant impact on the flame length. The modifoadirsg is shown in Fig. 3.10, for
a co-flow of (a) 2.5 SCFM and (b) 3.5 SCFM, with the volume flownatie of the injected fuel
to the supplied co-flow air in an injection cycl&xf/Qair)cycle ON the abscissa. This scaling
parameter takes into account the variation in the jet-off tintethe co-flow flow rate. Figure
3.10 shows that when taking into account the variations in injection tiheeaprmalized flame
length appears to scale linearly with the volume flow rat® raft the injected fuel and the

supplied co-flow air during the corresponding injection cycle. Thadirsg relation does not

62



explicitly reveal the interaction level between flame puffs fwa ¢o-flow air, but indicates the
overall impact of co-flow air dilution on the flame length.

The effect of co-flow air dilution on the reduction in flame lén@or turbulent jet
diffusion flames was reported by Drisceli al. [10, 51], as discussed previously in Section 3.1.
It was shown there that the increased co-flow air in thaé ceduced the downstream distance
needed in order to dilute the fuel to stoichiometric proportions [74F teducing the flame
length. For flames studied here with a given injection time, a jletagff time means more air
provided for a given injected fuel volume in an injection cycle, nesulh a relatively shorter
flame length for flames with such jet-off time than that flames with a short jet-off time.
Similarly, for a given jet-off time, longer injection timesall to a higher overall fuel-to-air
volume flow rate ratio during each injection cycle, resulting ionger flame length for flames
with long injection times than that for flames with relatively shorter tigadimes.

The scaling relation shown in Fig. 3.10 shows similar trends fostedhgly-pulsed
flames, both with and without swirl, but with a slightly differstdpe and level, depending on
the swirl level and the co-flow strength. This similarity in malized flame length with the
fuel/air volume ratio over each cycle could reasonably be expéateboth swirled and non-
swirled flames, while a shorter flame is achieved with simposed. An apparent decrease in
the scaled flame length due to swirl is apparent, as showg.ir8 0. In addition, the effect of
co-flow strength (as mentioned in Section 3.2.3) on the flamehefgitrongly-pulsed flames,
both with and without swirl, can also be seen in Fig. 3.10.

For non-swirled, strongly-pulsed flames, it has been showrfahany given injection
time the flame length normalized by the fuel nozzle diamsgtpears to be directly proportional

to the jet-on fractiong, wherea = to/(ton + tory) [48]. However, the proportionality constant
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varies with the value of the injection time, decreasing asnfleetion time increases [48]. The
normalized flame length was also reported to scale lineattythve dimensionless injection time,
P [48]. Furthermore, when taking into account the dimensionlesgioneiime, the normalized
flame length scales linearly with the volumetric fuel-toffow rate ratio, Qfue/Qair)cycle @s
shown in Fig. 3.10. As mentioned previously, the volume of the injectéd\aeeach injection
cycle is proportional to the cube of the dimensionless injection fliis. suggests a scaling
relation for the jet-on fraction in the strongly-pulsed flamedh bath and without swirl and the
developed scaling argument is shown in Fig. 3.11. The parameter ordihate is analogous to
(Qruel Qair)cycle but with Qruel being replaced by the volume occupied by the visible flame length
This corresponds to the assumption mentioned previously that the infeeted completely
consumed by the combustion process during each injection cyclesdalisg relation shows
that for strongly-pulsed flames, both with and without swirl, at aiBpdanjection time, the
length of flames would increase as the jet-on fraction incrgaseshe jet-off time decreases)
and reach a plateau where the jet-off time is short, suggestngegree of the flame puff
interaction being high, and the flames have a comparable leng#ndiess of the injection time.
The values of the two plateaus for non-swirled flames with réifteco-flow strength are very
comparable, but generally lower for swirled flames with the higffiaw strength, consistent
with more decrease in flame length due to swirl for flames with the hagh#fow strength.

The three scaling relations presented here simply account fee tHrstinctive
characteristics for strongly-pulsed flames, both with and withead. sFirst, the Hawthorne
concept characterizes the impact of the injection time onetigth of strongly-pulsed flames.
Second, the volumetric flow rate ratio ®rfe/Qair)cycle Shows the significance of co-flow air

dilution in each injection cycle on the these flames, which isijngoverned by the jet-off time.
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The last scaling relation sums up the significance of tts¢ fivo and reveals that when the
amount of co-flow air in an injection cycle is taken into account,etiveould be a strong
correlation between the jet-on fraction and the flame length aigly-pulsed flames, both with

and without swirl.
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3.4 Flame Puff Celerity

The impact of swirl on the celerity of the large-scabamié structures, determined by
using the visual tracking method discussed previously is presantBdy. 3.12 for various
downstream distances normalized by the flame length. The fiaffieelerity in strongly-pulsed
flames, both with and without swirl, is strongly impacted by the jet-off timeeeasing markedly
for most injection times and downstream locations as the tinwebat pulses is decreased,
presumably due to the increased competition of air entrainmentdretmeuff and its neighbors,
as mentioned previously. This competition would serve to decrease thentuon exchange
with air and would result in an increase in flame puff celerigy,the celerity stays higher for a
given downstream distance. A similar trend in celerity wegmored by Fregeau [48] in non-
swirled, strongly-pulsed flames for most injection conditions, atedtin the introduction.
However, this trend in celerity is not seen to occur for one case, that diotiess injection time
with long jet-off time P = 6, 7o > 444), relatively near the nozzle exitzit = 0.5. For this
injection condition, the flames appear to be relatively shorter and coonpact than those with
higher injection times and shorter jet-off times. The high flgui# celerity may have been due
to the high fuel jet momentum at this location under this irgactiondition, leading to an
increased celerity ags increases.

The strongly-pulsed flames with swirl, for most injection tinl@s> 6) and downstream
locations ¢/L > 0.7), are generally seen to exhibit a lower celerity tharethothout swirl. The
decrease in celerity due to swirl is up to 39%, depending on downslieations and injection
conditions. The decreased celerity occurs for all jet-off tiateeny downstream locations, even

at ZL = 0.85, which is close to the visible flame tip, consistent with eatgr momentum
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exchange between the fuel jet and air brought about by thenpees& swirl. This is consistent
with changes in flame length for strongly-pulsed flames with swirl.

Similar to non-swirled flames, for low dimensionless injectianetiP = 6, swirled,
strongly-pulsed flames also show an increased celerity with irect¢eisoff time. This increased
celerity at close-to-nozzle downstream locations is presunadiaiglyfo the high jet momentum, as
stated previously, along with relatively closer distance fromnibezle, resulting in an even
higher value in celerity. In addition, the swirled, strongly-pulseohdls at low injection times
exhibit a rapid and drastic decrease of celerity in a veryt sloevnstream distance, particularly
for high jet-off times. This drop in celerity is up to 80%, 33% nibi@n that for non-swirled,
strongly-pulsed flames. This is consistent with a more rapid arategrair entrainment for

strongly-pulsed flames as swirl is imposed.
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CHAPTER 4

EMISSIONS

The CO and NQemissions of steady and strongly-pulsed flames, both with and without
swirl, are presented and discussed in this chapter. In particbh&arimpact of swirl on the
emissions of the strongly-pulsed flames as well as thetedfethe co-flow strength and the
presence of a quarl on the emissions are discussed. The pf@fitéssions versus downstream
distance is presented first; this survey ensured that the samplinggeaben had no significant
impact on the measured emissions of the flames. Similar téathe ttructure scaling argument
presented in the previous chapter, the volumetric fuel-to-air #&vratio can also be applied to
account for the impact of air dilution on the emissions of stropglged flames, both with and
without swirl.

The effect of the sampling probe position on the measured emissiats |was
investigated by situating the probe at different downstreamidosatelative to the visible flame
tip, as shown in Fig. 4.1. A marked decrease in the CO levels, as indicated bystfiereimdex,
is observed as the probe location moves beyond the visible flanmatihenCO levels remain at
a constant value for probe positions beyond that point. A more modestsdenrdhe level of
NO is seen with downstream distance, with the NO emissionx irekching a stable value at
z= 1.4 for most cases. In any case, the emission indices of CO aratNéve stable values
for z>1.8.. This normalized location is comparable to that employed in tioly sff Drakeet al
[66] where measurements were performed at the location 2.(L. In that work, probe
conversion reactions (such as NO toJN@nd the catalytic reduction of N@ere found to be

negligible for all probes employed. A similar situation is etee here owing to the relatively
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low average temperature (700-9QD of the fuel-lean environment at downstream of the visible
flame tip [7, 75]. All the emission measurements presented hexee performed at = 1.8 and

with the quarl attached at the combustor exit, unless specified otherwise.
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4.1 CO Emissions

The variation in the emission index of CO for strongly-pulsed flarheth with and
without swirl, is shown in Fig. 4.2 for different injection conditicensd for a co-flow of 2.5
SCFM. The overall CO emissions trends for the case of the hegHéow flow rate are similar
to those seen in Fig. 4.2. For non-swirled, strongly-pulsed flamesighest EICO occurs with
the shortest injection time, possibly due to quenching within the flarfie owing to very rapid
air entrainment and dilution [49]. For flames witl» 10, the EICO becomes comparable to the
steady flame value for all values of jet-off time. The obskrvelatively low emission index of
CO with short jet-off time is consistent with the increaseéradtion between flame puffs,
which generally results in a longer flame length due to aedsed rate of air entrainment per
amount of fuel injected [48, 54]. The longer flame length impliesiger combustion residence
time, allowing for more complete combustion and thus a lower amounOofT@ese flames
show broadly similar trends to those reported by Fregeau [48fémgby-pulsed flames without

swirl; the specific impacts of swirl are discussed next.

4.1.1 Impact of Swirl on CO Emissions

The imposition of co-flow swirl is generally seen to decretge CO emissions of
strongly-pulsed flames for some injection conditions, as seen iftR2gThis effect is strongest
for flames with short injection times. Specifically, for a dmsionless injection time & < 8,
the EICO for flames with moderately interacting structug22 € 7o < 444) with strong swirl
(S=1.6) decreases up to a factor of 2.5 compared to non-swaleeéd| becoming comparable
to that of steady flames. Swirl has comparatively less éinpa the emission index of CO for

flames with strongly interacting structuress(= 111) and flames with completely isolated puffs
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(zoff = 1110). For flames with sufficiently long injection timésX 10), the imposition of co-flow
swirl has relatively little impact on the CO emissions osé#ames, regardless of the jet-off
time. At these injection conditions, flames exhibit a compardblaed structure to that of a
steady flame. Thus, the effect of swirl on the CO emissiontBeske flames appeared to be, not
surprisingly, similar to that of the steady flames.

The decreased CO emissions, consistent with more complete comlarsdiancreased
combustion efficiency [2], suggest more rapid and complete mixitvgelka the fuel and the air
resulting from the imposition of swirl in the co-flow streamheThighest EICO of swirled,
strongly-pulsed flames, comparable to that of non-swirled flammdésund at the longest jet-off
time for each value of the injection time, as seen in Fig. 4.2.eThesditions (completely
isolated flame puffs) also result in the largest decraaselerity, due to a large momentum loss
of the fuel jet to the surrounding co-flow air, as mentioned in the qurevchapter. This large
momentum exchange between the fuel jet and the air suggedtsethaty rapid air entrainment
resulting from the lack of competition between flame puffs could edapid quenching within
the flame, leading to the observed high values of EICO. In geneeaL® emissions of swirled,
strongly-pulsed flames are seen to decrease with decr¢atseff time for most injection
conditions, similar to that of non-swirled flames, possibly due toreleively longer flame
length leading to more time for CO oxidation.

