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SUMMARY

This thesis describes the dynamics, both spatipéeah and heat release, of
harmonically excited non-premixed flames. Analyticaumerical, and, experimental
analyses were performed, along with combined apalysethods, to study excitation and
evolution of wrinkles on the flame front. Comparnisoto established premixed flame
dynamics are made throughout. Modern gas turbadesag with other various advanced
combustion systems, face major challenges fronotiset of combustion instabilities. In
order to avoid this problem, or to utilize it adt@geously, an in-depth understanding of
the flame front dynamics is required. This thesisiévoted to elucidating the governing
features of these complex combustion dynamic progjeand figuring out how to utilize
this knowledge to improve existing or design bettanbustion systems.

The space-time dynamics of the non-premixed flaheesin the fast chemistry
limit is described by the stoichiometric mixtureadtion surface, extracted from the
solution of theZ -equation. This procedure has some analogies tmiped flames,
where the premixed flame sheet location is extchfrtam theG=0 surface of the solution
of the G-equation. A key difference between the premixed aon-premixed flame
dynamics, however, is the fact that the non-prechil@me sheet dynamics are a function
of the disturbance field everywhere, and not jisha reaction sheet, as in the premixed
flame problem. Although appearing subtle, this pasnwhat makes the non-premixed
flame dynamics problem unique and significantly enazomplicated, requiring a

completely new solution approach. Although mixturaction field solutions are
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obtainable, extensive mathematical techniques sed in order to obtain explicit space-
time and heat release solutions for the flame dyceam

The heat release dynamics are also complicatedtaldiee significant mixture
fraction field gradients encountered in non-premixiame problems, which are often
strong functions of spatial location. The local tyedease distribution has been shown to
have a strong axial dependence, and the flamecgudeea no longer remains the sole
dominant heat release parameter, as the reactas# Imaning rate takes an important
form. The spatially integrated heat relea@ét) , Is of particular interest for combustion
instability or noise related issues for acousticalbmpact flames, and thus this surface
integral over the reaction sheet will be examinegmrsively, often times through the use
of a flame transfer function. This useful measurevigles an input-output relationship
between the forcing characteristics and the reguheat release dynamics.

Starting simply, a two-dimensional model problensvimvestigated in thBe>«
limit, exposed to spatially uniform forcing. An diqit expression for the space-time
dynamics of the flame sheet was obtained, whichwshtihe importance of velocity
fluctuations normal to the mean flame surface amel role of axial convection in
propagating flame wrinkles downstream, leading ¢des and anti-nodes in the flame
response, similar to premixed flames. In additian, explicit heat release transfer
function was obtained along with equations for tleatributions due to area and mass
burning rate fluctuations. Differing completely fnopremixed flames, non-premixed
flames heat release dynamics are dominated by Iouassg rate fluctuations. Their gain
sensitivities both tend towards unity at Io8t values, but the non-premixed flame

response is larger than premixed flamesSeO(1).
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Inclusion of axial diffusion in the non-premixedwgoning equation, i.e. finitPe
values, was shown to correlate to enabling burmelgcity stretch sensitivity in the
premixed case, introducing additional flame frohiygics, such as wrinkle dissipation
and dispersion. These effects act to smooth theklerimagnitude and phase, abolishing
previously spatio-temporal nodes. The heat releasgonse of non-premixed flames was
analytically shown to roll off much slower with freency, O%t*?) compared to C§t%)
for premixed flames, implying increased sensitiviyflow perturbations than premixed
flames at high Strouhal numbers. The asymptotiddeaies of the non-premixed flame,
however, are largely controlled by the near burerit region with high transverse
gradients and, thus, are expected to be quitetsensd burner exit details and finite
chemistry effects.

Desiring consistency, other qualitatively new feasuresulting from the inclusion
of axial diffusion to the problem were investigatédparticular, back diffusion alters the
steady state and fluctuating mixture fraction pesfientering the domain, i.e. the inlet
profiles. Although for analytical tractability wergwviously prescribed the inflow
boundary condition, the proper treatment of thetdee renders the problem analytically
intractable and so it must be solved computatignatl also causes the leading edge
position of the flame front to oscillate, even fofinitely fast chemistry. In addition, it
introduces a three-zone structure into the asymeptdtaracter of the unsteady heat
release, so that the flame transfer function is) @fi Sk<1, O(156t*?) for intermediate
Strouhal numbers, and OSl for very high Strouhal numbers. Differentiatingtlveen
inflow boundary and dynamical effects on the flardgnamics is essential to

understanding non-premixed flame dynamics.
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Realizing the limitations of two-dimensional anags a three-dimensional
geometry was investigated exposed to various ttir@ensional forcing configurations,
including axial, transverse, and convecting helidsturbances. The results show the
significance of phase interference processes, awerihkle convection in the axial and
azimuthal direction, in controlling the space-tinvenkle characteristics. Significantly,
these results show that these different inducedtuations exhibit very different
sensitivities to helical mode number, swirl strén@gnd dimensionless forcing frequency.
The helical mode with the dominant contributionldcal flame wrinkling is generally
different from the mode with dominant contributitm spatially integrated heat release
fluctuations. In fact, only the axisymmetric=0, mode leads to heat release fluctuations
in both premixed and non-premixed axisymmetric #am

Efforts have been made to obtain an equation fenthinkle dynamics directly,
as is done for the premixed problem, rather thamnigato solve for the mixture fraction
field first. As this desired partial differentiafjeation for the fluctuating flame front is an
equation for a specific iso-surface with varial@ealuated at this surface, the result is not
straightforward. However, an equation was obtaif@dthe limiting case ofPe>>1,
which produces consistent results with previousultesobtained using established
methods.

Lastly, experimental efforts were performed in orte assess the validity of
previously utilized assumptions, accuracy of puihalytical models, and to investigate
real life diffusion flame behavior. High speed Ptlata was taken on a coflowing
methane-air diffusion flame, equipped with speakersarmonic forcing, over a variety

of flow velocities, forcing frequencies, and forgiamplitudes. These measured velocity
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fields were used as inputs toza-equation solver, and the resulting space-time ohyos
of iso- Z surfaces were extracted from the field solutions. Both experimental and
numerical results show that flame wrinkles propagatially at the mean flow velocity, a
result consistent with previous analytical findinghiese wrinkles start with near zero
magnitude at the fuel tube lip and grow with doweesin distance, until peaking at some
axial location. Further downstream, the wrinkle magle modulates, indicative of
interference effects which have been previouslydipted in analytical studies. The
largest discrepancies between calculations andtsesxe observed near the burner lip,
and it is shown that these are due to errors idiged spreading angle of the unforced
non-premixed flame at the attachment point. Thesa's in spreading angle, in turn, are
likely due to errors in computed inflow mixture éteon profiles at the burner exit,
illustrating the importance of predicting the tigeeraged mixture ratio for predicting the
flame wrinkle dynamics.

Body force effects, i.e. gravity and buoyancy, eetggd in the models, were
observed to significantly influence the steadyestdédme shape, a key input to our
dynamical results, since velocity fluctuations nalrto the mean flame are important.
Modified analytical models were also developed d¢ooant for this accompanying flow
acceleration effect.

Some of the key results of this thesis involve carmg the space-time and heat
release dynamics predicted by these various asaigsthods. These comparisons will
demonstrate the accuracy of the various modelstheadvalidity of the assumptions

utilized. They will also shed light onto prioritizy what to improve in future works.
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CHAPTER 1

Introduction

1.1 Motivation

Flames, fire, and combustion have been observedamemplated from earliest
times. Rigorous evidence of controlled fire generatind use was found at Neanderthal
camp sites, dating to between 71 and 91 thousaais wego [1]. Less concrete evidence
can push this date back to ~300,000 years ago Wwberinins started using fire to alter
tools. Possible hearths have also been found qameléng to this date, although little
information exists on whether they were controllmagural fire or producing it of their
own accord. Preliminarily, there is speculationdaircumstantial evidence) of fire use
as early as 800,000 years ago. “Burnt materialhébin clusters could perhaps indicate
fires, although none of the actual fires have bleamd. Further, the frequency of these
clusters is low and so exploitation of natural fild be a cause.

The various explanations for fire and combustioa o greatly changed over
time. The Greeks interpreted combustion in termgplufosophical doctrines, one of
which was that a certain “inflammable principle” sseontained in all combustible bodies
and this principle escaped when the body was buimeeact with air [2]. The existence
of fire was also thought to be the result of Prdraas’ brave act of stealing fire from
Zeus, for all of mankind. The inadequacy of thesgous theories became apparent only

in the late 18th century, when it proved unablesxplain a host of new facts about
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combustion that were being observed for the finsetas the result of increasing accuracy
in laboratory experiments.