It can be noted that swirl appears to have a stronger impattteo8O emissions for
flames with short injection time® (< 8) than those with long injection timeB £ 10). This is
apparently in contrast with the observed stronger impact of swithe flame length for long
injection times P > 10). For flames with a co-flow flow rate of 2.5 SCFM and a disienless

jet-off time of 7o =~ 222, the value of EICO for flames with= 6 decreases up to 49% with a
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swirl of S = 1.6, compared to the flames without swirl. However, little agyiadecrease of
EICO is seen for flames with = 10 when the swirl level is increased fr&= 0 toS= 1.61.
One might expect that flames with a decreased flame larsgtbed by swirl would exhibit a
different level of CO emissions than those flames that do not undbegmes in flame length.
However, this is not the case for some of the flames studiedRwerexample, for flames with a
long injection time, such & = 10, the flame length is decreased about 9% for all jetroéfst
when the swirl level is increased frof= 0.41 toS = 1.61, but the values of EICO for these
flames are relatively independent of the swirl level. Howewsrflames with a short injection
time of P = 6, the flame length is found to be comparabl®=at0.41 andS= 1.61 for any given
jet-off time, but a reduction of EICO, up to about 41%:fgr~= 222, is observed when the swirl
level is further increased fro®= 0.41 toS= 1.61. All of these observations could imply that the
rapidity of fuel-air mixing and CO oxidation in the upstreamgigas of flames (in the vicinity of
the quarl) may play an important role on the global CO emissispscially when the flame is
comparatively short, such as the flames with short injection times in the cuuent s

The rapid mixing and CO oxidation in the vicinity of the quarl coddsonably be
associated with the swirl-induced recirculation zone where thé egrainment and mixing
between products and reactants and between the fuel and theuwaifley. Although the flow
field of the swirling flow was not surveyed in the current siualy estimate recirculation zone
height ofh/D = 3-5 is expected fof = 1.6, based on the study of Tangirataal. [33]. For
S = 0.4, it can be expected that there will be little or no ecatation according to that study,
given that the combustor geometry, the quarl diverging angle, ansiMilenumber were all
similar to those employed here. This being the case, most dathed for short injection times

(P < 8) lie within the recirculation zone. The short flame lengjtithese flamesR < 8) would
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imply a lack of time for CO oxidation, so that any changes orxtiizer entrainment brought
by swirl could significantly affect the CO emissions of thames. On the other hand, the long
flame length of elongated flameP & 10) provides sufficiently long residence time for CO
oxidation. The presence of the recirculation zone, thus, may haveellddss impact on the
CO levels of these flame® & 10). The impact of the recirculation zone, induced by the strong
swirl, on the CO oxidation may decrease as the jet-off tieveeases, due to the resulting longer
flame length. Likewise, the rapid entrainment brought by the gtsovirl could induce rapid
guenching within the flame puffs as the jet-off time increadas, to the lack of competition

between flame puffs, as seen in Fig. 4.2.
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Figure 4.2 — Emission indices of CO for strongly-pulsed flange both with and without
swirl, on the combustor centerline atz/L = 1.8 for various injection conditions. Co-flow 2.5
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4.1.2 Impact of Co-Flow Strength on CO Emissions

The co-flow strength is found to have some impact on the CO emissiastsongly-
pulsed flames, both with and without swirl, as shown in Fig. 4.3. The Ib@Paemissions
trends for both co-flow flow rates, 2.5 and 3.5 SCFM, employed in thertwstudy are similar,
but the increase of the co-flow strength is generally seen to mpohestase the values of EICO

for most injection conditions at any given swirl level.

¢ Non-swirled, strongly-pulsed flames

For non-swirled, strongly-pulsed flames, a higher co-flow flow raseén to increase the
flame length of flames with compact, isolated flame puffcitmes €. > 444) forP < 8, as seen
in Fig. 3.6. Although a longer flame length implies a longer comtnusésidence time, a slower
rate of air entrainment due to the decreased shear betwetkreltet and the co-flow air could
be expected to cause a slower rate of mixing between the fuel and air,ypassthinting for the
observed increased values of EICO for these flames. This dedneds of air entrainment could
also impact the CO emissions for flames with interactiagd structurescf < 444), where the
relatively high competition between flame puffs could resulam even slower rate of air
entrainment and mixing. This could, in turn, further increase the vafuekCO even though the
increased co-flow strength shows little impact on the lengthhe$e flames. The co-flow
strength gradually shows less impact on the CO emissions forwidees strongly-pulsed
flames as the injection time is increased, consistent witblikervation that the strength of co-
flow has a negligible impact on the flame length of thesedtamith a dimensionless injection

time of P > 10. This could imply that for steady and strongly-pulsed flamies sufficiently

long injection times B > 10), the long flame length of these flames may already provide
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sufficient residence time at high temperature for a high le€O oxidation even though an
increased co-flow strength may serve to retard somewhat tleofr&ntrainment and mixing

between the fuel and the air.

e Swirled, strongly-pulsed flames

The co-flow strength is also seen to have an impact on thee&® for strongly-pulsed
flames with swirl, as shown in Fig. 4.3. Similar to non-swiflaches, the co-flow strength has a
relatively stronger impact on the CO emissions for swirleghdka forP < 8. It was seen in the
previous chapter that the co-flow strength had a lesser inopathe flame length for swirled
flames withP < 8, suggesting that the flames with shorter injection times dvbakve more
comparable combustion residence time, leading to more comparaltle RilCthis is not seen to
be the case for swirled flames wR 8. Instead, flames with these injection conditidds @)
are generally seen to have higher values of EICO with anasedeco-flow strength at a given
swirl level. This is consistent with the observation in Section 4.111ttleaCO emissions of
these flames were more subject to the change of entrainmeatidauthe swirling co-flow than
is the flame length. The somewhat higher values of EICQldares with the higher co-flow
strength is presumably due to more rapid dilution and mixing witkedlteoxidizer brought by
the higher swirling co-flow air strength [38]. Although relaty higher values of EICO are seen
with a higher co-flow strength, the reduction in the EICO in ¢hise (3.5 SCFM) is as much as
54% fromS= 0 toS= 1.6, compared to 48% with a co-flow of 2.5 SCFM. The co-flowngtre
is found to have a negligible impact on the values of EICO fondtawith sufficiently long
injection times P > 10), while the length of these flames is seen to decreaBeawiincreased

co-flow flow rate. This is consistent with the previous presumgtiahthe long length of these
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flames may already provide sufficient combustion temperatureresidence time for CO

oxidation, resulting in little variation in the values of EICOhniite variation in co-flow strength.
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Figure 4.3 — Comparisons of the emission indices of CO forrehgly-pulsed flames, both
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4.1.3 Effect of the Quarl on CO Emissions

The configuration of the combustor exit nozzle has been shown to thiéestructure and
visible flame length of swirled flames, as described in Chapt&€he effect of a diverging quarl
attached to the combustor exit on the CO emissions of stronglydpilésees, both with and
without swirl, is shown in Fig. 4.4. The presence of the quarl is found to have gilsieginpact
on the CO emissions for non-swirled, strongly-pulsed flames. Mipadt of the quarl on the
values of EICO becomes apparent when swirl is imposed. In the alefeheequarl, the values
of EICO, regardless of the co-flow strength, increase for mases as the swirl level is
increased, even though the flame length of these flames igtigraad slightly longer than that
with the presence of the quarl, as seen in Figs. 3.7 and 3.8. Thieradfiithe quarl leads, by
contrast, to a decrease in the values of EICO amounting to asas@&% for the swirl level of
S=1.6. This decrease is apparent for essentially most valyeisadf time. The addition of the
qguarl has been shown to favor the presence of an enlarged re@rcdatie [9], in which
intense turbulence and large flow recirculation are present [6, 33].adrge recirculation could
allow the fuel to more effectively interact with more co-flais, resulting in the lower values of
EICO for the swirled flames with the presence of the quduik dutcome is consistent with the
presumption that the recirculation zone formed in the upstream regfitims flames could have

a significant impact on the global CO oxidation, as mentioned previously.
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4.2 CO Emissions Scaling

The volumetric flow rate ratio of the injected fuel to the awflair over each injection
cycle, Quel/Qair, has been shown to be an appropriate parameter for scalifigrieelength of
strongly-pulsed flames, both with and without swirl [76]. The flanmgtle is broadly indicative
of the residence time within the flame, which previous researcistrmmgly-pulsed flames
without swirl suggests as a reasonable correlating factathé CO emissions of turbulent jet
flames with a fixed injection velocity [48]. Fundamentally, the globasidence time
characterizes the time required for a stoichiometric mixturbobfproducts to pass through a
volume equal to that occupied by the visible flame. These scalitfgpdsesuggest a potential
relation between the CO emissions and the volumetric fuel-ttheair rate ratio for strongly-
pulsed flames, both with and without swirl. The utility of such dirsgaelation for flames
studied here collapsing the CO emissions data is shown in Fig. 4.5indlhsion of the
dimensionless injection time parametBr,in the ordinate addresses the expectation that the
amount of CO would scale inversely with the global residence tir6g flue to the lack of
reaction time for complete combustion. The scaling parametgloged on the abscissa reflects
the cube of the normalized flame length normalized by the volunflevicratio of fuel-to-air,
taking into account the impact of air dilution over an injection eyah the variations of the
global residence time. The cube of the normalized flame leragtibioed with the volumetric
flow rate ratio of fuel-to-air is due to the proportional catiein between each other, as shown
in Fig. 3.10. With the amount of the co-flow air provided over each iajeatycle being
increased relative to the volume of fuel supplied for long jethoiés$ (i.e. more air dilution), the
flame length would decrease (see Fig. 3.10), due to a more apidfrentrainment due to the

lack of competition between flame puffs, resulting in a short condrusgisidence time. Thus,
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the CO emissions quickly rise with jet-off time and reachsymgtote, where the amount of the
co-flow air shows no further impact on the CO emissions, as seféig.i4.5. The long jet-off
times associated with isolated flame puffs lead to an ineneathe co-flow air volume and the
resulting asymptotic state. Given that swirl impacts the dldangth and emissions levels, this
scaling also implicitly accounts for the effect of swirl on @@ emissions. The values of the
two asymptotes in Fig. 4.5 for two different co-flow flow rates similar, consistent with the
fact that any additional co-flow air dilution at these conditionsrfzasignificant impact on the
CO emissions.

Although the proposed scaling between the CO emissions and the gisidaihce time
appears to be reasonably successful for the flames studiechdéitegnal investigations on the
impact of swirl on the CO emissions of pulsed flames are atwlic In particular, when the
recirculation zone has a comparable length to that of the flaheegnpact of the recirculation
zone on the CO emissions would need to be considered since sutiitiennt of entrainment
and intense mixing are found to be associated with or within theuktion zone for these

flames [22, 33].
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4.3 NO, Emissions

The emission indices of total N@Qn general, N@consists of NO and Nfpfor strongly-
pulsed flames, both with and without swirl, with various injection dom@ are shown in
Fig. 4.6 for a co-flow of (a) 2.5 SCFM and (b) 3.5 SCFM. For neasts, the concentration of
NOy is not seen to be significantly impacted by the co-flowldewmel and the co-flow strength.
For short injection timed(< 8), the values of EINOfor strongly-pulsed flames, both with and
without swirl, appear to be somewhat impacted by the degreemopetition between flame
puffs (i.e. by the jet-off time). As the jet-off time decressflames exhibit a longer flame length
than those with relatively longer jet-off times, presumably duert increased competition
between flame puff structures for the available oxidizer. Theasad flame length, implying a
relatively longer combustion residence time, is more likelyaimif the production of thermal
NO [77], thus increasing the overall level of N@-or flames withP > 8, the competition
between flame structures evidently results in little immpercthe values of EINE due a more

comparable flame length for any given jet-off time.

4.3.1 NO Emissions

The emission indices of NO for strongly-pulsed flames, both withvatitut swirl, are
shown in Figs. 4.7 and 4.8 for co-flow strengths of 2.5 and 3.5 SCFM, respedEor most
injection conditions, the measured NO concentrations, as being one &jbe pollutants by
combustion [40, 41], of these flames are below those of steadgdlarhe reduction in the NO
emissions, compared to steady flames, is found to be as mu&foaamdl 49% for non-swirled
and swirled, strongly-pulsed flames, respectively. For noneuyistrongly-pulsed flames, the

lowest values of EINO occur for the longest jet-off timesdagiven injection time, consistent
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with the fact that flames at these injection conditions awmgively short and more subject to
rapid dilution, due to the lack of competition between flame puffsttie entrainment of the
available air, as discussed previously. The highest values of Ei@@eaerally seen for flames
with long injection timesK > 10), being in that case comparable to those of steady flames. This
is in agreement with previous investigations in steady, non-siMddoulent diffusion flames
showing that the EINO is generally proportional to the combust®iderce time (according to

the thermal-NO theory [77]). In addition, the accompanying slovterafexcess air dilution for

a given amount of injected fuel in turn results in generally highkeperatures [78, 79]. A
similar trend in NO emissions for strongly-pulsed flameshait swirl was reported by
Fregeau [48].

In contrast to the observed decrease in EICO caused by swinnplesition of swirl in
the co-flow stream is seen to result in a modest inciaabe values of EINO for some injection
conditions, as seen in Figs. 4.7 and 4.8. In general, the CO and NQemiresults, for most
cases, are consistent with the typical overall trend that l&@v enissions are generally
accompanied by high NO emissions, and vice versa [40]. For s@®eafic cases, a
simultaneous decrease in both CO and NO levels, due to swirl, isséloneserved and this
observation will be discussed later. The increase in EINO imatieased swirl is most apparent
for flames with interacting flame structuresgq(< 444) and short injection timeP € 8). This is
consistent with the large decrease in EICO observed for flatrtbese injection conditions. The
decreased EICO, comparable to that of steady flames, suggesefficient and complete
combustion, possibly due to the rapid entrainment and mixing broughtwhisirgluced
recirculation zone. The flow recirculation may lead to a longer comolousesidence time [12],

resulting in the observed elevated NO emissions, although in @es$ the NO levels remain
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below those of steady flames. These outcomes, low NO with ndastibf CO penalty,
combined with the much shorter flames resulting from the combinafiswirl and strong
pulsing, as seen in Chapter 3, suggest the potential utility ofeshvstrongly-pulsed flames in
the development of efficient, compact, and low emissions combustorsfldfoes with
sufficiently long injection timesK > 10), the impact of swirl on the NO emissions of these
flames is found to be similar to that of steady flames andleamtihan that of the shorter flames
(P < 8). The values of EINO for those flames are lower in mogtsctman those of steady flames
at any given swirl level. This is possibly due to a somewhag¢d@embustion temperature due
to pulsing [48, 54] while the lengths of these flames are comgat@lthat of steady flames. The
overall effect of jet-off time on EINO for swirled, strongbyised flames is consistent with that
on EICO, showing the expected generally-opposite trend with fi¢itrod to that of EICO. That
is, the high values of EINO generally occur with short jet-offeBnand the values of EINO
decrease as the jet-off time increases, consistent witlathtethat the lack of competition
between flame puffs could induce rapid quenching within flames,tirggguh low values of
EINO for flames with long jet-off times, as seen previously non-swirled, strongly-pulsed
flames.

The co-flow strength is also seen to have an impact on EBUOnot to the extent
observed for EICO discussed previously. This may be due to the oropicated and generally
slower formation mechanisms of NO than those of CO [40, 41]. The vallE&NO of swirled
flames are generally seen to slightly decrease with theased co-flow strength, as seen in
Figs. 4.7 and 4.8; a concomitant and relatively greater increase inGlevizds noted previously,

as seen in Fig. 4.3.
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These results suggest that there are combinations of injectiorticoadand swirl that
can lead to a simultaneous reduction on both CO and NO levels for gtputggd flames.
Specifically, flames with highly interacting flame struesir¢, ~ 111) with a co-flow of 3.5
SCFM andS = 1.6 appear to have both EINO and EICO lower than those of strpuigied
flames without swirl. The decrease amounts to as much as 25% antbiBEWO and EICO,
respectively. The simultaneous reduction in NO and CO emissionsbhéms reportedly
achievable in swirl-stabilized combustion [36, 80, 81]. That rese&ammhesl that if the oxidizer
could be rapidly entrained and thus cause some partially pregaith the fuel, but not rapid
enough to induce quenching of CO oxidation, the NO emissions could be someuddnzd
along with decreased CO emissions. This may be the case for the specifiooanigid here.

Similar to the impact of swirl on EICO, swirl appears to havelatively stronger impact
on the NO emissions for flames with short injection tintes @) than those with long injection
time (P > 10), especially for the cases with the strongest swirl kewgdloyed here. The stronger
impact of swirl on the NO emissions f& < 8 could be associated with the swirl-induced
recirculation zone, as mentioned previously. The impact of the wétiom zone on the NO
emissions of swirled, steady hydrogen-air flames was stugigchbn [15]. Chen showed that
the characteristics of the recirculation zone can have aisatiimpact on the NOformation
when the flames have a comparable length to that of the retioctukzone, due to the fact that
combustion takes place largely in that reverse flow region. Thasgharacteristic time in the
recirculation zone (defined as the ratio of the width of recirnculatone to the bulk velocity of
the recirculation flow) [15] may be more relevant to the NOssmans of these flames than the

overall flame residence time.
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Other than the thermal NO production, it is important to point out ddwors and
mechanisms that could also affect the NO formation in the non-pednturbulent diffusion
flames. Those factors or mechanisms that have been experimentalumerically studied
include a) the aerodynamic strain [82, 83], b) the flame radiatio [WB4, c) the O atom
superequilibrium [66, 84], and d) the prompt-NO chemistry [85, 86]. In madtobsrbon
flames, these factors exist simultaneously and most of thenhighly temperature-related,
which make it even more difficult to correlate the NO concewmatiith any single parameter,
such as the mean flame length or global residence time. In addlitgoathylene fuel used in the
current study has a very strong sooting tendency, implying tieatflame temperature could
significantly deviate from the equilibrium temperature due to sadiation. The temperature
change could, in turn, cause the radical concentration to deviate¢Heoequilibrium level, thus
affecting the NO formation [42]. A high strain rate has been sHoweduce the amount of NO,
due to the decreased residence time for reaction to occur [83¢ldlbed strain rate downstream
of fuel nozzle would be expected to vary for flames studied her¢odine fuel pulsing and the
co-flow swirl. Variations in the global strain rate are suggedty variations in the flame puff
celerity and the flame width at a given downstream location. [Bneef puff celerity, shown in
Fig. 3.12, increases as the injection time is decreasedyagiaen jet-off time. The flame width
is observed to increase with increased injection time at a g@teoff time. For example, for a
jet-off time ofzo = 222, the visible flame width of non-swirled flames at a dowastrlocation
of ZIL = 0.85 is approximately 19.3 mm fBr= 6, and increases to 24.6 mm or 10. Thus, the
flames with a short injection time likely have the higher glddigdin rate than those with a
relatively longer injection time. Once swirl is imposed, the #apuff celerity generally

decreases and the flame width is seen to increase, resulandeicreased global strain rate. By
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further increasing the swirl level or, alternatively, incregghe co-flow strength at a given swirl
level, the strain rate would be expected to change further. Thagiwarof strain in the flow may
thus have an impact on the NO concentration of swirled, strongly-pu®es, as seen in
Figs. 4.7 and 4.8.

In many studies on turbulent hydrocarbon diffusion flames, the prddibi®
concentration based on the thermal theory generally deviatesHedrméeasured in experiments
[51, 82, 84, 87]. Part of this deviation is considered to be due to the pknptechanism
(sometimes called Fenimore mechanism) [51, 87]. The prompt-NO dhenmss quite
complicated and usually involves intermediate radicals that occtineirearly stage of the
combustion process, such as CH and HCN [85]. The prompt pathway of M@tifam is usually
found to dominate in the low temperature and fuel-rich hydrocarbon cowusthile the
thermal mechanism dominates near the stoichiometric regiorse akaction zones with high
temperature [42]. Some prompt-NO formation is expected in thesedarbon-fueled flames. It
is not yet clear what the relative contributions of the theamdl prompt mechanisms are to the
NO production for the flames studied here. To resolve this issueegire uncoupling of the
factors mentioned earlier, and knowledge of the detailed tempeudisiribution and species
concentration, and the flow-flame interactions, such as the aerotysarain, are known.
However, for cases of flames with long jet-off times and tshgection times, the prompt
mechanism may play an important role on the NO formation of thesed, due to the lack of
residence time and low temperature [48, 54] for thermal-NO formation to occur.

The NO emissions levels of swirled, strongly-pulsed flamese veéso measured both
with and without the quarl, as shown in Fig. 4.9. It is found that the peesércquarl has little

impact on the values of EINO for strongly-pulsed flames, both amid without swirl. It should
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be mentioned that such comparison was only performed for flantés avdimensionless
injection time ofP = 8, where most of the flames relatively compact and wghater flame
length than steady flames. As mentioned previously, the additidre afuarl tends to favor the
formation of an enlarged recirculation zone. It is not yet dledinis study whether the role of
the recirculation zone is favorable or unfavorable for NO productiom #neigh the addition of
the quarl results in a negligible impact on the indices of NO. rESigit may suggest that most of
the NO, at least for flames wit = 8, could possibly be formed in the downstream regions of
the flame (i.e. downstream of the location corresponding to the qufgrl Bxis is somewhat
consistent with the fact that much of the thermal-NO productiowliftusion jet flames occurs

in the reaction zones relatively near the flame tip [44]. Thidd be the case for some flames

with P = 8 since these flames have a long flame length comparable to that of ey
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4.3.2 NO Emissions Scaling

A similar scaling approach, as seen in the CO emissioappiged to the NO emissions
to study the impact of the global residence time and the atiatil over the injection cycle on
the variations of EINO. The scaling relation is shown in Fig. 4.10.ETN€® normalized by the
dimensionless injection time takes into account the impact of thetioy time and the flame
length, therefore residence time, as we discussed previously, BiOteenissions. As compared
to the scaling for EICO in Fig. 4.5, the normalized EINO for nilashes quickly decreases as
the amount of air over the injection cycle is increased whicdcedmpanied with decreased
flame length; while the associated EICO quickly increasemntasymptote, as seen in Fig. 4.5.
The decrease in EINO is presumably due to the decreased |#agth, leading to the shorter
combustion residence time, consistent with decreased levelsrofalh®O and thus the low
values of EINO. The decrease of EINO with the decreasec flangth suggests that the bulk of
the NO is generated by the thermal-NO mechanism. Although theahnech EINO for a co-
flow strength of 2.5 SCFM, regardless of the swirl level, afgpareach an asymptote where
the amount of the co-flow air over each injection cycle shows iitipact on the NO emissions,
this is not as apparent for flames with a co-flow of 3.5 SCRMddition, the normalized EINO
for the flames with a co-flow of 3.5 SCFM is generally seebe slightly lower than that for the
flames with a co-flow of 2.5 SCFM, particularly for the cagkthe strong swirl$= 1.6). The
normalized EINO for a co-flow of 3.5 SCFM also seems to convergiferent values for the
different swirl levels. The fact that the normalized EINOgeeidently not collapse to a single
curve with the combustion residence time, as was seen for thefdageEICO, is probably not
unexpected due to the complex NO formation chemistry. A simikatrirent for the NO

emissions on steady flames with hydrocarbon fuel has been propos#ter studies [51, 82],
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but with generally unsuccessful results. Thus, this scalingaelatimply based on the thermal-
NO suggestion, may not be sufficient to account all the fadmrghe NO production in
hydrocarbon flames and suggest other NO production mechanismsridedlyto be taken into

account when developing the NO emissions scaling for such flames.
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4.3.3 NO, Emissions

The normalized emission indices of N@r strongly-pulsed flames, both with and
without swirl, are shown in Figs. 4.11 and 4.12 for co-flow strengthg.®fand 3.5 SCFM,
respectively. The primary formation route of Ni@as been proposed as the oxidation of NO with
the HQ radical, where the latter is generally found to have a hogleentration during the rapid
cooling process [40, 88]. The H& not normally found in large amounts near the reaction zone,
where high temperature prevails and a high concentration of NO is found [44, 88]etalgthe
NO, emissions profiles versus jet-off time resemble those ofCBeemissions, as seen in
Figs. 4.2 and 4.3, presumably due to the fact that both the CO andmi€sions for the flames
studied here are presumably strongly sensitive to rapid quenchinipeQther hand, since the
values of EINQ (NOy consists of NO and NOGnentioned previously) are very comparable for
most of the flames studied here, a decrease in EINO isajgn@ccompanied by an increase in
EINO,. Although the profiles of the EINOand the EICO are very similar, the production
mechanisms for NPand CO are quite different. The main production of,N&®©due to the
guenching reaction of NO with HObut the high concentration of CO in flames is a result of the
competition between the soot and the CO on the oxidizing species, such as OH [16].

For non-swirled, strongly-pulsed flames, the high value of BlIld@enerally seen with
long jet-off times. The high EIN£ consistent with the high EICO and the low EINO, is possibly
due to the rapid quenching within the flame puff owing to the rapidientent, due to the lack
of competition between flame puffs for the available air [49]. EWNEO, of these flames is
generally seen to decrease as the injection time inseavere the flames have the relatively
longer flame length than those with short injection times. Thgeloflame length implies the

longer combustion residence time, which suppresses the NxdiWersion due to the relative
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lack of HG, radical [88], resulting in the low values of EIb@onsistent with the low EICO and
the high EINO for flames with long injection times. The normalized Elj@dually approaches
to that of steady flames as the injection time is increasetsistent with the observation on the
flame structure and the CO/NO emissions.

A similar trend to the EICO is also observed for the valueBINO, for flames with
swirl. In general, the profiles of the EIN@long with the observations for EICO and EINO
suggest more rapid air entrainment when swirl is added to tflevecstream. By comparing
Fig. 4.11 to Fig. 4.12, the normalized EINfr flames withS = 1.6 (strong swirl) is generally
higher with a co-flow of 3.5 SCFM than that with a co-flow of 2EF# at any given injection
time. This is consistent with the CO emissions, as seen indR3g.and in agreement with
previous studies of steady swirled flames [51, 88]. It was swEdsy Hori [88] that a
substantial amount of NQvould be formed due to the rapid cooling of NO by the surrounding
co-flow and the EIN@EINO ratio thus increases with the resulting increased mixing hate
the current study, the increased EBEINO, ratio may suggest that there is an increased rate of
air entrainment, possibly due to the enlarged recirculation zone dchydbe increased co-flow
strength.