One fact that is well established is the importaoteombustion as part of our
cultural evolution. Taking advantage of two of dsfining features, it allowed us to
extend daylight hours artificially, keep warm, agfficiently process a wider range of
foods. It also enabled the modification of varimlgects and materials into more useful
forms. Today, combustion’s highly exothermic natigenarnessed for many different
purposes, in devices with a wide range of compkxitGas ovens, heating devices,
steam engines, internal combustion engines, tratatpm devices, explosives, and fossil
fuel power plants are just a few different ways gt@mbustion reactions are used in our
modern world.

As we grow as a civilization, so does our desiré aeed for harnessable power
and energy. Burning of fossil fuels has long exisie one such method, and although the
world is currently undergoing a Green Movement tasaenewable energy sources for
various specific applications, combustion remaimsl avill continue to remain the
dominant method for providing useful energy.

However, “with great power comes great respongfiili. and regulations, costs,
emission taxes, and restrictions, because aldeibalbenefits and uses of combustion,
some of the negative side effects of burning fds&ls has become a concern, primarily
the production of harmful pollutants such as unbdrinydrocarbons (UHC), nitrogen
oxides (NOx), sulfur oxides (S{), carbon monoxide (CO), etc. Causing major climate
change concerns, potential risks to both air angmguality, as well as health concerns

to living creatures, the quantity of these bypraduemitted need to be minimized. In
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addition to these socio-environmental reasons r&degulations have been imposed by
the US Environmental Protection Agency, as showrrigyre 1.1, which are constantly
tightening. Although making system design and esgimg more complicated, these

methods have succeeded in evolving towards cle@ebnologies, as shown by Figure

1.2.

Pollutant Primary/ | Averaging

[final rule cite] Secondary |  Time Level —
Carbon Monoxide N 8-hour 9 ppm
primary pp Not to be exceeded more than once per

[76 FR 54294, Aug 31, 2011] Thour |35 ppm Vear

Rolling 3
Lead primary and
[73 FR 66964, Nov 12, 2008] [secondary | TO"th 0.15 pg/m? L | Not to be exceeded

average
Nitrogen Dioxide primary 1-hour 100 ppb 98th percentile of 1-hour daily maximum
Nitrogen Dioxide

concentrations, averaged over 3 years

(75 FR 6474, Feb 9, 2010]

[61 FR 52852, Oct 8,1996]  (PTimary and |,\na) fg30p (2) | Annual Mean

secondary
Ozone primary and |o_ (3 |Annual fourth-highest daily maximum 8-
[73 FR 16436, Mar 27, 2008] [secondary | °U" 0.075 ppm hr concentration, averaged over 3 years
primary Annual 12 pg/m3 annual mean, averaged over 3 years

PMa.s secondary Annual 15 pg/m? annual mean, averaged over 3 years

Particle Pollution )

Dec 14, 2012 ::c"‘o:x;"d 24-hour |35 pg/m? 98th percentile, averaged over 3 years
o primary and |, 5 Not to be exceeded more than once per

M1o secondary | 24oUr |150 pg/m year on average over 3 years

99th percentile of 1-hour daily maximum

i " @
Sulfur Dioxide [FAER) iz 75 ppb concentrations, averaged over 3 years

[75 FR 35520, Jun 22, 2010]
[38 FR 25678, Sept 14, 1973]

Not to be exceeded more than once per
year

secondary  [3-hour 0.5 ppm

as of October 2011

Figure 1.1. US Environmental Protection Agency’s Nigonal Ambient Air Quality Standards
as established by the Clean Air Act [3].
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Figure 1.2. National CO and NQ Air Quality Trends from 1980-2013 [3].

While post device treatment is one option, it isegally preferred to avoid the
formation of these pollutants in the combustionteysrather than implementing post
combustion system cleanup, in order to avoid théit@tal capital and maintenance

costs of cleanup equipment [4]. The emission offusubxides can be effectively
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minimized by removing sulfur from the fuel in theeprocessing stage, a commonly
established technique. However, carbon monoxide réindgen oxides, both of whose
elemental components originate from the primargta#s, i.e. hydrocarbon fuel and air,
cannot be completely removed in the burning prqockss rather their production and
ultimate emission levels must be minimized by cdlfitrg the combustion process.

As this process involves a plethora of chemicaletin interactions, with a
multitude of species, it could encompass a thessedation on its own. However, the
CO and NQ reaction mechanisms are of focus for combustoigdess, and it is
understood that over most of the operating rangectmbustors these evolve with
opposing trends. For example, over the premixeadiibgrprocess, CO decreases by
conversion into C@ while NG increases being mainly produced from NO, processes
which both occur more rapidly at higher temperauf@ne decreases with residence time
and temperature while the other increases; thualante must be found that satisfies
ALL of the emission regulations. In addition, perfance metrics must be factored in,
such as power and thermal efficiency, which inaeeaih inlet pressure and temperature,
durability, stability, and operability limits [5].

Accordingly, new combustion systems and thermodyoacycles have been
proposed to meet this cocktail of emission regafetiand performance desires. Catalytic
combustion, for example, reduces pollutant fornmtivith the tradeoff of high costs,
low durability, and safety concerns. Rich-burn guigix lean-burn (RQL) combustion
reduces N@and expands fuel diversity, yet suffers from sf@omation and durability
problems. Dry low NQ@ (DLN) lean-premixed combustion has the advantafesassive

NOx reduction and control, but suffers with flashbalgan blow out, and combustion
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instabilities. Significant efforts have been putoimesolving these operability issues in
premixed systems, since their N@duction potentials are so large, however, thaef
combustion instabilities, being part of the broai@ic of combustion dynamics, remains
at large and is the key motivator for this thestsky

Thus in summary, combustor design must allow am@ptresidence time for CO
oxidation while minimizing the formation of NQluring the CO burnout process, all the
while obtaining high levels of power and thermdiogncy, with reasonable durability

and operability limits, whilst avoiding combustiorstabilities... seems easy enough.

1.2 Combustion Instabilities

As someone who has gone camping probably knowspeonaps a s’mores
connoisseur, when gathered around the hearth thexalistinctive sound made by the
fire. This fact is also elaborated upon by writerBo often times describe fires as
“roaring”. Flames can be thought of as volumetrmurses, and the fundamental
mechanism for this sound generation is the unstgadyexpansion as the mixture reacts.
In fact a whole discipline called thermoacoustistabilities encompasses the study of
acoustic oscillations excited by thermal sourcescuBing specifically on combustion-
driven oscillations, denoted “singing flames” byrlgascientists, studies found that
spontaneous acoustic oscillations of consideratviplitude could be generated when a
flame was confined inside a larger-diameter tuble [r unconfined flames, this is
manifested as broadband noise emitted by turbdlames, while for confined flames,
these oscillations generally manifest themselvedissete tones at the natural acoustic

modes of the system.
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Combustion instabilities, characterized by larggsbtonde oscillations of one or
more natural acoustic modes of a combustor, aratapeously excited by a feedback
loop between an oscillatory combustion, i.e. helase, process and one more of these
natural acoustic modes, as depicted in FigureTh8y have been encountered during the
development and operation of various propulsionadsy power generation equipment,
heating systems, and industrial furnaces and aoblgmatic because of the large
amplitude pressure and velocity oscillations theydpce. Having the potential to be on
the order of thousands of psi swings in fractiohsexonds, these oscillations can result
in thrust oscillations, severe vibrations that ifgee with control-system operation,
enhanced heat transfer and thermal stresses toustonbwalls, oscillatory mechanical
loads that result in component fatigue, and flaosvbff or flashback [6]. All of these
issues may result in premature component or systean leading to costly shutdown or
even catastrophic failure. Thus, in order to deveddficient, safe, and eco-friendly

combustion systems, the understanding of combustsiabilities is a key step.

Figure 1.3. Schematic depicting the combustion inability feedback loop (left) and an image
of gas turbine blade damage due to combustion indtdities (right).
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1.2.1 Issue Realization

Early detection of combustion instabilities datdstlze way back to 1777, and
relied on sensory observation [7]. It was foundt tbanfining gas flames in a larger-
diameter tube could yield spontaneous acoustidlaisons of considerable amplitude,
denoted “singing flames”. Unknowingly only studyim@lf of the feedback loop (the
same half that is focused upon in this thesis) 868 the sensitivity of flames to music
was noted, denoted “dancing flames”, as musicatypguests observed the flame
exhibiting “pulsations exactly synchronous with thelible beats”, so significant at times
that “a deaf man might have seen the harmony” [8].