The information on the flame structure and CO/NO emissions fates strongly-
pulsed flames suggest the potential of this technique for developimgnavative combustor
with a compact flame and low emissions, while at the same simisfactory combustion
stability and high thermal efficiency are still maintained. It hantshown that the imposition of
co-flow swirl can decrease the length and simultaneouslgridle CO emissions of strongly-
pulsed flames to a level comparable to that of steady flannesdst injection conditions. At the

same time, the NO emissions of these flames can, in marg,dae comparable to those of non-
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swirled, strongly-pulsed flames, and lower than those of steadyefl. For example, for non-
swirled, strongly-pulsed flames with = 6 andr.; = 444, the length of these flames are 38%
shorter with 77% higher of EICO than those of non-swirled steadgefia while the NO
emissions are 40% lower than the steady flame level. A®agsswirl level is imposed in the
co-flow stream, a decrease of 32% in flame length, an incifagest 30% in EICO, and a
reduction of 15% in the NO emissions are observed, compared uy dtames with the
identical swirl level. However, these swirled, strongly-pulsedmés are 16% shorter,
accompanying with a lower CO emission of 36% than strongly-pulsed flantestvawirl.

More importantly, it was shown earlier that there are combinations of oneabdnditions
and swirl that can lead to slightly lower both CO and NO ennmssior swirled flames than those
for non-swirled, strongly-pulsed flames. For example, for al@e-strength of 3.5 SCFM, for
flames withP = 6 andr = 111, an increase in the swirl level fr&@% 0 toS= 1.64 leads to the
simultaneous decrease of 31% and 25% for EICO and EINO, respecfivéig same time, the

increased swirl level results in a reduction of 25% in the flame length.
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Figure 4.11 — Normalized emission indices of NQor strongly-pulsed flames, both with and
without swirl, on the combustor centerline atz/L = 1.8 for various injection conditions. The
co-flow is 2.5 SCFM.
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Figure 4.12 — Normalized emission indices of NQor strongly-pulsed flames, both with and
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CHAPTER 5

OH PLIF IMAGING

Hydroxyl radical (OH) PLIF imaging was employed to studtg reaction zones in
swirled, strongly-pulsed diffusion jet flames. The PLIF imagivas performed over the entire
region downstream of the quarl for steady flames, and in regibh©C I and LOCII (see
Fig. 2.9 in experimental setup) for strongly-pulsed flames, due téathdéhat downstream of
LOC II, most strongly-pulsed flames showed little remaining flaingcture. Statistics from the
PLIF imaging were employed to evaluate the relative coratgm and the spatial variations of
the OH distribution. The statistical analysis provides the tivegaged distribution of the OH
zones for steady flames, and also gives information on the vasadf the cycle-averaged OH
zones for strongly-pulsed flames. All of the OH PLIF imagkswn here have been corrected

with the variation in the laser sheet intensity profile, as discussed in Chapter 2

5.1 OH PLIF of Steady Flames with/without Swirl

The intermediate product of the hydroxyl radical (OH) in hydhdoma combustion is
considered as a good marker for the reaction zone and is commonfpiuges purpose, due to
its peak concentration being typically near the location of &aé gombustion temperature [53].
For this reason the detection of OH by the laser induced ficenee has been extensively
reported in many combustion studies and the spatial distributiorHoisQvidely regarded to
provide a satisfactory indication of the location of the reaction zones [68, 89, 90].

Selected images of OH PLIF imaging for steady flames, Wwiathand without swirl, are

shown in Figs. 5.1 and 5.2 for co-flow strengths of 2.5 and 3.5 SCFM, riespecthe laser
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sheet propagated from left to right in all images shown. Some matiestiation of the laser
sheet as it propagates through the flame is evident, espeddlhe idownstream regions of
flames. The relatively weaker fluorescence signal in theedare region of the flames, where
little OH is expected, is believed to be due to interferentsng from the soot precursors
(polycyclic aromatic hydrocarbons or PAH) and soot particlesthese highly-sooting
ethylene/air flames [68, 89]. It is evident that the reactione structures, as marked by OH
radicals, reflect the large-scale nature of the flow in thbutant jet flames studied here,
especially in the downstream regions of flames. For nonefthmes, comparatively thin OH
zones prevail in the upstream regions of flames near the eki¢ guarl. The OH zones slightly
broaden and become more contorted with downstream distancehkeoquarl exit. It should be
remarked that, due to the slow three-body recombination reactiorca®@iersist even beyond
the visible tip of flames [90, 91]. The overall structure of the ©@Hes for non-swirled steady
flames are similar to those reported by e¢al [90] with the identical fuel as the current study,
but with a different Reynolds number, and are also in qualitativeeagm® with Seitzmaset
al.’s observations [91] using a different fuel (hydrogen).

The OH zones are generally seen to be situated further aoraytlie flame centerline
and to have slightly greater thickness as the swirl level is gradnetBased, as seen in Figs. 5.1
and 5.2. In addition, the OH zones in swirled flames also appear somewhabmakited than
those in non-swirled flames. The decrease in flame length dwsavitb is also apparent,
consistent with the visual flame-length results shown in FigpBetiously. The increased co-
flow strength generally also results in a somewhat more comeblOH-zone structure for
swirled flames. The structure of the OH zones for swirleddgtdlames was also studied by

Tummerset al. [92], who reported the convoluted OH-zone structure possibly being dbe to t
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azimuthal motion caused by swirl. In addition, Tummetsal. observed no significant OH
fluorescence inside the recirculation zone and suggested tlay mareacted fuel and some
combustion products were recirculated, but that significant combustiamotlidccur inside the
recirculation zone. The lack of OH signal near the flame dergefor the flames studied here
with the strongest swirl leveB(= 1.6), in which the recirculation zone is believed to occur, is
consistent with Tummetet al’s conclusion [92].

Statistics based on the OH PLIF images were made from amblesof 70 images for a
given swirl level and flame downstream location to show the implastvirl on the extent and
distribution of the reaction zones. The information of statistcewnts for the spatial variations
of OH distribution and is not meant to quantify the OH concentration.t®tiee lack of OH
signal in the downstream regions of some flames, in particulasttbagly-pulsed flames,
statistical comparisons were only performed at LO@nd LOCII. The distribution of the
reaction zones was analyzed in terms of the reaction zone sudateamined from counting the
number of pixels containing OH signals with a pixel value being abospecified threshold
level. The threshold level was defined as half of the maximum wdltlee OH PLIF intensity,
which was also equivalent to half of the pixel depth of an 8-bit gedgysmage. Test cases with
different thresholds were examined to ensure that most of theedatsd interference signals
were eliminated, while sufficient OH signals were stiaidable for the statistical analysis. The
threshold used in the current study is consistent with thatioite literature for either CH [68]
or OH [90] flame zone-thickness measurements.

The effect of swirl on the computed mean area of the reaativesz(denotedoy) for
steady flames is illustrated in Fig. 5.3. As was seengn.Ff.1 and 5.2, the OH zones broaden

with downstream distance, which results in greater reaction zmaas at LOCI than at LOQ
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for flames with any given swirl level, as seen in Fig. 5l8 increase in the OH-zone area with
the downstream distance is consistent with the increasing theckhésth CH and OH zones in
the streamwise direction reported previously in turbulent non-pesimitames [68, 90]. This
may be explained by considering that as the flame elements mewsstdeam, the overall
gradient of the fuel/air mixture fraction decreases due to owrglete mixing, leading to more
and broader mixing layers where the mixture fraction is appragc¢bithe stoichiometric ratio,
resulting in the thick CH or OH zones in downstream of flane&$. [The area of the reaction
zones in steady flames generally increases as the svatliseincreased, as seen in Fig. 5.3. This
trend is possibly associated with the broader mixture fractiofiigodue to swirl, as suggested
by other studies on swirled steady flames [28, 30].

The impact of co-flow swirl on the mixture fraction of a turbulaoh-premixed flame
was studied by Feikema and co-workers [28]. Feiketnal reported that the mean mixture
fraction, when swirl was added to the co-flow stream, wasifgigntly reduced due to the
intense mixing, as indicated by the large increase in the dissipation rate in their study. The
well-mixed regions, where the mixture fraction approached stiogchiometric ratio, were
subsequently broadened by the presence of the centrifugal fareeswirling flow, and in turn
broadened the OH zones, which generally resided on the lean sstieiabfiometric mixture.
This is consistent with the observed increase in OH-zonerepeated here. The increased area
in the OH zones for swirled flames may also be in part due tmdine convoluted OH structures
in swirled flames than in non-swirled flames, as seen in Figs. 5.1 and 5.2.

The increased co-flow strength is found to have little impact orOtHeone area for

non-swirled flames, but generally results in a somewhat gr&iezone area in swirled flames.
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The increase in the OH-zone area with the increased co-ftengsih may be related to the more
convoluted OH-zone structure for flames with a high co-flow flow rate ioveed previously.

The mean pixel intensity of the OH zones for steady flam#s dviferent swirl levels,
normalized for each specific region by that of non-swirled flaatd OCI with a co-flow of 2.5
SCFM, is shown in Fig. 5.4. It is seen that the OH zones atea giownstream location have a
comparable mean pixel intensity for any given swirl levethva value that decreases only
slightly (2-5%) with downstream distance. The slightly dased value of the mean pixel
intensity for the OH zones at a further downstream location siggtied the OH zones may be
somewhat more broadly distributed in space in moving downstream, paisétp the growth
of the large-scale structures of the flow, as seen in Figs. 5.1 and 5.2.

The root-mean-square (RMS) of the reaction-zone area, normalzégqb for steady
flames, both with and without swirl, are shown in Fig. 5.5. The RMS gati@ in Aok
indicates the degree to which the reaction zones are subjedterlltzal flow fluctuations [90,
93]. The value of the RMS is found to be relatively lower at LQ&mpared to at LOd, for
flames with any given swirl level and increases up to 75%fattlaer downstream location of
LOC II. The relatively higher value of the RMS at LOCcompared to LOQ suggests an
increased impact of turbulence on the flame structure in the fudtvenstream regions as the
large-scale structures of the flow gradually develop with doeastrdistance. This is consistent
with the observations of more convoluted OH-zone structures atIL&wn in Figs. 5.1 and
5.2. Specifically, thin OH structures are observed near the quarlaexl broader and more
convoluted OH structures appear in regions further downstream. The timpaosico-flow swirl
is seen to increase the value of the RMS OH concentration flictsasuggesting a relatively

stronger effect of flow-flame interaction in swirled flamesnsistent with more convoluted OH
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structures in swirled flames seen in Figs. 5.1 and 5.2. The higlheswvaf the RMS with strong
swirl (S = 1.6) may also be associated with the recirculation zone, aroundh wiense
turbulence and large fluctuations in flame temperature géneratur [30]. The increased co-
flow strength also results in an increase in the value of 8 fr swirled flames, suggesting a
relatively stronger flow-flame interaction for swirled flasnwith a higher co-flow flow rate,
consistent with the more contorted OH-zone structure for swildeaes with a higher co-flow
flow rate shown in Fig. 5.2 compared to those with a lower co-flow flate seen in Fig. 5.1.
The overall results of the OH-zone statistics for stedaynds reported here, both with and
without swirl, are consistent with the literature studies on narlexiv{90, 93] and swirled [30]
turbulent non-premixed jet flames. The OH-zone statistics stoongly-pulsed flames are

discussed in the next section.
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Figure 5.1 — Composite, instantaneous OH PLIF images of steadwrites with various swirl
levels. The co-flow is 2.5 SCFM. The red marker indicatehi¢ mean visual flame length of
the flame for each swirl level. The individual image dimensions are 3.12%"3.125".
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Figure 5.2 — Composite, instantaneous OH PLIF images of steady flasiwith various swirl
levels. The co-flow is 3.5 SCFM. The red marker indicatethié¢ mean visible flame length of
the flame for each swirl level. The individual image dimensions are 3.12%"3.125".
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Figure 5.3 — Impact of swirl on the mean reaction zone area ofemady flames with varied
co-flow flow rates at downstream locations LOA and LOCII.
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Figure 5.4 — Impact of swirl on the normalized pixel intensit of the reaction zone area of
steady flames with varied co-flow flow rates at downstream locations LOI and LOC I1.
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Figure 5.5 — Impact of swirl on the normalized root-mean-squareRMS) of the reaction

zone area of steady flames with varied co-flow flow rates aownstream locations LOCI
and LOC II.
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5.2 OH PLIF of Strongly-Pulsed Flames with/without Swir