With the development of high-intensity combustiogstems, combustion
oscillations moved beyond academic curiosity antlypgacks. Detrimental, combustion-
driven oscillations have been observed in boilelisst furnaces, and a variety of other oil,
coal, and gas-fired heating units causing seri@isty and performance concerns [9].
Landfill gas flares have been historically susdaptito these, while burning off excess
gas. Instabilities have also been a major challdpgeaircraft and rocket propulsion
system development, causing numerous delays, gestimrdware, and wasted money.

The iconic F-1 engine, responsible for powering $aturn rockets and placing
men on the moon, experienced tremendous instapildplems during its development.
Instabilities with amplitudes up to 100% of the memmbustor pressure (2000+ psi)
with frequencies in the 200-500 Hz range were agpeed, and due to the lack of proper
understanding of the instability dynamics at timeti engineers had to rely on expensive
repeated trial and error experiments (3000+ fudllesdests) to mitigate the issue and

make the rocket functional [6]. The solution invedvwelding a series of baffles to the
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injector face in order to prevent the excitationtr@insverse acoustic oscillations. Pogo
oscillations are another potentially dangerous typself-excited combustion oscillation
occurring in liquid fuel rockets, responsible foelalying several rocket launching
missions over the past few decades [10]. In additimany solid rockets have
experienced instability issues during their develept and life, such as the Space Shuttle
solid-propellant rocket boosters, Standard MisgB&M), Sidewinder (AIM), Harm
(ASM), Trident (SLBM), Hellfire (ASM) and Minutema(iCBM) just to name a few
[11].

For example, in rocket engines, it is known thatgitudinal oscillations cause
severe damage to the combustion chamber. Figurshbws the time trace of unsteady
pressure inside a solid rocket motor, where tweqnilare utilized to excite instabilities.
The first small pulse excites the tangential oatish, which is small compared to the
mean pressure. However, the second larger pulseegxengitudinal oscillations, leading
to significant fluctuations in the pressure, alomigh an increase mean pressure. This
depicts an example of a subcritical instability,endnthe system is stable with respect to
small-amplitude disturbances but is unstable whanested to larger disturbances. This
illustrates the high sensitivity of rocket systetassmall external disturbances, such as
fuel composition, something passing through thezl@pzor sudden changes in burning

conditions.
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Figure 1.4. Example of solid rocket motor experiere from Blomshield [12].

Gas turbines and advanced high-speed propulsioicegeare not exempt from
having to deal with the issue of combustion indids, and rather the modern design
and operation of these technologies places theesealuectly in harm’s way. In the
context of gas turbines, burning at lean operatogditions is attractive from the
standpoint of reduced NCformation, whereas in propulsion devices, suclraasjet
engines, burning under near-stoichiometric condgias desirable as this leads to
enhanced heat release and therefore high perfoen&twvever, both of these desired
results push towards operating conditions whereotiget of combustion instabilities is
prevalent.

Combustion instabilities will continue to be a dbage as long as heat release is a
dominant energy source for our advancing world.l\Eattempts at mitigating and
avoiding these instabilities involved costly “tri@nd error” methods or tests. A
rudimentary diagnostic technique consisted of daing small explosive charges outside
the combustion chamber while the engine was firialipwing engineers to observe
chamber response to sudden condition fluctuatidtewever, in order to prevent

detrimental safety or performance concerns, otitoimate the chance for catastrophic or
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mission failure, more robust diagnostic, issue fidieation, and, prediction techniques
are required. These will aid in the understandihgoonbustion dynamics, allowing better

energy extraction from chemical reactions in clesafie, and efficient way.

1.2.2 Understanding the Combustion Instability

As a starting point for understanding combustiostahilities, we can look no
further than a park playground. A playground swisig perfect example of a resonant

system, with its own (rider independent) resonanhatural, frequency given by:

1 /g
f=—.= 1.1
2\ L (1.1)

assuming small displacement amplitudes. Certaiairfgrpatterns, pulsing in sync with

the swings back and forth cycle, can be appliedh® swing to make it resonate,

increasing its amplitude with each cycle. It ordkés a very small force, but it has to be
well-timed to get an enjoyable ride. Luckily, tiparticular system is naturally limited,

Eq.(1.1) losing validity at large swing amplitudeaying the rider from spinning over the
top or flying off the swing.

This same principle applies to combustion systefasch combustion chamber
contains various natural acoustic modes, whichgammetry dependent, and the forcing
pattern comes from the flame’s fluctuating heatasé, i.e. acting as an unsteady source
of volume or sound. Lord Rayleigh was the first tméake note of this effect, stating the
conditions under which a periodic heat additioncpss adds energy to acoustic

oscillations, yielding self-excited oscillations, his book;The Theory of Sour[d3]:

10
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“If heat be periodically communicated to, and absted from, a mass of air
vibrating (for example) in a cylinder bounded bypston, the effect produced will
depend upon the phase of the vibration at whichttuesfer of heat takes place. If heat
be given to the air at the moment of greatest cosalgon, or be taken from it at the
moment of greatest rarefaction, the vibration is@iraged. On the other hand, if heat be
given at the moment of greatest rarefaction, orti@used at the moment of greatest

condensation, the vibration is discouraged.”

This criterion, named the Rayleigh criterion, statleat a periodic heat-transfer
process, such as combustion, locally adds (remogesygy to (from) the acoustic
disturbances if unsteady heat release and unstpegsure are in (out of) phase,
represented as 0 &y < 90 (0 <fpql < 90 ). However, simply transferring energy from
the combustion process to the acoustic field, does necessarily imply that the
combustor is unstable. Acoustic oscillations spentaneouslyexcited in a combustor
only when the rate of energy supplied by the periodimlaustion process to the acoustic
field is larger than the rate at which acousticrgnas dissipated within the combustor
and/or transmitted through its boundaries [6]. & can be formulated mathematically

as [9]:

jj p'(x,t)q(xt)dth>”Z L (x t)dt dV (1.2)

VT
where p'(x,t) and q'(xt) are the combustor pressure and heat-additionllaigmis
respectively, andli(xt) are the various acoustic energy loss process$esléeft hand side
of this expression shows Rayleigh’s integral, whish positive (negative) if the

combustion process adds (removes) energy from ¢bastic oscillations locally. The

11
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sign of this integral depends on the phase diffezebhetween the heat-release and
pressure oscillations and is positive (negativeenvithis phase difference is smaller
(larger) than 90 deg.

Figure 1.5 depicts the generic feedback loop respten for combustion
instabilities schematically. It consists of a serief sequential events, wherein
fluctuations in the velocity and/or thermodynamiats variables induce a fluctuation in
the heat-release rate; the heat release fluctudttiem excites acoustic oscillations; and
the acoustic oscillations generate the velocity ahdrmodynamic state variable
fluctuations, thus closing the feedback loop. A e discussed later, this thesis focuses

on the flames response to velocity fluctuationsntdied with a red arrow in Figure 1.5.

Hydrodynamics

Velocity and
Equivalence Ratio

Fluctuation

\ Combustion ‘ y ) iﬂ Acoustics
|
j Heat Release i1 Pressure Fluctuation

Figure 1.5. Schematic depicting the generic feedblacloop responsible for combustion
instabilities.

Depending on the relative magnitudes of the enadgled and removed from the
acoustic oscillations, the amplitude of oscillasomay decrease, remain constant, or
grow during each cycle of this loop, the latter wlfich are denoted as combustion
instabilities [6]. Some mechanisms, participatinghe tug of war for stability, capable of
adding and removing energy from an unstable mode shown in Table 1.1. The

12
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particular driving mechanism of interest in thiadst is, once again, denoted in red. If
only a small amount of available energy (sometifess than one percent) is diverted to

an acoustic mode, combustion instability can besgerd.

Table 1.1. Mechanisms capable of driving/damping eobustion instabilities

Driving mechanisms Damping Processes
Fuel feed lin-acoustic couplin Viscous and he-transfer dampir
Equivalenc-ratio oscillation Convection and/or radiatir
Uneven atomization, vaporization, mix Transfer of energy between acoustic m
Oscillatory flamearea variatio
Vortex sheddin

Thus, on the surface, it seems that combustioahilgtes are easy to identify and
understand, requiring only knowledge of the pressand unsteady heat release, along
with a plug-and-chug evaluation technique for EQ)1This however, is not the case,
and would make for a rather boring thesis. Althotigh above discussions pinpoint the
basic components that induce the dynamic instgbtlite problem of understanding and
modeling, is a precise quantification of both tlyaamics of these individual components
and of all of the coupling mechanisms between tteeproduce the stability behavior.