5.2.1. OH-Zone Structure of Strongly-Pulsed Flames with/without Swri

All of the OH PLIF images presented in this section along thitise shown in Appendix
D for strongly-pulsed flames, both with and without swirl, were taken atfep@mes relative to
the start of the fuel injection interval. This was done by phladeng the laser to the fuel jet
injection cycle. Representative OH PLIF image sequencesdarswirled, strongly-pulsed
flames are shown in Fig. 5.6 for various injection times and aviiked jet-off time ofty; = 20
ms. Following a particular structure in time (see Fig. 5.6)alsv&ome similarity in the reaction
zone structure for a fixed value of the elapsed time after the starbdicufar injection interval.
For example, the OH structures at tinbgandt; are very similar for all injection times, and the
OH structures at timeg andts for P = 8 are also similar to those fgtandts for P = 10. In
addition, a compact reaction zone structure with a short tadnfrmed for flames with a short
injection time ofP = 6. As the injection time is increased, the reaction zonetsteuat an
elapsed time of approximatety> 40 ms relative to the inception of fuel injection gradually
becomes similar to that of a steady flame (for examptd,$t, andt =ts for P = 8;t =t3, t =1y,
andt = ts for P = 10). Except for the apparent discontinuity at the instantandaune ftip
(discussed later), these OH PLIF-based observations of theoreacine structure for non-
swirled, strongly-pulsed flames are broadly consistent withotbeervation of the luminous
flame structure for these types of flames. Specificallysfmrt injection times, flames appear to
exhibit a compact, puff-like structure and elongated flames,aimnilbehavior to steady flames,

occur for long injection times.
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The effect of jet-off time on the reaction zone structure of nadesly strongly-pulsed
flames can be seen in the image sequences presented in/Figxé&ept for times near the start
of the injection interval, i.et < t3, flames with different jet-off times at a fixed injectiame
exhibit a similar reaction zone structure. As mentioned previptisé/ degree of interaction
between flame puffs is essentially governed by the jet+oié.tiA closely-spaced reaction zone
structure between two adjacent flame puffs is observedrmrgly-pulsed flames with short jet-
off times (sed; andt; in Fig. 5.7 (a)), consistent with the increased competition leetvilame
puffs for the available oxidizer with decreased jet-off tirre.addition, the reaction zone
structure at =tz andt, in Fig. 5.7 for flames with a long jet-off time @k = 100 ms seems to
exhibit a somewhat more puff-like structure than for the casésshorter jet-off times. The
puff-like OH-zone structure is consistent with the previous observdhiat flames with an
injection time ofP < 8 can exhibit a puff-like structure for a sufficiently longgéft time. The
relatively more upstream location of the OH-zone leading edgdldmes with a relatively
longer jet-off time (most evident fdr= t3) is also consistent with the decreased celerity with
increased jet-off time, due to a greater momentum exchange between jeedundlthe co-flow,
due to the lack of competition between flame puffs. In general, ttbagty-pulsed flames
without swirl shown in Figs. 5.6 and 5.7 appear to have a more convakdeton zone
structure than steady flames (compare Figs. 5.1 and 5.2), suggestiagively stronger impact
of flow on the flame structure for pulsed flames than for stdkines, possibly due to the
increased coherence and intensity of large-scale motions in theethgé@aused by the strongly-
pulsed fuel injection.

It is noted that there are, in many cases, apparent discomwiti “holes” at the

instantaneous flame tip (marked by red circles in Figs 5.6 afdnStife early period of the fuel
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injection interval. The OH zones for the flames that exhibit thedes are generally highly-
wrinkled and quite broad, somewhat similar to the reaction zondws®ua a premixed flame
[94]. Based on a further examination without the quarl present, the hole appears pootnaisty
be due to the non-ignition of injected fuel, possibly due to the high sat@imear the exit of the
fuel nozzle, leading to a high turbulent mixing rate competitivé tie chemical reaction rate,
resulting in the non-ignition of fuel.

The interactions between the flow turbulence and the reactantsthemi a turbulent
flame are typically characterized by the Damkohler numbay, (which represents the ratio of a
characteristic flow timer{o,) to a characteristic chemical timentn), i.e., Da = tiow/tchem TO
estimate théa at the exit of the fuel nozzle, the characteristic flow toage be taken to be the
inverse of the global strain ratgi{/d) and the characteristic chemical time is retreated fom
laminar ethylene flamed(/S., whered, is the laminar flame thickness a&d is the laminar
flame speed) [40, 82]. This gives a Damkdhler number of approXym@ag9 at the instant of
fuel injection for the conditions of the current work, suggestingtti@treaction rate is slow in
comparison with the mixing rate, resulting in the non-ignition of filek suggested that when
the Damkohler number is less than unity, the combustion system epgsothe limit of a
homogeneous, reaction mixture [40, 95], which could in turn result in thal idb&zone
structure, as seen in Figs. 5.6 and 5.7.

The discontinuity in the reaction zone is observed for all non-sivsteongly-pulsed
flames. The discontinuity disappears more rapidly (closer to dniea$tthe fuel injection interval)
for flames with a jet-off time of,s = 111, possibly due to the more closely-spaced flame puff
structures, by which the flame puff in the previous injectiorlecycay provide a combustible

environment with high temperature that facilitates the ignition of the folpwnjected fuel puff.

116



The effects of swirl on the flame zone structure of stronglyeputiames are illustrated
in the selected OH PLIF image sequences shown in Figs. 5.8 and 8arfes with interacting
(rof = 111) and isolated flame puff structuress (= 1110), respectively. Similar to the
observation in steady flames, the OH zones for swirled flamgsaa to be slightly thicker and
are generally located further away from the flame ceangethan those for non-swirled flames.
In addition, the OH zones are somewhat more convoluted for the cas&lefl flames with the
same injection conditions, possibly due to an increased impact obfiave flame structure as
the swirl level is increased, as mentioned previously. It is svittat the separation between
flame puffs for highly-interacting flames. = 111) is decreased as the swirl level is increased,
as shown in Fig. 5.8, consistent with the observations on flame luryisesih in Fig. 3.5. With
sufficiently strong swirl, the separation between flame po#ases to be ascertainable. This
decreased separation is consistent with the decreased flahecegperfity, higher rate of
entrainment and increased jet/co-flow momentum exchange due to swirl discussmasjyre

The co-flow strength is found to have some impact on the OH-ztvoetwse for
strongly-pulsed flames, both with and without swirl, as seen m %8 and 5.9. For non-swirled,
strongly-pulsed flames, the OH-zone structure is found to be glightker to the flame
centerline with a high co-flow flow rate. This relatively maver flame is possibly due to the
slower spread rate of the fuel jet due to the decreased slwaebedhe fuel jet and the co-flow
air. For swirled, strongly-pulsed flames, the increasedaw-6trength generally results in a
more convoluted OH-zone structure, similar to those seen in stémugsf suggesting a
relatively stronger flow-flame interaction for these flamBse discontinuity in the OH zones is
generally seen to diminish when swirl is imposed on the co-flo@as, possibly due to the

decreased strain rate caused by swirl [10] which is a consexjoértice decreased flame puff
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celerity in swirled flames. The discontinuity of the OH zoneswirled flames can still occur,
but with a significantly decreased frequency compared to nomeswitames. The less-
frequently seen discontinuity in the OH zones in swirled flamey magest a broader
flammability limit with swirl, consistent with Feikemet al.’s study [10], in which the blowout
limits of a non-premixed flame can be significantly improvedaoging swirl to the co-flow

stream.
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Figure 5.6 — Sequence of representative OH PLIF images throughtypical fuel injection
interval for non-swirled, strongly-pulsed flames with an ingction time of (a)P = 6; (b)
P =8; and (c)P = 10. The jet-off time istor = 20 Ms ¢of = 222) in all cases. The times cited
are the elapsed times after the start of the fuel injewn interval. The co-flow is 2.5 SCFM.
The discontinuity in the OH zones is marked with a rectircle. The image size is 3.125” x
3.125".
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Figure 5.7 — Sequence of representative OH PLIF images throughtypical fuel injection

interval for non-swirled, strongly-pulsed flames with a jetoff time of (a) tox = 10 ms
(ot = 111); (b)tor = 20 Ms ot = 222); and (C)tor = 100 ms £o = 1110). The injection time
iston = 46.13 ms P = 8) in all cases. The times cited are the elapsed timafter the start of

the fuel injection interval. The co-flow is 2.5 SCFM. The dicontinuity in the OH zones is
marked with a red circle. The image size is 3.125" x 3.125".
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Figure 5.8 — Sequence of representative OH PLIF images throughtypical fuel injection

interval for strongly-pulsed flames with interacting flame stuctures and with a swirl level

of (a) S=0; (b) S=0.4; and (c)S = 1.6. The times cited are the elapsed times after theast

of the fuel injection interval. The injection conditions areP = 8 (., = 46.13 ms) and
torf = 111 (o = 10 ms). The image size is 3.125” x 3.125".
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Figure 5.9 — Sequence of representative OH PLIF images throughtypical fuel injection

interval for strongly-pulsed flames with isolated flame puff structures and with a swirl level
of (a)S=0; (b) S=0.4; and (c)S = 1.6. The times cited are the elapsed times after theast

of the fuel injection interval. The injection conditions areP = 8 (., = 46.13 ms) and
Torf = 1110 {or = 100 ms). The image size is 3.125” x 3.125".
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5.2.2. Statistics of OH Zones for Strongly-Pulsed Flames with/without Swili

Time-traces of the mean OH-zone ardad and the normalized RMS at LOCfor
strongly-pulsed flames, both with and without swirl, are shown in. Big®9-5.12 foP = 6, 8,
and 10, respectively, for different values of the jet-off timee Ppeak values ohoy and the
maximum peak values of the normalized RMS for each casauammarized in Tables 5.1 and
5.2, respectively. The dashed line in each plot represents the valhe steady flame with the
corresponding swirl level. Due to the fuel pulsing, the OH-zonesstatifor strongly-pulsed
flames, regardless of the swirl level, are strong functionsné. The peak value dhoy for
strongly-pulsed flames, both with and without swirl, generally ocatithe moment when the
tail of the flame puff starts to appear at LO@s seen, for example,tat t; in Figs. 5.8 and 5.9.
The comparatively broad OH zone (i.e., high valudgf) seen near the flame centerline at the
end of fuel injection in those imagds=t; in Figs. 5.8 and 5.9) is possibly due to the combined
effect of the rapid flame puff tail burn-out [48] and the slow thredy OH radical
recombination [30]. The separation between any two adjacent pedks &f mainly governed
by the fuel injection parameters((or P) andt (Or 7or)), due to the fact that the separation
between any two injected fuel puffs in strongly-pulsed flames, bdthamd without swirl, is
controlled by the injection time and the jet-off time, even thouglsplaeed-separation between
two flame puffs can also be decreased by the presence of swirl, as digressmasly.

The peak value ofoy is generally not seen to be strongly impacted by the jeiroé,
but is seen to increase with increased swirl level and apmebesa maximum for flames with a
short injection time oP = 6, as seen in Table 5.1. The increased peak vallig dbr strongly-
pulsed flames with swirl is consistent with the increased vafuly for steady flames with

swirl, possibly due to the broader distribution of the reacting mixture, as segdgpgsiasriet al
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[30]. As seen in Figs. 5.8 and 5.9, the more convoluted structure of theoss for swirled
flames could also contribute to the increase in the computed ol The high peak value
of Aoy for flames withP = 6 may be associated with the rapid tail burn-out for thesees
possibly due to the relatively leaner overall reactant mixtordlames with shorter injection
times resulting from the small injected fuel volume comparddt Wie available air. Another
possibility for the high values ofoy for flames withP = 6 may be the persistence of a
premixed-like OH-zone structure within such a short injectionvateas suggested by Fig. 5.6.
The premixed-like OH-zone structure is generally broad and convotatesistent with the high
value ofAgp.

The overall values ofoy for strongly-pulsed flames, both with and without swirl, are
generally higher than those for steady flames, both with ardwutiswirl. The peak values are
up to a factor of two higher than those of steady flames for batledvand non-swirled cases,
as seen in Table 5.1. The valuesAgf; however do not exceed those of steady flames in the
early stages of fuel injection or during the interval between twel injections, where the
minimum Aoy is in Figs 5.10-5.12. At these times a single flame puff isirstpto develop and
passing through the image field (i.e. LOCfor example at =t in Figs. 5.8 and 5.9. After that
time, the value ofo rises and, for some injection conditions, reaches a plateau, follontae b
peakAoy at the end of fuel injection. The value in the plateau regiomdorswirled flames, is
comparable td\oy of non-swirled steady flames, but becomes slightly higher tthetnof steady
flames for swirled flames. The plateau region is most appéseflames with a long injection
time of P = 10, consistent with the fact that strongly-pulsed flames loitly injection times
(P> 10) have an elongated flame structure similar to that ofedgftame. As the jet-off time is

increased, the values @y for strongly-pulsed flames, both with and without swirl, can
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decrease to essentially zero during the period of jet-off tmhen no reaction is apparent at
LOC I. As mentioned previously, however, the spatial separation betweerdjacer flame
puffs can be decreased as the swirl level is increasedemasrs€ig. 5.8. The decreased spatial
separation between flame puffs at LO@irectly leads to an increase in the valuédgf. The
generally higher values dfon for non-swirled, strongly-pulsed flames compared to those of
steady flames without swirl are consistent with Katral’s study of turbulent non-premixed jet
flames with acoustic forcing [46]. Kinet al attributed the increased OH-zone area to the
increased flame-vortex interaction due to the acoustic excitatvhich also resulted in some
enhanced air entrainment. The overall increase in the valus,dbr strongly-pulsed flames
with swirl, consistent with the steady flames results, maygsst an even more rapid rate of air
entrainment due to the added swirl, consistent with Feiletnaf's [28] and Masriet al’s [30]
studies.