Complex intra-modal coupling processes occur anhbaties, in regions of flow
inhomogeneity, and through nonlinearities, altetimg individual oscillatory parameters.
In addition, several unsteady flame-flow interacipacting over a large range of scales,
contribute to the overall combustor dynamics, saglcoustics, fluid dynamics, transport
processes, chemical kinetics, flame kinematicst treasfer, feedline dynamics of the
reactants, and atomization or vaporization dynaméaiding to the complexity, these
components then couple with each other in variéwifterent ways. Two such coupling

schematics are illustrated in Figure 1.6.
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Figure 1.6. Schematic depicting the physical mechams through which velocity (left) and
acoustic pressure fluctuations (right) lead to heatelease oscillations. Note the velocity mechanisis
referred to within the acoustic schematic [4].

1.2.3 A Daunting Task

An accurate and detailed modeling of such a comglgstem with all of its
couplings is an extremely challenging task. Dynamigdels that quantify all of the
interactions and predict all system properties Haveclude an extremely large range of
time and length scales. Therefore, these variouplo mechanisms and pathways,
depicted in Figure 1.6, are dissected and scratihane by one. For example, as it is the
focus of this thesis, the key physical process rmelthe mechanism by which flow
perturbations lead to heat release oscillationsadistortion of the flame surface by the
oscillatory flow, leading to oscillations in buriginarea [14, 15]. These distortions in
flame surface then lead to additional secondamcesfthrough unsteady burning rate and
stretch. This is the reason this study encompdssiisspace-time and (then) heat release
dynamics.

Thus, to make this work empirically relevant, vaso basic instability

characteristics must be predicted and understawth, @s the frequency of the oscillations,
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the conditions under which the oscillations ocaurrd their final limit-cycle amplitude.
This implicitly requires a sound understanding lod processes responsible for driving
and damping along with oscillation signal propestisuch as spatio-temporally varying
magnitude and phase. The introduction of instgbdittive control, which is a current
topic of interest for many, adds the additionaluisgment for the study of actuator
dynamics, and its interactions with all of the adov

The saving feature in such a daunting task is theng spatial coherence that
accompanies several of the thermoacoustic ingtiasiliso that approximations such as
acoustically compact or infinite chemistry flamemncdoe utilized to bring order to the
chaos. Additionally, definitions and analysis todiave been discovered to aid
understanding of these interactions, such as flaamsfer functions. Dowling developed
a theory for nonlinear oscillations [16], explogithe fact that the main nonlinearity is in
the heat release rate, which essentially saturates,the amplitudes of the pressure
fluctuations are sufficiently small that the acaomisivaves remain linear. Thus, gas
dynamic processes essentially remain in the limegime, even under limit cycle
operation [17]. For a linear process, a transferction is a useful tool to understand
instabilities as it provides the input-output redaship between a forcing parameter and
heat release oscillations, as a function of fordneguency. Since this function answers
the majority of the practically relevant requirerteementioned before, identifying the
heat release transfer function due to flow osdiie becomes the major objectives for

understanding combustion instabilities.
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1.3  Non-premixed Combustion

Used throughout our world are two fundamental type$flames, as shown by
Figure 1.7: non-premixed (diffusion) and premixédthough these two flames may
appear similar at times in appearance and efféay tare fundamentally different
processes, with different physics, governing eguati and flame dynamics. In non-
premixed flames, being the focus of this thesits the rate of molecular diffusion, rather
than chemical kinetics, which greatly controls flane position and burning rate. The
pure fuel migrates towards the combustion zond, dses for premixed flames, however
due to the lack of oxygen the fuel is pyrolized dmdken down into smaller molecules
and radicals. This process is the cause of soptdtion which gives the distinctive bright
yellow color to the majority of these flames. A throducts of pyrolysis approach the
combustion zone they encounter increasing levelxgfgen until the optimal, i.e.
stoichiometric, ratio of fuel-to-air is obtained pmrform the stoichiometric oxidation

reactions.

Figure 1.7. Spectrum of flames of the combustion ofmethane (CH;), from pure non-
premixed/diffusion flames on the left to pure premxed flames on the right [18].
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1.3.1 Burning with Relevance

With the recent restrictions on emissions, theres Ih@en a migration in
combustion technologies towards premixed combustitaving the ability to operate in
the lean or rich regimes, the flame temperatures l@a reduced, and thus the NO
emissions minimized. However, this does not meaat thon-premixed combustion
systems are completely obsolete. Having the adgastaf substantial stability and fuel
flexibility, there is a place for these systemscurrent and future technologies. The
allowance for fuel diversification is extremely &ating, and is in fact the cornerstone of
some industries and various technology developteamhs. For example, many test fuels,
such as ethanol-gasoline, jet-algae, and biofiezidd, are studied first in non-premixed
combustion systems. In addition, they are largelgrenunexplored than premixed
combustion systems, and throw in the additional mamations of unburned
hydrocarbons and particulate matter to the chemkaattics, and thus make for an
exceptional thesis topic.

Some examples of diffusion flame based combustigstems, ranging from
simple to complex, are candle flames, wood fireskst, coal burners, residential gas
applications, radiant burners for heating, puhedtizoal combustion, industrial furnaces,
and solid/liquid propellant rocket engines. In addi, diffusion flames are a key
component of liquid-fueled, partially premixed, adigésel combustion systems, as well
as being effectively utilized as pilot systems tabgize premixed systems where
industrial operators routinely note the profounfluence of non-premixed pilot fuel on

combustor oscillation limits.
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Although, the majority of gas turbines currently magactured are lean-premix
staged combustion turbines, “conventional” gas i@bsystems have historically
operated with diffusion flame combustion, where filng/air interaction and combustion
take place simultaneously in the primary combustzone. This, however, generates
regions of near-stoichiometric fuel/air mixtureses the temperatures, and thus NOXx
emissions, are higher. Figure 1.8 shows simplifredsions of these two gas turbine

systems.

AIRFLOW 70%

l

30%

Conventional L—— . 100°F -

Same
Turbine
Inlet
Temp

SoLoNOx

60%
[

AIRFLOW 40%

Figure 1.8. Simplified depictions of conventional fon-premixed) combustion and dry low
NOx (lean-premixed) combustion gas turbine systems [19

Combustion systems that put system stability, aresigplicity, or fuel flexibility
as main priorities will continue to utilize non-pnxed combustion technologies. Also
since lean-premixed gas-turbines only became dtailaithin the past two decades, any
still operational turbines manufactured prior tes twill still operate in this non-premixed
regime. In addition, designs and ideas for nextegaion gas turbines are continuing to
utilize various degrees of non-premixed combustidBnnumber of new combustion

systems have been recently introduced, some alailalthe market and others under
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development, such as staged air combustion, haveadkantages of operating in full
diffusion mode or in partially premixed mode, hygea diffusion flame array injectors,

and reduced Ndiffusion flame combustors [20].

1.3.2 Past and Existing Studies

This thesis describes and analyzes the dynamits space-time and heat release,
of non-premixed flames responding to uniform bulicfuations in flow velocity. A great
deal of literature on the linear and nonlinear oese of premixed flames to flow
disturbances and the combustion instability charéstics of lean, premixed combustors
has been generated over the last decade [4, 21ARd]tionally, substantial work has
been done to obtain the flame transfer functiorrattaristics of premixed flames. This
includes experimental investigations of variousz@and combustor configurations [25,
28-31], numerical simulations with detailed binaliffusion and turbulence [32-34], and
modeling efforts using the G-equation for fuel-aimtio, velocity, and pressure
fluctuations [25, 27, 29, 31, 35-39]. As a resdlthas work, the controlling physics in
laminar flames appears to be understood and c#pzbiiave been developed to predict
the space-time dynamics of the flame position aedt melease [21, 40]. Furthermore,
while some fundamental questions remain in highhpulent flames, exciting progress
has been made in obtaining similar predictive cagial in turbulent flows as well [41].

In contrast, the behavior of non-premixed flamespoading to flow disturbances,
both in terms of the space-time reaction sheet myjcs as well as the temporally
varying heat release, both local and spatiallygrated, is much less well understood.

A number of studies have delved into the naturatagyics of non-premixed

flames. In the buoyancy dominated regime whereFtio@eide numberkr =U?Z/(gR, ), IS
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not too high, these flames are globally unstabk exhibit narrowband oscillations due
to the periodic generation and traveling of voltstauctures vertically along the flame.
These are manifested as flame flicker at a lowueegy (~12Hz) that is remarkably
insensitive to flow rate, burner size, and gas awsitpn [42, 43]. The amplitude of
spatial flickering is, however, a function of thgsameters. Recent studies have shown
that this global instability disappears at smalbdete numbers, or when the flame
becomes momentum dominated at large Froude nunpbéfsAdditional studies have
investigated instability (oscillatory) onset andigation characteristics, with dependence
upon Damkdhler and Lewis numbers [45-47].

External excitation of non-premixed flames, suctbyscoustic forcing, has also
been studied extensively, often with the motivatioh enhancing mixing and/or
decreasing pollutant emissions. When subjectedxtermal excitation, lower Froude
number, nominally unstable flames exhibit a varietyresponse features that depend
upon the frequency and magnitude of the excitati@n.example, Chen et al. studied the
response of a non-premixed flame exposed to acowesttitation [48], showing
oscillations in both the fuel jet flow and flameesh position, both of which were
dependent upon the forcing frequency and amplitddeey and others [49-51] also
showed nonlinear behavior, such as the presensenofand difference frequencies of the
buoyant instability and external forcing frequesgisubharmonics and harmonics of the
excitation frequency, and frequency locking — ithe disappearance of oscillations
associated with the natural buoyant instabilitysafficient excitation amplitudes. For
example, Williams et al. [52] explored this lockbehavior, showing that forcing the fuel

stream at a frequency close to the natural buayatdbility frequency was accompanied
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by the presence of large vortices on the air sidde flame, coupling the overall flame

response to the forcing frequency. They also olesktlvat a related lock-in phenomenon
could happen at the first subharmonic of the facirequency, when the forcing

frequency was close to twice the natural instabitequency.

As a result of the strong effect of forcing on @mbient/co-flowing air and its
entrainment with the fuel jet, a number of studiase also noted significant influences
on soot and NOx production from the flame [53-57Fkensitivities which are much
stronger in non-premixed flames than in premixednis. For example, Saito et al. [53]
showed that soot can be suppressed in acoustestiyed non-premixed flames, with
reductions of up to 50% in a laminar flame, and 96%4@ turbulent flame.

Additional studies have looked into the dynamics laminar, momentum
dominated flames, focusing more on the flame’s sfiame dynamics due to velocity and
equivalence ratio perturbations. The interactiotwben the acoustic field and the flame
produces a spatially varying, oscillatory veloaitymponent that is normal to the flame,
causing wrinkling, as well as oscillatory reactanmd heat release rates [56, 58]. Dworkin
et al. [58] showed how large amplitude modulati@m d¢ead to pinch-off of the top
portion of the flame into a pocket. Such pinchini§ @nly occurs below a certain
frequency of excitation and above a critical anupolé for that frequency. In addition,
they showed that the magnitude of the flame wrrkldiminished and was smoothed
with downstream distance. Tyagi et al. [59] alseestigated velocity forcing numerically,
presenting results for the flame’s heat releasestea function, a quantity which indicates
the input-output relation between forcing and uadyeheat release. Significantly, they

observed the effects of Peclet numbe, forcing amplitudeg, and fuel-port half width,
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R, on the heat release transfer function respongditade and phase. For significant
forcing amplitudes, the magnitude of the responsetion decreased and its phase
(magnitude) increases witRe In addition, the magnitude of the response fumcti
decreased monotonically as the excitation frequevey increased, and the onset of the
frequency rolloff was observed to scale &3el/

A number of analytical studies have also considetes response of non-
premixed flames. A significant theoretical litenatwon the unforced problem exists and,
indeed, the Burke-Schumann flame is a classic pmljb5, 60, 61]. Several treatments
of the forced, unsteady problem have been repoirtguirticular those of Sujith [62-64],
Chakravarthy [59, 64], Juniper et al. [65], and Maget al. [66, 67]. These studies have
analyzed this problem within the infinite reactimate, Z -equation formulation for the
mixture fraction. Solutions were developed for fleene position and heat release for
several problems, including the flame responsexial arelocity and mixture fraction

oscillations, some examples of which are shownigure 1.9.

ot=4rn/5

a0

Figure 1.9. Early hand-plotted computed steady flam locations [61] (left) and modern
computed forced flame locations over a forcing cyel[59] (right).
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Although various mixture fraction field solutiongist, all the results regarding
steady and instantaneous flame position are inipfitiis is due to the complex form of
the field solutions, generally involving infiniteisimations or error functions. Thus, work
is still needed to develop analyticakplicit solutions for the for the fluctuating flame

dynamics.

1.4 Overview of Present Work

The objective of this research is to understand gpatio-temporal and heat
release characteristics of harmonically forced pmemixed flames. This includes the
mechanisms by which flame surface wrinkles aretedcitransported, and smoothed, as
well as their influence upon local and global hed¢ase. Throughout the entirety of this
work, comparisons will be made to premixed flamstsss with similar configurations.
The remainder of this thesis is arranged as follows

Chapter 2 starts with discussing the governingufestand properties of field and
surface equations. The mixture fraction governinguadion, i.e. Z -equation, Iis
introduced and its features are compared with tlodsihe premixedG-equation. The
additional complexity of the non-premixed problem discussed along with the
complications of iso-surface dynamics. The varianslytical and numerical solution
methods are also mentioned. Additionally, an apgrosimilar in methodology to the
way premixed flame dynamics are studied, is inges#id, wherein a governing partial
differential equation for the flame wrinkles is aisted, and the explicit dynamical

equations obtained directly.
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Chapter 3 through Chapter 5 present the majorityhef new analytical and
numerical findings of this work, presented in ordéincreasing complexity. Chapter 3
elucidates isothermal diffusion flame dynamicscdssing the spatio-temporal and heat
release dynamics of harmonically forced non-prechitemes. Various geometries are
investigated, such as slot and cylindrical systeragposed to various forcing
configurations. The limiting case &e>« is then isolated to build intuition and ease of
understanding. Chapter 4 builds upon this by ingashg the effects of axial diffusion,
anisotropic diffusion, and, multi-dimensional fargi effects. Accompanying numerical
investigations are performed on an alternate ex@ndlet geometry to identify and
capture specific dynamical features. Additionatlye Pe>>1 limit is then explored so
that various wrinkle dynamic behaviors are easigntified. Chapter 5 introduces various
asymptotic analyses on the heat release to inastte rich low and hig&tasymptotic
trends.

Chapter 6 then rounds out the study, transformimg thesis from a spear to a
trident, by investigating non-isothermal diffusiltame dynamics via experimental and
accompanying computational efforts. Details regagdthe developed forced non-
premixed flame experimental setup are providedn@laith the results of various
diagnostics methods. Improved analytical modelsevagveloped to incorporate more of
the “real” effects observed from the experimentasults, in addition to enhanced
computational models, utilizing experimental resudls model inputs to predict flame
dynamics. Comparisons between experimental reantisthe various models developed

was done throughout.
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1.5 The BIG Picture

So with the threatening emission restrictions amttisg public opinions, it could
seem that the end of combustion driven power systenmear, and these thesis results
irrelevant. However, this is not the case, as makecombustion engines are not going
away anytime soon. In fact, a recent report frommier U.S. Secretary of Transportation,
Norman Mineta, stated that “the quickest and mast-effective way to achieve our
energy usage goals is through faster adoption eifdtficient downsized gasoline and
diesel engines” [68]. Volkswagen’s CEO, Martin Wrkorn, Fords vice president of
powertrain engineering, Joe Bakaj, and various rof@vertrain companies seem to
agree [69].

So what justifies these claims, regarding combuaspower systems continued
and unabated dominance as the powertrain of chimicethe future, over existing
alternative systems, such as battery/electric poaes? The answer lies within the
thermodynamic properties of the various fuel sosir€@arbon-based liquid fuels have
superior energy densities, both gravimetric andumwatric, as well as storage and
transportation advantages over most alternativés fuecluding batteries. Additionally,
they are easily accessible and cost effective.

Figure 1.10 shows the energy densities of variaedsfused throughout our
modern world. Those located closer to the top-righther have higher energy densities.
Notice how, diesel and gasoline fuels have rougtdp times the gravimetric and
volumetric energy density as a lithium-ion battéfpe batteries of the Tesla Roadster,
for example, weigh 450 kg and have the same anwfugrtergy capacity as less than 1.5

gallons (4.5 kg) of diesel fuel [68]. This additadrweight and size to vehicle powertrains
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makes them less efficient and convenient. Moredweteries are very expensive, costing
around $5,500, $9,000, and $40,000 per unit folissan Leaf, Chevy Volt, and Tesla

batteries respectively, and have strict regulatmmsisposal.

Selected Energy Densities
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Figure 1.10. Plot of the energy densities, both gvametric and volumetric, for various
common fuels [70].

Additional advantages of combustion power systesnthat liquid hydrocarbon
fuels, such as diesel and gasoline, are easilyspated, widely available (as the
infrastructure is already existing) and can beueddd quickly (minutes versus charging
which takes hours), advantages which do not appth¢ir battery-electric counterparts.
These points, plus the combination of performarow, cost and fuel flexibility of
internal combustion engines make it likely thatytiaell continue to dominate the vehicle
fleet for “at least the next several decades”. @abines will also continue to be an
important combustion-based energy conversion defdcenany decades to come, for
aircraft propulsion, ground-based power generatiod, mechanical-drive applications.