The normalized RMS profiles ooy are also seen to have high values during the
injection interval, and some flames appear to exhibit a double-pahak IRMS profile. This is
believed to be a general result — the lack of a distinct double-paak RMS profile for some
flames is likely mostly an artifact of the limited repetit rate of the laser. The peak RMS values
do not coincide with the peakoy; instead, they generally accompany low valued\gi. In
general, the first peak RMS occurs at the moment when the ffarfi is developing and the
flame front edge is passing through LOGuch ag =t; in Fig. 5.6,t =t, in Fig. 5.7, and =1t;
andt =t in Fig. 5.9. The first high RMS value associated with the Higttuation of the OH-
zone distribution may be due to the transition of the OH-zone struétone a highly wrinkled
and thick (premixed-like) reaction zone structure, which varresgly from time to time, to the

smooth and thin (pure diffusion flame-like) reaction zone structire s€cond peak value of the
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RMS, where it is observed, occurs immediately after the pgalappears, at the moment when
the tail of the flame puff starts to disappear at LD€@r example at =t, for P = 6 shown In
Fig. 5.6. This second peak RMS value may be associated withtthsion of the surrounding
co-flow air across the combustor centerline.

The values of the peak RMS generally appear to be higher fdedvlames than those
for non-swirled flames, as seen in Table 5.2, possibly due to thveblastronger flow-flame
interaction in swirled flames, consistent with the steadydlaasults. In addition, the peak RMS
values are generally lower for flames with a short norméljeeoff time ofzo = 111, possibly
due to the more closely-spaced flame structures, leading to rapreé ignition between
successive flame puffs, resulting in less of a transitiothenOH-zone structure. However, the
peak RMS values are not seen to be strongly impacted by #w#ionj time, consistent with the
independence of the OH-zone discontinuity on the injection time, as seen in Fig. 5.6.

Following the first peak in the RMS values, the value of the abzed RMS rapidly
decreases to a lower value, where the RMS values of non-swatlexhgly-pulsed flames
become comparable to those of non-swirled, steady flames. Foglgtputsed flames with
swirl, by contrast, the RMS values are generally higher thaset for steady flames with the
corresponding swirl level. The decreased spatial separation éretfla@ame puffs in swirled
flames is also evident in the normalized RMS profile. With eidfitly strong swirl, the RMS
profile for flames with strongly-interacting flame structugs = 111) appears to be similar to
that for steady flames, but with a somewhat higher value. Thalb®ivlS results suggest a
higher degree of the flow-flame interaction in swirled flampossibly due to the increased

turbulence level due to swirl [11, 14, 30], consistent with the steady-flamesresult
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The effect of the co-flow strength on the OH PLIF stiasfor strongly-pulsed flames,
both with and without swirl, can be seen by comparing Fig. 5.11, forflow of 2.5 SCFM,
with Fig. 5.13, for a co-flow of 3.5 SCFM. The profiles&f; and RMS in those two figures are
generally comparable, but the valuesAgf; and RMS are slightly different. For non-swirled
flames, for example, with a co-flow of 3.5 SCFM, the value&gpfin the moment when the tail
of the flame puff is first seen at LOJsuch ag =t; in Figs. 5.8 and 5.9), corresponding to the
moment when the peakoy occurs in Fig. 5.13, are slightly lower than those for flamigls a
co-flow of 2.5 SCFM, as seen in Fig. 5.11, possibly due to the narrower OH-aatarstiof the
flame puff tail for flames with a higher co-flow flow rates seen in Figs. 5.8 and 5.9. The more
slender OH tail structure may be more subjected to the intrusithre gfurrounding co-flow air,
thus resulting in the relatively higher peak value of RMSIlamés with the higher co-flow flow
rate. The overall values @6y and RMS are generally higher for swirled flames witho-dlaw
of 3.5 SCFM than those with a co-flow of 2.5 SCFM. The increased vafuks, and RMS
with the increased co-flow strength are consistent withritbee convoluted OH-zone structure
and the relatively stronger flow-flame interaction for swirkaahes with a higher co-flow flow
rate, as discussed previously in Section 5.2.1. The decreased flucarafiitude ofAqy and
RMS (the difference between the peak and the lowest values) ferseimed flames with a co-
flow of 3.5 SCFM is consistent with the more decrease in theedpseparation between flame
puffs with the increased co-flow strength, as seen in Fig. 5.8.

The effect of the quarl on the valuesAfy and RMS for strongly-pulsed flames, both
with and without swirl, with an injection time & = 8 can be seen by comparing Fig. 5.11, with
the quarl present, with Fig. 5.14, where the quarl is absent. dlnesvfor steady flames in

Fig. 5.14 are with the quarl present. The addition of the quarl is nadl fouhave a significant
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impact on the values &y and RMS for non-swirled flames, but does result in an increase in
the cycle-averaged values Bgy for swirled flames, especially for flames with the strohges
swirl (S= 1.61). The decreased fluctuation amplitudegfi and RMS for flames with a swirl
level of S = 1.61 with the addition of the quarl is consistent with the moreeigiapaced

separation between flame puffs for swirled flames when the igyaresent discussed previously.
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Figure 5.10 — The impact of swirl on the reaction zone area artie normalized RMS of the
reaction zone area of strongly-pulsed flames with a dimensitass injection time ofP = 6.
The co-flow is 2.5 SCFM. Results are at LO@ with the quarl present.
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reaction zone area of strongly-pulsed flames with a dimensiass injection time ofP = 8.
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Figure 5.12 — The impact of swirl on the reaction zone area artie normalized RMS of the
reaction zone area of strongly-pulsed flames with a dimensiordg injection time ofP = 10.
The co-flow is 2.5 SCFM. Results are at LOQ with the quarl present.
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Peak Values ofAqy (Unit:

mm?)

Toff = 111 | 7o = 222 | 7o = 444 | 7o = 1110
P=6 1017.62 1079.01 1023.56 1008.2p
Qair = 2.5 SCFM P=8 834.15 820.62 743.72 746.68
P=10 838.77 854.26 879.46 889.83
S=0 Steady 549.81
Toff = 111 | 7o = 222 | 7o = 444 | 1o = 1110
Qair = 3.5 SCFM P=8 691.3159 | 737.8174 6715308 727.2793
Steady 569.05
Toff = 111 | 7o =222 | 7o = 444 | 1o = 1110
P=6 1057.34 1143.00 1126.48 1095.28
Qair = 2.5 SCFM P=8 922.90 946.39 900.75 1021.69
P=10 1143.22 1140.48 1127.96 1070.5P
S=04 Steady 581.67
Toff = 111 | 7ot = 222 | 1ot = 444 | 1o = 1110
Qair = 3.5 SCFM P=8 869.3206 | 908.7867] 869.3236 1014.871
Steady 660.07
Toff = 111 | 7of = 222 | 1ot = 444 | 1o = 1110
P=6 1368.47 1338.05 1248.43 1263.418
Qair = 2.5 SCFM P=8 1140.65 1045.24 1093.98 967.6391
P=10 1265.68 1113.69 1059.41 1060.8p
S=16 Steady 688.04
Toff = 111 | 7o =222 | 7o = 444 | 1o = 1110
Qair = 3.5 SCFM P=8 1098.266 | 1280.465 1276.83p 1078.539
Steady 853.13

Table 5.1 — Summary of the peak values @on for each flame case.
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Maximum Values of RMS/Agn

Toff = 111 | 7o = 222 | 7o = 444 | 7o = 1110
P=6 0.18 0.38 0.42 0.40
Qair = 2.5 SCFM P=8 0.20 0.33 0.31 0.24
P=10 0.17 0.34 0.31 0.31
S=0 Steady 0.08
Toff = 111 | 7o = 222 | 7o = 444 | 1o = 1110
Qair = 3.5 SCFM P=8 0.23 0.29 0.30 0.24
Steady 0.09
Toff = 111 | 7o =222 | 7o = 444 | 1o = 1110
P=6 0.41 0.47 0.50 0.48
Qair = 2.5 SCFM P=8 0.37 0.33 0.29 0.30
P=10 0.30 0.27 0.24 0.20
S=0.4 Steady 0.1
Toft = 111 | 7o = 222 | 7ot = 444 | Tor = 1110
Qair = 3.5 SCFM P=8 0.41 0.28 0.27 0.26
Steady 0.14
Toft = 111 | 7o = 222 | 7ot = 444 | 1o = 1110
P=6 0.22 0.42 0.47 0.48
Qair = 2.5 SCFM P=8 0.22 0.36 0.34 0.54
P=10 0.25 0.52 0.50 0.35
S=16 Steady 0.14
Toff = 111 | 7o =222 | 7o = 444 | 1o = 1110
Qair = 3.5 SCFM P=8 0.27 0.43 0.47 0.35
Steady 0.19

Table 5.2 — Summary of the maximum peak values of the normalizd®MS for each flame

case.
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Figure 5.13 — The impact of swirl on the reaction zone area artle normalized RMS of the
reaction zone area of strongly-pulsed flames with a dimensiass injection time ofP = 8.
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Figure 5.14 — The impact of swirl on the reaction zone area artie normalized RMS of the
reaction zone area of strongly-pulsed flames with a dimensiass injection time ofP = 8.
The co-flow is 2.5 SCFM. Results are at LOQ without the quarl present.
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CHAPTER 6

CONCLUSIONS

This work studied the structure, dynamics and emissions of turbulemtgylgtpulsed jet
diffusion flames in the presence of swirl. Three major diage®stichniques were employed in
this study: High-speed video imaging, standard emissions arglyaed OH planar laser-
induced fluorescence (PLIF). The high-speed video imaging of time flaminosity allowed for
the determination of the flame length and the flame puffitglas well as the detailed study of
the flame puff interactions. The concentration levels of CO andnNfe flames were measured
by using standard emissions analyzers combined with an asyseatgding probe. Finally, OH-
PLIF imaging was employed to study the structure of i@actones within the flames. The

principal conclusions resulting from this work are summarized below.

Large-Scale Flame Structure

e The strongly-pulsed flames with a co-flow swirl were foundeat84% shorter, in terms of
visual flame length, than those without swirl for the same tigecconditions. The
imposition of swirl had a relatively stronger effect on the length of stiahes than that of
strongly-pulsed flames. In addition, the length of strongly-pulsed Hawas generally
impacted more by swirl for longer injection times than for shargction times. The
relatively weaker effect of swirl on the length of strongly-pdlfiames compared to that on
steady flames appeared to result from a combination of thesedyashorter residence time
and the lesser amount of heat release (due to the smalleedhfaet volume) of strongly-

pulsed flames than that of steady flames.
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The flames with swirl generally exhibited a flame puff dgfeas much as 39% lower than
for flames without swirl. The decreased flame length and flanfiecelerity, corresponding
to a greater momentum exchange between the fuel and the caifloave consistent with
an increased rate of air entrainment into each flame puff structure duelto swir

The separation between flame puffs decreased with the imposit®midf The decreased
flame puff separation is consistent with the decrease in flarffecelerity due to swirl. At
the same time, a decreased separation is expected to ressttonger competition between
flame puffs for the entrainment of available oxidizer, limitthg increased rate of oxidizer
entrainment due to swirl.

The length of swirled, strongly-pulsed flames was more sensditlee co-flow strength for
cases with longer injection times than those with shorter injetittas. The strength of the
co-flow also had a greater impact on the length of switkedds with interacting structures
than those with isolated flame puffs. The higher co-flow stremgsulted in a greater
increase in the length of non-swirled, strongly-pulsed flami#is shorter injection times.
The flame length of non-swirled flames was less sensititbe@o-flow strength for cases
with interacting structures than those with isolated flame puifie different sensitivities to
co-flow strength reflect a combination of the degree of coitne between flame puffs and
the residence time of interaction between the fuel and the co-flow air.