Thus, combustion based power systems are heraydastthe foreseeable future,

and non-premixed combustion is a key componenhisffunctional process. Although
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the task is well-defined, it is very complicatedo Thake clean, diverse, sustainable
energy systems, avoiding combustion instabilifidsese instabilities are dependent upon
many factors, such as fuel type, combustor geometguivalence ratio, operating

conditions, etc., which are constantly changingnfrdesign to design. Coupled with the
fact that tightening emissions regulations are mgstowards operating under conditions
where instabilities are prominent, make the needufolerstanding the dynamics and

characteristics of combustion instabilities as intgat as ever.
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CHAPTER 2

Evolution of Fields and Iso-surfaces

This chapter provides the building blocks and baaktgd of our modeling approaches by
discussing the evolution of field equations anddadaces. Decoupling the complex
internal chemical kinetics from the flame dynamitise flame front is often times
assumed to be an infinitely thin surface within ftev field. Conserved scalars are
extremely useful when investigating non-premixednbastion and flame dynamics
problems analytically, as they can help eliminateergical source terms from the
governing equations, making them mathematicallyctatale. Naturally obtained as
temporally varying field equations, implicit solotis are straightforward, however,
converting these into meaningful explicit equatidas the evolution of a specific iso-
contour, corresponding to the flame sheet, is aenommplex challenge. This chapter
discusses the dynamics and evolution of fields @oesurfaces, from both a general
mathematical standpoint, and specifically for costlmn related systems. It concludes by
introducing some key tools, techniques, and, végbwhich will be used to study
spatio/temporal flame response throughout the nedeaiof this thesis, along with some

points to aid interpretation of the results toduall

2.1 Mixture Fraction Field Formulation

To layman and experts alike, combustion is an iii@ting topic to research and
understand. It is a multicomponent reacting mixtpreblem, consisting of a blend of

complex flow features, detailed chemical kinetiexpansive length scales, and
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instabilities, making it challenging to understampthysically, and even more so
mathematically. Thus, in order to make this taslkalgically tractable, simplified
governing equations expressing the conservatiormass, species, momentum, and
energy must be obtained.

For non-premixed combustion problems it is convetie begin with the species

conservation equation, given by:

9, ) = g
o TOHew) =4 (2.1)

wherei indicates the various species involvegl,is the chemical production ratg, is
the partial density, and’ is the species velocity. This species velocity dam
decomposed into contributions due to convectionand diffusion,V. . Utilizing this

along with the species mass fractidh= o / p, results in a revised form of the species

conservation equation:
DY N
PF,[' +UMoYV) =@ (2.2)

where the material derivative has been used foplgiity. Derivations for the diffusion
velocity exist, however they are implicit in nataed extremely complex, revealing the
dependence of mass diffusion upon concentratiodigmgs, pressure gradients, body
forces, and temperature gradients [71, 72].

Among these four processes, concentration diffudmminates in most situations
of physical interest. Thus neglecting the othertgbuations and assuming equal binary

diffusion coefficients, Fick’s law of mass diffusioV =-0InY, can be obtained and

utilized to cast the species conservation equatitanits final simplified form:
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Pt -0 = G (2.3)

The primary remaining difficulty in the solution chemically reacting flows is
the presence of the reaction term, which not oglyanlinear but also couples the energy
and species equations [73]. In addition, this teyrspatially variant, existing only at the
flame sheet, whose spatio-temporal location is atsanknown. However, under certain
conditions these quantities can be stoichiometyicedmbined such that the resulting
term is no longer affected by chemical reactionthenflow, eliminating the compication
of spatial sources and sinks. Such a combined tyastcalled a conserved scalar or
coupling function, and as the name reveals, thasasroperty is conserved throughout
the flowfield, existing on both sides the flame d&a¥ing a constant integral.

Some examples of these variables are elemental frexstson, total enthalpy
(assuming negligible radiation, viscous dissipatenmd body forces) and mixture fraction,
which will be utilized here. For the work presentedthis thesis, the utility of the
conserved scalar is that it can be used to generaeurceless species conservation
equation, containing no reaction rate terms, engldnalytical tractability. Although this
work focuses on the species equation, if a unitwisenumber is assumed, then the
energy equation can be cast into a similar fornkingathe analytical solution techniques
developed equally applicable.

To utilize this concept, consider an elementaryesysconsisting of a pure fuel
source and a pure oxidizer source, which reactotm fa single product. Recall that
Eqn.(2.3) can be written for each of these simgdifspecies. Adding this form of the fuel

conservation equation, to the normalized produnseovation equation results in:
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,0 D(YF + YPr/(¢ox +1))

Dt -0 I:Ep(/)lj (YF + YPr/(¢ox +1)):| = d)F + d)Pr / (¢ox + 1) (24)

where ¢, is the stoichiometric mass ratio of oxidizer toelfu This choice of

normalization can be understood by considering ncasservation for this combustion

system, where fuel and oxidizer react at stoichtoim@roportions to produce products,

i.e. - =a, /(1+4,,). The negative sign indicates that fuel and oxidiaes being

consumed and products are being produced, but ropsrtantly, the chemical
production terms in Eqn.(2.4) cancel out and thisa¢éion becomes sourceless!

The new grouping of species mass fractions thds falt is thus a conserved
scalar, and can be denoted as the mixture fradieimed explicitly as:

Yo

Z=Y, +—br
(@0 +1)

(2.5)

Physically representing the amount of material hguts origin in the fuel stream, this
variable takes values of zero and unity in the mxidizer and fuel streams, respectively.
Shown below is the general form of the species @wasgion equation, which utilizes the
mixture fraction variable:

p%f—mmpomz):o (2.6)

Lastly, to be able to solve this problem, requitest the density be related to the
mixture fraction. Rather than assuming constanpgnties, the less restrictive assumption
of constantpcs  can be utilized, although it actually varies d& [I70]. Using this, along
with mass conservation results in the density dargieand thus the final modified form
of the mixture fraction equation is obtained, aritl be referred to throughout this work

as thez -equation:
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% amz =01(o02) (2.7)

2.2 Comparison with Premixed Level-set G-equation

The space-time dynamics of a non-premixed flaméegyswith equal species
diffusivities, have been shown to be describedheymixture fraction field using th -
equation. Th&s-equation is an analogous expression for premileedds in the reaction
sheet limit [21, 71, 74], given by:

%—?wmezamq (2.8)

where S is the burning velocity and the normal directiom the flame front is
n=0G/|0G|. Products and reactants are assigned positivenagdtive G values,
respectively. First formulated by Williams, teequation is used extensively for various
premixed combustion problems such as theoreticaindl transfer functions [27],
theoretical turbulent consumption rate [75], anchyneomputational fluid dynamics [23,
76, 77).

Both of these flame front kinematic equations eel&ie motion of the flame front
with various flow/flame parameters implicitly, meag the flamelet is treated as a gas
dynamic discontinuity in three dimensional spacecdbed by a specific iso-surface
within the field. This locus of points defining tflame sheet is given by the parametric
equations Z(x,t) =%

. and G(x%t)=0 for non-premixed and premixed flames,

S
respectively, and are general enough that theyheawlle flames with complex, multi-

connected surfaces. Simple schematics of the ®ldsfiare shown in Figure 2.1.
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Figure 2.1. Schematic of the premixeds-field (left) and non-premixed £ -field (right) with
denoted iso-contours representing the flame sheet.

It is helpful to compare the dynamics and goverrfegggures of theZ -equation,
given by Eq.(2.7) for non-premixed flames, with @esquation, given by Eq.(2.8) for
premixed flames. The two expressions have the samneection operator on the left-
hand side which illustrates the importance of flpevturbations in the direction normal to
the flame sheet in pushing the flame sheet arddodiever, the right-hand sides of these

two expressions are different. The premixed flampression has the normal flame

propagation operatonSL|D q while the non-premixed flame expression has fuslidn

operator,UJ EQ,@DZ). This difference is significant and reflects, amather things, the

fact that non-premixed flames do not propagate.ddeer, the premixed flame dynamics
equation is nonlinear, while the non-premixed flamhgnamics equation is linear

(assuming that, and &/ are not functions of? ).

Another significant, yet subtle difference is thhe G-equation is physically

meaningful and valienly at the flame itself wherG(X, t) =0 (i.e., although it can be

solved away from the flame, the resulti@gvalues have no physical significance [77]).