The addition of the quarl resulted in no significant impact on the flame length sfvded,
strongly-pulsed flames. For strongly-pulsed flames with swhd, maximum reduction in
flame length was about 34% for flames with the quarl, compared to f@B%e cases
without the quarl. The quarl favors the formation of a recirculationezwhere rapid

entrainment and intense mixing occur, and thus results in a greater decréase ierigth.
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e Three scaling relations successfully correlated the observedehan flame length with the

injection time, the fuel/air volumetric flow rate ratio, and the jet-on fraction

CO/NO Emissions

e The level of CO emissions for strongly-pulsed flames, both with \aitkdout swirl,
decreased substantially as the jet-off time was decredabeddecreased CO levels were
associated with the increased residence time associatetheiincreased flame length. The
CO levels were as much as a factor of 2.5 lower for flam#ssmirl than for those without
swirl. The decreased CO emissions are consistent with momr aapgi complete mixing
between the fuel and the air by imposing swirl in the co-flow stream.

e Swirl appeared to have a stronger impact on the CO emissiostrdagly-pulsed flames
with shorter injection times than for those with longer injectiomet. Any changes in the
rate of air entrainment caused by changes in the recirculatioe due to swirl can be
expected to have a greater impact on the CO emissions of theatdrapees that occur for
short injection times.

e The higher co-flow strength generally resulted in an ineréasCO levels, particularly for
flames with short injection times. For non-swirled flames, theeamed CO emissions are
consistent with a slower rate of mixing due to decreased sheedrethe fuel and the co-
flow air with higher co-flow strength. The increase in C@els, for flames with swirl, is
consistent with more rapid dilution and mixing with the cold oxidize&rught by more
swirling co-flow air. The co-flow strength had a negligiblegpant on the CO emissions for

both swirled and non-swirled flames with sufficiently long injection times.
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The presence of the quarl was not found to have a significant impabe CO emissions
for non-swirled, strongly-pulsed flames. For strongly-pulsed flanvégh swirl, in the
absence of the quarl, the CO levels generally increased awithéevel was increased. The
addition of the quarl presumably favors the formation of an enlargadtukation zone,
allowing enhanced mixing between the fuel and the air, resulting in a detrézSdevels.
The NO concentrations of strongly-pulsed flames, both with and witheut, for most
injection conditions, were below those of steady flames. The obsehaes in the NO
emissions levels are consistent with changes in the rateaite@inment caused by changes
in the degree of interaction between flame puffs. The NO ensgradually approached to
the steady-flame values as the jet-off time was decreased.

The imposition of swirl, for short injection times, was in someegsdsund to result in an
increase in the levels of NO, consistent with the decrease@V&® lobserved for the same
injection conditions. The elevated NO emissions, in many casksostdr than those of
steady flames, are believed to be due to a longer combussidenee time due to the flow
recirculation within the swirl-induced recirculation zone.

The NO levels of strongly-pulsed flames with swirl were gdhesaen to slightly decrease
with increased co-flow strength, consistent with a relatively greéatrease in the CO levels.
The CO emissions correlated strongly with the global residénte when taking into
account the impact of air dilution over an injection cycle on thedléngth of strongly-
pulsed flames, both with and without swirl. The NO emissions did noessitdly correlate
with the global residence time, suggesting that other NO pratuotechanisms or other
factors that could affect the NO production in hydrocarbon flames ddedee taken into

account when developing the NO emissions scaling for such flames.
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e For some specific cases, a simultaneous decrease in both derudels was observed in
strongly-pulsed flames with swirl. This may result from rapidlimer entrainment (but not
rapid enough to quench CO oxidation) leading to some partial fupt&inixing and low
levels of both CO and NO emissions. The lengths of these flaneee generally
significantly shorter than those of steady flames. Thesetsesugjgest the potential of the
combination of the strongly-pulsed fuel injection and co-flow swanl fleveloping a

compact, low emissions combustor.

Flame Zone Structure

e For steady flames without swirl, the OH zones appeared to bparatively thin in the
upstream regions of flames near the exit of the quarl, and gnadjzatied thickness and
became more contorted with downstream distance from the quadexite swirl level was
gradually increased, the OH zones were generally seen to heditugher away from the
flame centerline with a slightly greater thickness. In additibe, ®H zones in swirled
flames appeared to be more convoluted than those in non-swirled flames.

e For strongly-pulsed flames, both with and without swirl, the OH zapgegared to be more
convoluted than those for steady flames, suggesting the enhancesityntd large-sale
motions caused by the strongly-pulsed fuel injection.

e For strongly-pulsed flames, both with and without swirl, the reac@res in many cases
were observed to exhibit discontinuities at the instantaneous fiprmethe early period of
fuel injection. The discontinuity in the reaction zone likely resuftem the non-ignition of
injected fuel, due to a relatively slower reaction rate in comparisdrtigtmixing rate. The

discontinuity in the OH zone was generally seen to diminish with increasddeslir
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Statistics generated from the OH PLIF signals showed ttteatreaction zone area was
generally higher (up to a factor of two) for strongly-pulsednis, both with and without
swirl, compared to those for steady flames. The reaction zoaewa® generally seen to
increase with increased swirl level, consistent with a broagigmore convoluted OH-zone
structure in swirled flames. The highest value of the reacthme area generally occurred
near the tail of the flame puff, where a broader OH zone prevdiledy due to the
combined effect of the rapid flame puff tail burn-out and the slowethcely OH radical
recombination.

The root-mean-square (RMS) of the reaction zone area indidegedegree to which the
reaction zones were subjected to the local flow fluctuations. Forghy-pulsed flames, the
RMS values were generally higher for the cases with givnh for those without swirl,
suggesting a relatively stronger impact of flow turbulence onlameef structure for swirled
flames, consistent with the steady-flame result.

In many cases, strongly-pulsed flames, both with and without, ppeared to exhibit a
double-peak in the RMS profile. The first peak RMS generallyurwed at the moment
when the flame puff was developing and going through the transition from the prdikéexed
reaction zone structure to the pure diffusion flame-like reaction gwwoeture. The second
peak appeared at the moment when the tail of the flame pu#dstardisappear, which led
to the intrusion of the surrounding co-flow air across the combustorricemtand thus

resulted in high RMS values.
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CHAPTER 7

FUTURE WORK

This work has shed new insight into the impact of swirl on the flamecture and
exhaust emissions of strongly-pulsed flames. Further investigaiensuggested to achieve a
better understanding of the combustion processes in these flamesfarttier demonstrate the
potential practical benefits of this combustion strategy.

Experiments over a wider range of Reynolds number may yield@uiinformation on
the combustion performance that may prove useful in the pradggealopment of swirl burners
incorporating strongly-pulsed fuel injection.

CH-PLIF imaging, which shows a relatively narrower flarnae than OH-PLIF imaging,
is a common tool to locate the location of the flame front. Ther&ktal is often considered
superior to OH radical as a reaction zone marker because 19 @dduced and destroyed in a
faster mechanism than OH; and 2) CH resides at a location mearey corresponding to the
location of the peak heat release compared to that given by OHIlt&ieous imaging of
CH/OH radicals would enable the study of the reaction zone wteuot strongly-pulsed flames
with swirl in greater detail, increasing the understanding ofl¢hailed flame zone structure and
the flame ignition/extinction behavior.

Central to any non-premixed combustion process the flowfield leaditige entrainment
of the oxidizer into the flame. Flow information critical to ashing a better understanding of
the fuel/air mixing in swirled, strongly-pulsed flames inclutbesl turbulence information, such
as the time-varying velocity field, the vorticity field arftetstrain rate. This information could

be obtained by employing Particle Image Velocimetry (PIV)sThchnique has the ability to
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provide non-intrusive measurements of the flow field with high speg&dlution. In addition,
PIV can give quantitative determination of the rate of air entrant into the flame. Specifically,
PIV simultaneously with PLIF would enable a comprehensive studyeointeraction between
the flow dynamics and the chemistry reaction.

Other experiments that could reveal temporally- and spatiedighved information of
composition and temperature fields of swirled, strongly-pulsed flanwedd definitely bring

more and greater insights into the fundamental processes operative inadimese fl
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APPENDIX A

LASER-INDUCED FLUORESCENCE

Laser diagnostics in combustion has gained extensive attentiorttsinege 28 century.
Laser techniques are capable of performing measurements,ssaombustion temperature and
species concentrations, with simultaneous high spatial and tempswhltien, which physical
probing methods are challenged to provide. In addition, the non-intrusive natuaseof
techniques allow diagnostics in complicated combustion applicationsaswstirled flames and
recirculation zone structures, without disturbing the flame behavitasser-induced
Fluorescence is one powerful and commonly-used technique for examspegies

concentrations in flames.

A.1 General Concept

Laser-Induced Fluorescence (LIF) is a spectroscopic techniquentidlies the detection
of reactive intermediates in combustion at low levels (ppm lekB¥) can be carried out either
as a point or as planar measurement. The latter is referrasl Réanar LIF (PLIF), which is
commonly employed in combustion studies to either simply image piwgalk distribution or
guantitatively measure the concentration of a selected veagecies. Only a brief summary of
PLIF is presented here; a more detailed and complete descrgftibit theory is given by
Eckberth [96].

LIF is often understood as an absorption process followed by lighsiemig his process
can be summarized in Fig. A.1 using the schematic energy lev@Haas an example. If the

wavelength of the laser radiation matches an electronigememsition of the OH radical, the
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OH radical can become excited by absorption of laser radiabamtfie ground state, leading to
an upper excited electronic state. Shortly after the exciedgg level is populated, the OH
radical returns to the ground state and releases energy thepoigtaneous emission in the form
of fluorescence. In general, the wavelength of fluorescenddfesent from that of the incident

excitation and occurs primarily, but not entirely, at longer wengths since the emission
involves generally higher electronic states not originally involnethe absorption process. The
difference in the wavelength of incident excitation and fluorestzesmission benefits the
detection of LIF signal since the interference from scadtdaser light can be minimized with
optical filters. Due to the fact that the fluorescence intensity is propdrtmttzae number density

of the species, the fluorescence intensity provides information aotteentration of the probed

species [96].

A.2 Brief Review of OH PLIF Studies

The hydroxyl radical (OH) has been considered as a good marké&efreaction zone in
hydrocarbon combustion, mainly due to its peak concentration being aroungedhe
combustion temperature [53]. The abundant concentration of OH in moss fistefacilitate
the detection of the LIF signal [96]. Because of its well-knowetspscopy, a large number of
combustion studies with PLIF have reported detection of the OH radical.

The OH radical, in the combustion reaction, is indicative of fuet-lkegions within the
flame where combustion products reside [97]. Compared to OH, CHrblkdes a relatively
narrower rendering of the flame zone indicative of the fuelsidie of the flame element [97].
CH is often considered superior to OH as a reaction zone markandee€H is produced and

destroyed in a faster mechanism than OH [98]. However, thevedlatower concentration of
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CH than that of OH makes it much more difficult to be detedtad OH [68]. Detection of CH

can be further complicated by overlapping fluorescence from pdigyammatic hydrocarbons

(PAH) in highly-sooty fuel [68], such as ethylene used in this wbhlerefore, it was proposed
to primarily employ OH PLIF imaging to study the reactiome structures of swirled, strongly-
pulsed flames in the current study even though minor fluorescence interferdiicmes/gable.

Seitzmanet al [91] employed the PLIF imaging to study the spatial stinest of OH
distribution in non-premixed hydrogen flames with a Reynolds numbhgmg fromRe= 2,300
to 50,000. At low Reynolds numbers, they observed the OH zones to be continddaminar-
like. As the Reynolds number increased, the OH structure becamee aonvoluted and was
characterized by thin filaments of high OH concentration in theregrst regions of flames
connecting larger, more diffuse structures in the relatigelynstream regions of flames. In any
case, the OH zones structure appeared to be governed by theeldigg structures in the flame.
The OH zones with low concentrations was still observed beyondtbé ftames, possibly due
to the slow three-body recombination reaction.

Clemenset al [93] studied the OH zones structure in turbulegiidHjet diffusion flames
at moderate to high Reynolds numbBegE 3 x 1¢ to 1.5 x 16). For the lowesRe case, in
agreement with Seitzmaat al’s study [91], the OH zones appeared as thin filaments connected
by diffuse regions. For the highd?ecase, the OH zones were relatively broader over the entire
length of the flame and appeared to be more influenced by staldlsirbulence, but beyond
the flame tip a large-scale helical instability was pneses revealed by OH PLIF imaging.
Statistics from the OH PLIF signals showed that over theeeatitent of the flame, the RMS
values of OH signals were largest for the lowRstase, owing to large fluctuations in the thin

OH zones. With increasing Reynolds number, the radial RMS proditethé lower half of the
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flame exhibited double peaks. Clemegtsal suggested that the double-peak RMS profiles,
particularly prevalent at the highd?¢ were results of the distributed OH zones combined with

small-scale mixing on the rich and lean sides of the reaction zone.