33

www.manaraa.com



In contrast, theZ -equation describes the physical values of the urexfraction field

everywhere Thus the entire mixture fraction field must bdved in the non-premixed

problem and thez (X,t) = Z, surface extracted from the resulting solutiondfiékhich

generally cannot be expressed explicitly). Consetiyiedeveloping explicit solutions for
the non-premixed flame problem is substantially endifficult than for the premixed

problem. This observation has important consequefmeboth solution approaches of

these problems, as well as tm()"(,t) =z, flame sheet dynamics that are discussed in

the next section.

2.3  The Evolution of Surfaces

Gaining both theoretical and experimental knowledljeut the behavior of iso-
value surfaces in multicomposition fluid problenssan important issue [78]. This is
especially the case when an attempt is made torstatel and characterize turbulent
combustion, where, for both non-premixed and preahiturbulent flames the factors
controlling reactive species or temperature isceeatration surfaces need to be clearly
understood. Importantly, the behavior of these am@$ is strongly connected to the
properties of transport phenomenakitscales of the fluid motion, information which is
essential to understanding the dynamics of combrugtistabilities.

Several phenomena can be described, both physiaally mathematically, in
terms of surfaces within a laminar or turbulentdliMixing layers, premixed flames, and,
non-premixed flames fit into this class under matesurfaces, propagating surfaces, and
constant property surfaces, respectively [79]. El@nmodels constitute one of the most

common approaches for computationally/theoreticahalyzing and experimentally
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investigating laminar, and especially turbulengnies and combustion systems [80].
Based on the flame sheet assumption, which requhiemical reactions to occur with
short length scales relative to the flow (turbukndehe flame is confined to relatively
thin layers within the flow field and the reactipone is considered a burning surface. For
the turbulent case, this burning surface is simpbyrugated and translated by the
turbulence, with no change to the internal flannecture.

This thin flamelet assumption is utilized for bgthemixed and non-premixed
flames, with the distinction being the segregatedndjity or parameter. For premixed
systems this surface separates unburnt reactaomts burnt products, while for non-
premixed systems this surface separates fuel spé&oi oxidizer species. In this case,
the reaction sheet can be referred to as a stongti@c surface, where the reactants meet
in chemically/atomically ideal proportions for coastion. Being the topic of this thesis,
this section discusses some basic features of yimanucs of surfaces in the fast
chemistry, thin reaction sheet limit.

Some existing studies devoted to iso-surface dycmrand the derivation of
parametric transport (evolution) equations, charahg their physical properties, have
been based on simple geometrical consideratiorjsysille others have utilized coherent
flame models [82], and probability density functigalf) or surface density function (sdf)
formulations [78]. The pdf concept provides a or@np statistical description of a
variable, such as the temperature or concentrdoel of a chemical species, and has
been shown to be an efficient tool for studyinghlhygnon-linear problems involving
reactive flows. This approach has great potentied tb its enabling the inclusion of

detailed chemistry in a closed form. As will beatissed in depth, the pdf and sdf are
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transported in scalar space by the same mechanigpending upon the mean
(conditional and surface, respectively) of the ditanrepresenting the imbalance
between diffusion and the reaction that charaatdrthe internal structure of the reactive
layers [78]. This surface-specific imbalance tedmowever, is dependent upon the
physics, i.e. mathematical type, of that surface.

The preceding sections discussed the formulatidrelofs through which the iso-
surfaces were to be tracked for both premixed andpremixed flames. They utilized
different conservation equations to derive thespestive governing field equations, yet
the end task was the same; tracking the evolutfoanociso-surface in space and time
within a domain. Thus, here we discuss some gematiains of these surface dynamics.
The local geometry of surfaces is described by dpatiotemporal surface element
properties, consisting of position, surface normmection, principal curvatures, and
fractional area increase [79]. Exact evolution ¢iqgus for these properties can reveal the
effects of various physical processes, such amstgaand surface propagation. This is
convenient, since the two key elements of surfagéh,regards to flame dynamics, are a
representative speed, with respect to the flow,apdsition that characterizes the flame
wrinkling. These surface elements retain their idgrduring the flame development,
being strained in their own plane by the fluid roatia process that not only extends their
surface area, but also establishes the rate athwhidlame element consumes the
reactants. Thus, the flame density and mass frextd reactants are described by non-
linear diffusion equations, where for the reactapations each contain a consumption
or production term proportional to the local fladensity [82]. Additional parameters of

interest, such as heat release, can be obtainedgthrthese surface dynamics as both
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local and global parameters. As will be discussedhe following sections, spatially

integrated heat release is an important quantityaémustically compact flames, and as

such the nonlinear scalar field equation goverrning propagation of an unsteadily

convected interface can be used to derive a coemeakpression for the average volume

flux through such an interface in a homogeneous field [83].

As mentioned, mixing layers, premixed flames, amah-premixed flames can be

investigated as material surfaces (involving thging of two bodies of fluid that initially

contain uniform but different concentrations of entaminant), propagating surfaces

(involving a surface-normal passive Huygens propagamechanism) and constant

property surfaces, respectively. Physically intengty and mathematically conveniently,

all three types of surfaces can be uniformly regdrds propagating surfaces, where the

front propagation speedy, or as constant-property surfaces, where the di@m

surface,¥, is defined for each in Table 2.1 [79]. The lefiumn shows the original

surface type, while the other columns show the sssogw or DW / Dt required to be

cast as a propagating or constant property surfaspectively.

Table 2.1. Uniform casting of material, propagating and constant property surfaces.

Treated as a Propagating
Surface with...

Treated as a Constant
Property Surface with...

Material Surface w=0 bW _ 0
Dt
Propagating Surface bW _ A
Dt
Constant-Property _ Dw
Surface w= _E/ oY)
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The specified rate of propagation can be constantor a material surface where
the surface point is also a material point, i.eidflparticle, or can vary over the surface,
as for a propagating surface. Many parameters, agcprincipal curvatures, principal
directions, and, stretch factor are intrinsic prtips of the surface, depending on the
initial surface element position, yet independerft the parameterization [79].
Significantly, for a material surface, or propaggtsurface with constant, the surface
element equations are closed with respect to suunfaoperties, and thus each surface
element evolves independently; while a constanpgnty surface evolves in time, being
completely determined by the current property fiatdany instant, independent of the
surfaces past history! This phenomena has beemvaosand derived in the study of
combustion instabilities of premixed flames (andipoemixed flames), described as the
flame response exhibiting limited “memory” [4]. Addnally, this has important
implications for the solution methods, since rattiemn considering evolution equations
for a constant-property surface, an alternativer@gogh is to deduce the surface
properties from the property field and its evolat{@9].

Considered here are surfaces that are initiallgula™, defined as having finite
curvature everywhere with no-self intersectiongioal points, or cusps [84], yet whether
they remain regular is an important question reiggrthe behavior of the unique surface.
A material surface remains regular, while a progiagesurface can develop singularities,
i.e. values of infinite local curvature, and seifersections [79]. Once again for
corrugated premixed flames, it is well known anddenstood how flame front
propagation can lead to destruction of flame aveakinematic restoration, producing

trailing edge cusps [4]. As will be seen laterciog complicates (yet still follows) this
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behavior, producing multi-connected, i.e. segraefjateaterial surfaces and constant-
property surfaces; a feature known as flame cliggor non-premixed flames, which
occurs under certain critical conditions.

Defining our normalized general scalar field s a surface can be defined
implicitly, through an equation of the forti(X,t)= Waes Or explicitly, asX(x,t), where
the evolution of each respective entire surfacegigen by oW /ot or oX /ot .
Additionally, the evolution equation for the positiof a surface is given by:

D = o(x(x9. 9+ wx h Nx Y (2.9)

wherev is the medium velocity and is the surface normal given by:

Uw

N(X,t)zm

(2.10)

From this, other various properties of the surfeleenents can be obtained, including the
principal curvatures, principal directions, and $tretch factor [79].
Refining our discussion to combustion applicatioas, important quantity of

interest is the local imbalance between reactive diffusive effects, denote@,,(X,t).