A.3 OH PLIF Challenges in Hydrocarbon Combustion

As mentioned previously, implementation of OH PLIF in hydrocarbon dusdenbustion
is very challenging due to the fluorescence interferenc@ngrifrom the fuel chemistry. An
example of OH PLIF with interference in a laminar ethylene diffusiondlés shown in Fig. A.2.
The fluorescence interference is clearly evident and it renvaithisthe incident laser turned
away from the OH absorption line (283 nm). The fluorescence enégrée is also observed in
laminar methane-fueled flames, but with the relatively wesakgral than that in ethylene fueled
flames. The interference grows quickly with downstream distamdbe flame and seems to
prevail over the most extent of the flame in turbulent flames.

Detailed interference on the LIF process is described in feeenee book of Eckbreth
[96]. For hydrocarbon fueled combustion, the fragments of hydrocarbonespaed soot
particulates possess very broad absorption spectra throughout the @trammblviolet spectral
regions. Because of the abundance of these species, serious fllestaferences can result.
Soot particulates further complicate problems since they can skmrd&kaman scatter, and
incandesce by interacting with the incident laser radiation.

No attempt was made here to distinguish from what speciaesténterence, as shown in
Fig. A.2, originates. However, attempts to minimize the fluoreseénterference were made by
first reducing the gate width of camera down to 20 ns due to @evedy long lifetime of PAH

and soot particles fluorescences compared to that of OH fluoresi8)c@9]. Next, the laser
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fluence per pulse was lowered to be approximately 0.02° Wgrfurther increasing the overall
height of the incident laser sheet. Regardless of fluorescesatégrsng, or incandescence, the
irradiance of these interferences is strongly dependent on #efliasnce [96]. However, the
lower the laser fluence is, the weaker and the less thel@ire$cence is detected [96]. The
current laser fluence of 0.02 Jftnwas found to be optimum for the purpose of this work; it
allows sufficient OH fluorescence to be detected whildltierescent interference is attenuated

to an acceptable level without serious deterioration of OH fluorescenadssign
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Figure A.1 — Schematic energy level diagram of the energy traitiens involved in laser
excitation and fluorescence of the OH radical.
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Figure A.2 — Example of fluorescence interference with OHPLIF in a laminar ethylene-
fueled diffusion flame.
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APPENDIX B

VISUAL FLAME IMAGE SEQUENCES — Qg4 = 2.5 SCFM
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Figure B.1 —Visual sequences of steady flames with a-flow of 2.5 SCFM. (a)S = 0. (b)
S=0.41. (c)S=0.87. (d)S= 1.61. Framing intervalAt = 2.5 ms; image height 57.9 cr
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Figure B.2 —Visual sequences oP =5 flames with the swirl level ofS = 0 and a c+flow of

2.5 SCFM. (@)tor = 111. (b)7oxr = 222. (C)ror = 444. (d)zorr = 1110. Framing intervalAt =5
ms; image height 57.9 cm.
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Figure B.3 —Visual sequences oP = 5 flames with the swirl level ofS = 0.41 and a c-flow
of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =5 ms; image height 57.9 cr
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Figure B.4 —Visual sequences oP = 5 flames with the swirl level ofS = 1.61 and a c-flow

of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =5 ms; image height 57.9 cr
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Figure B.5 —Visual sequences oP = 6 flames with the swirl level ofS = 0 and a c+flow of
2.5 SCFM. (a)tor = 111. (b)zor = 222. (Clror = 444. (d)rorr = 1110. Framing intervalAt = 7.5
ms; image height 57.9 cm.
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Figure B.6 —Visual sequences oP = 6 flames with the swirl level ofS = 0.41 and a c-flow
of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =7.5 ms; image height 57.9 ci
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Figure B.7 —Visual sequences oP = 6 flames with the swirl level ofS = 1.61 and a c-flow
of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =7.5 ms; image height 57.9 ci
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Figure B.8 —Visual sequences oP = 8 flames with the swirl level ofS = 0 and a c+flow of

2.5 SCFM. (a)torf = 111. (b)zosr = 222. (C)rort = 444. (d)7orf = 1110. Framing interval At = 10
ms; image height 57.9 cm.
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Figure B.9 —Visual sequences oP = 8 flames with the swirl level ofS = 0.41 and a c-flow
of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =10 ms; image height 57.9 cr
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Figure B.10 —Visual sequences cP = 8 flames with the swirl level ofS= 1.61 and a c-flow
of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =10 ms; image height 57.9 cr
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Figure B.11 —Visual sequences oP = 10 flames with the swirl level ofS = 0 and a c«-flow

of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =12.5 ms; image height 57.9 ci
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Figure B.12 —Visual sequences oP = 10 flames with the swirl level ofS = 0.41 and a c-
flow of 2.5 SCFM. (a)ro = 111. (b)zor = 222. (C)rort = 444. (d)zor = 1110. Framing interval
At =12.5 ms; image height 57.9 ci
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Figure B.13 —Visual sequences oP = 10 flames with the swirl level ofS = 1.61 and a c-
flow of 2.5 SCFM. (a)ro = 111. (b)zor = 222. (C)rort = 444. (d)zor = 1110. Framing interval
At =12.5 ms; image height 57.9 ci
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Figure B.14 —Visual sequences oP = 12 flames with the swirl level ofS = 0 and a c«-flow
of 2.5 SCFM. (a)tor = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At = 20 ms; image height 57.9 cr
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Figure B.15 —Visual sequences oP = 12 flames with the swirl level ofS = 0.41 and a c-

flow of 2.5 SCFM. (a)ro = 111. (b)zor = 222. (C)rort = 444. (d)zor = 1110. Framing interval
At = 20 ms; image height 57.9 cr
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Figure B.16 —Visual sequences oP = 12 flames with the swirl level ofS = 1.61 and a c-
flow of 2.5 SCFM. (a)ro = 111. (b)zor = 222. (C)rort = 444. (d)zor = 1110. Framing interval
At = 20 ms; image height 57.9 cr
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APPENDIX C

VISUAL FLAME IMAGE SEQUENCES — Qg4 = 3.5 SCFM
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Figure C.1 —Visual sequences of steady flames with a-flow of 3.5 SCFM. (a)S = 0. (b)
S=0.44. (c)S=0.87. (d)S= 1.64. Framing intervalAt = 2.5 ms; image height 57.9 cr
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Figure C.2 —Visual sequences aP = 6 flames with the swirl level ofS = 0 and a c+flow of

3.5 SCFM. (a)tor = 111. (b)zor = 222. (Clrosr = 444. (d)rorr = 1110. Framing intervalAt = 7.5
ms; image height 57.9 cm.
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Figure C.3 —Visual sequences aoP = 6 flames with the swirl level ofS = 0.44 and a c-flow
of 3.5 SCFM. (a)zo = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =7.5 ms; image height 57.9 ci
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Figure C.4 —Visual sequences aoP = 6 flames with the swirl level ofS = 1.64 and a c-flow

of 3.5 SCFM. (a)zo = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =7.5 ms; image height 57.9 ci
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Figure C.5 —Visual sequences aP = 8 flames with the swirl level ofS = 0 and a c+flow of
3.5 SCFM. (a)torf = 111. (b)zosr = 222. (C)rorr = 444. (d)zorf = 1110. Framing interval At = 10
ms; image height 57.9 cm.
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Figure C.6 —Visual sequences oP = 8 flames with the swirl level ofS = 0.44 and a c-flow
of 3.5 SCFM. (a)zo = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =10 ms; image height 57.9 cr
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Figure C.7 —Visual sequences oP = 8 flames with the swirl level ofS = 1.64 and a c-flow
of 3.5 SCFM. (a)zo = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =10 ms; image height 57.9 cr
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Figure C.8 —Visual sequences cP = 10 flames with the swirl level ofS= 0 and a c«flow of

3.5 SCFM. (@)tor = 111. (b) 7o = 222. (C)7orr = 444. (d) 7o = 1110. Framing interval
At =12.5 ms; image height 57.9 ci
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Figure C.9 —Visual sequences cP = 10 flames with the swirl level ofS = 0.44 and a c-flow

of 3.5 SCFM. (a)zo = 111. (b) 7ot = 222. (C)7ort = 444. (d) 7o = 1110. Framing interval
At =12.5 ms; image height 57.9 ci
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Figure C.10 —Visual sequences oP = 10 flames with the swirl level ofS= 1.64 and a c-
flow of 3.5 SCFM. (a)7o = 111. (b)zor = 222. (C)rort = 444. (d)zor = 1110. Framing interval
At =12.5 ms; image height 57.9 ci
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APPENDIX D

OH-PLIF IMAGE SEQUENCES
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Figure D.1 — OH-PLIF sequences oP = 6 (., = 19.46 ms) flames with the swirl level of
S =0 and a co-flow of 2.5 SCFM. (alhs = 10 ms. (b)tor = 20 ms. (Clorr = 40 ms. (d)to = 100
ms. The times cited are the elapsed times after the stasf the fuel injection interval. The
image size is 3.125" x 3.125".
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Figure D.2 — OH-PLIF sequences oP = 6 (., = 19.46 ms) flames with the swirl level of
S = 0.41 and a co-flow of 2.5 SCFM. (e} = 10 ms. (b)tes = 20 ms. (Chtorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after tséart of the fuel injection
interval. The image size is 3.125" x 3.125".
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t4 t6
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No : ? '
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Figure D.3 — OH-PLIF sequences oP = 6 (., = 19.46 ms) flames with the swirl level of
S = 1.61 and a co-flow of 2.5 SCFM. (e} = 10 ms. (b)tesr = 20 ms. (Chtorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after tséart of the fuel injection
interval. The image size is 3.125" x 3.125".
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Figure D.4 — OH-PLIF sequences oP = 8 {,, = 46.13 ms) flames with the swirl level of
S = 0 and a co-flow of 2.5 SCFM. (ajot = 10 ms. (b)tex = 20 ms. (C)tor = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after téart of the fuel injection
interval. The image size is 3.125" x 3.125".
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Figure D.5 — OH-PLIF sequences oP = 8 {,, = 46.13 ms) flames with the swirl level of
S = 0.41 and a co-flow of 2.5 SCFM. (e} = 10 ms. (b)tes = 20 ms. (Chtorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after téart of the fuel injection
interval. The image size is 3.125" x 3.125".
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Figure D.6 — OH-PLIF sequences oP = 8 {,, = 46.13 ms) flames with the swirl level of
S = 1.61 and a co-flow of 2.5 SCFM. (e} = 10 ms. (b)tesr = 20 ms. (Chtorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after tséart of the fuel injection
interval. The image size is 3.125" x 3.125".
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Figure D.7 — OH-PLIF sequences oP = 10 {o,n = 90.1 ms) flames with the swirl level of
S = 0 and a co-flow of 2.5 SCFM. (aJot = 10 ms. (b)tex = 20 ms. (C)tor = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after tséart of the fuel injection

interval. The image size is 3.125" x 3.125".
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Figure D.8 — OH-PLIF sequences oP = 10 {o,n = 90.1 ms) flames with the swirl level of
S = 0.41 and a co-flow of 2.5 SCFM. (a} = 10 ms. (b)tes = 20 ms. (Chtorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after téart of the fuel injection

interval. The image size is 3.125" x 3.125".
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Figure D.9 — OH-PLIF sequences oP = 10 {o,n = 90.1 ms) flames with the swirl level of
S = 1.61 and a co-flow of 2.5 SCFM. (&} = 10 ms. (b)tes = 20 ms. (Chorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after téart of the fuel injection

interval. The image size is 3.125" x 3.125".
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Figure D.10 — OH-PLIF sequences oP = 8 {,n = 46.13 ms) flames with the swirl level of
S =0 and a co-flow of 3.5 SCFM. (alhs = 10 ms. (b)tos = 20 ms. (Clorr = 40 ms. (d)to = 100
ms. The times cited are the elapsed times after the stasf the fuel injection interval. The
image size is 3.125" x 3.125".
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Figure D.11 — OH-PLIF sequences oP = 8 {,n = 46.13 ms) flames with the swirl level of
S = 0.44 and a co-flow of 3.5 SCFM. (e} = 10 ms. (b)tes = 20 ms. (Chorr = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after téart of the fuel injection
interval. The image size is 3.125" x 3.125".
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Figure D.12 — OH-PLIF sequences oP = 8 {,n = 46.13 ms) flames with the swirl level of
S =1.64 and a co-flow of 3.5 SCFM. (aps = 10 ms. (b)tor = 20 ms. (C)tor = 40 ms. (d)
tof = 100 ms. The times cited are the elapsed times after téart of the fuel injection
interval. The image size is 3.125" x 3.125".
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