This parameter characterizes the inner structutbeofeactive layers, and explains how
diffusion at small scales, as well as mixing, arergly related to the movement of the
iso-surfaces. A transport equation for a diffusigad reactive scalar field (with
convection) may be written as:

DW(,1)

S =00k (2.11)

Within a laminar premixed flame, the local imbalangetween reactive and diffusive

effects is responsible for the appearance of aiseélfced propagation phenomenon; thus
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iso-surfaces feature a self-propagation mechani&sh [[n the general situation of a

reactive diffusive scalar, a relative progressiefouity, S,(% f), can be defined along
the surface, and related to the fluid velocity abdolute velocity, resulting in:

Q,(%,1)= §,(% Y| OW(X § (2.12)
Combined with Eq.(2.11), this equation takes thmesappearance as tk&equation,

given by Eq.(2.8). For non-premixed flamé, (X,t) is fundamentally different, since

casting this constant-property surface as a prdjagaurfacew takes a different form,
as seen by Table 2.1. The curvaturgN , can be expressed in terms of the scalar field,
by using Eq.(2.10), and after manipulating the udiffe-reactive term, it may be

organized as a function of curvature as:

Qu(%,1) :%D oW (x, 1] + a, (2.13)

where a, is the surface reaction rate term. Combined wil(ZE11), this equation takes

the same appearance dsequation, given by Eq.(2.7). Thus, the modelingnérnal
flame diffusion has to be achieved in a slightlffedent way for each modeling
procedure, i.e. surface, based on the concept pfopagating front and the unique
definition for the propagation speed,

In addition to the local properties discussed, elielution equations for global
properties of level surfaces can also be exprefsd This is of particular interest for
combustion systems, as total heat release andceudeea are significant dynamical
parameters of interest. The nature of the resuléiggation to be established will be

kinematic, expressing the time rate of change abagl variables in terms of the
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progression velocity and geometric parameters eldaliel surface. A global variable can

be defined as:

Y (W)=, f (%A (2.14)
where f (X,t) denotes a scalar &f, and is a smooth function of location and timee Th
contributions to the time rate of change of thebglovariable are; a convective transport
term in scalar space and two source terms detedntipehe evolution of and|DLIJ|, as
can be seen with differentiation with respect hoeti85].

Limiting our discussion to kinematic relations aassuming the scalaf(X,t)

appearing in the global variable is governed by:

0X

of of 0 _of .
—+Vv— |=—| p — |+ pW, ( f 2.15
ol S a2 oo S it @15
then the dynamic equation for the global varialale be expressed as [85]:

li(p@ ﬂj Wf(f)+ f(%_ nq%}r
Y, (W,1) P 0% 0% 0x X
"’—=<j5

W

ot 1|10 w) . |d
—— | = o — |+W, |—(n f
+|DWILM[’T6X}+ WLX(O)

dA(X) (2.16)

Various relevant parameters can be considered iByettuation, such as global heat

release and flame surface area, utilizing uniqadass, f (x,t), for each.

2.3.1 Surface Area Special Case

Special cases of this equation can be deriveddefuliquantities, such as surface
area,. 7, , which changes as a result of the deformationezhby the motion of the fluid
and the dynamic change of the scalar field defirthngy iso-surface [85]. The dynamic
equation for this variable can be obtained bymsgtfi(x) =1, and is given as:
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wherel is an effective iso-surface diffusion term. Spieaily, the surface area changes

dA(Y (2.17)

because of the rate of strain acting in the tangleplane, and the change of the scalar
variable defining the level surface, however, bplltnomena may increase or decrease
the surface area; expansion or compression in dhgential plane will increase or
decrease the surface area, respectively [85]. Vhardics of the scalar variable defining
the iso-surface appear in Eq.(2.17) as molecuféusibn and source terms. Both may be
positive or negative and hence, increase or deeitbassurface area as time evolves.

As it was shown to be an important controlling feat for the iso-surface
evolution equations, the molecular diffusion teram de analyzed in more detail if the
variation of density is disregarded and the diffitgiis assumed constant. It follows then
that [85]:

nn 0’y
X |0W] 00 X

oW ax ox ox

_ an,
1,00 _0n ﬂ+‘;_ﬂ< d (2.18)

The first term on the right is purely geometricdépending only on the mean
curvature, while the second term depends on thatiar of the defining scalar normal to
the iso-surface. Importantly, the effect of moleculiffusion on the surface area is not

monotonic, as can be seen by utilizing mean curgatu, and recasting this equation as:

2
iAwm:m(z __x oY

— 2.1
0w ox 0w on? (2.19)
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The first term on the right in this equation alwagenotonically alters the surface area
(mean curvature being nonzero), but the second teay decrease or increase it

depending on the signs of the normal derivativetaednean curvature.

2.3.2 Flame Surface Dynamics

In the fast chemistry limit, the reaction sheetlayjdes to a surface, a general

condition for both flame types. Specific to non#peed flames, this surface is defined
by the equationz()"(,t) =2, =J/(1+ ¢Ox) , being dependent upon the specific
combination of fuel and oxidizer of the system,esal of which are listed in Table 2.2.
We define the instantaneous position of this reacsheet byy:{(x, t), which is shown

in Figure 2.2 for representative two-dimensionanpixed and non-premixed systems.

Table 2.2. Stoichiometric mixture fraction values ér various hydrocarbon fuels in air.

Stoichiometric mixture fractions
Zg,chys ar = 0.093

Zy.c,mys A = 0-060
Zgt, G,/ air = 0-063
Flame sheet Flame sheet
G=0 Z = ‘Zst
y
lj U A
_—> —_—
Ic‘(x, t) —_— I{(x, t)
— » X Fuel . X

Reactants
e

Products — >
Oxidizer

Figure 2.2. Schematic of bluff-body stabilized prenxed flame (left) and jet non-premixed
flame (right) with its corresponding coordinates aml flame front dynamical parameter, &(x,t).
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Again, if the goal is to only consider the dynamafsthe infinitely thin flame
surface, then the space-time dynamics of the fefteoscalar field is of lesser interest.
The premixed problem can resolve this issue byizitg a useful transformation,
G(%t)=y-¢&(x 1), which alters th&-equation into a differential equation in terms of
the flame positioné. Although the equation for the flame position dees less general
than theG-equation, requiring “single-valued” flames, it &les us to track the flame
locationexplicitly - note that in th&-equation, the flame position is an implicit furocti
of G [24-27, 86]. Additionally, note that this substitun arbitrarily assigns values to the
G field away from the flame itself, namely thatvaries linearly with coordinate away
from the flame. Since th& field is completely arbitrary away from the flantjs is

allowable. However, we cannot make an analogoustsution for the non-premixed
system, such ag(X,t)-Z,=y-¢(xt), as this assigns values to tiefield away from
Z()"(,t)=zst. As mentioned earlier, unlike th@-equation which is valicnly at the

flame front, theZ -equation describes thentire spatial distribution of the mixture

fraction field. The implication of this fact is théne entire mixture fraction field must be

solved and thez ()"(,t)=.ZSt surface extracted from the resulting solutiondfi@ivhich
generally cannot be written as an explicit expgsi

This discussion reflects important underlying phgsf the two flames. Consider

a premixed and non-premixed flame embedded in acitglfield given byti(x v, z 9,
where the velocity field at the flame sheet is givay U(x,f(x, z1,z ):”ﬁ. The

premixed flame dynamics are only a function @f; this implies that for a giveq", its
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space-time dynamics are the same for a varietyffefrent velocity fieldsU(x, Y, Z, t) .In

contrast, the space-time dynamics of the non-prethpeaction sheet are a function of

the entire velocity fieldﬁ(x Y, Z, t) , hot just its value at the reaction sheet.

2.4 Dynamics Analysis Overview

Being dependent upon the specific system geomdkoy conditions, and
boundary conditions, the dynamics of the flame slsaa be extremely complex; even
more so with the addition of forcing mechanismsgy t@combustion instabilities. Thus,
prior to diving blindly into various analytical, ogutational, and experimental solutions,
it is helpful to introduce some of the various gsa techniques, procedures, and key
variables fundamental to the understanding of nempxed flame dynamics.
Additionally, unigue methods to interpret theseultssare presented, which clarifies the

information being provided, and enhances its wtilit

2.4.1 Linearization and Key Variables

The position of the flame front, denoted §sis assumed to be a single-valued
function of one less spatial dimensions than thengdry of interest, and timd,
Necessary in order to enable analytical tractgbditthe problem, this assumption only
loses credibility for highly wrinkled flames, reing from strong forcing or turbulence,
or for extremely complex geometries, flow, or boarndconditions. Thus to ensure this
condition remains valid and analytical progressspie, we focus on simple laminar co-
flowing non-premixed flames, exposed to small atogk disturbances.

As such, linearized solutions to ti#e-equation are derived, valid in the limit of

small perturbations. This can be done by expanea variable as:
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O)x=()o(x)+( )(xY (2.20)

Since the governing equation, Eq.(2.7), is lindlais procedure is not necessary in order
to obtain analytic solutions for the mixture fractifields, and in fact, this assumption
was not made in the work by Balasubramanian anthgJ6p2]. However, this expansion

is useful in analyzing controlling features of flme dynamics at the forcing frequency

and, very significantly, it enables an explicit Btia expression for the space-time

dynamics of the flame positiorﬂ(X,t), and spatially integrated heat releaQé) ,
which is otherwise not possible.

As a note, often for the analytical solutions pr¢sd, a spatially and temporally
invariant diffusion coefficient is utilized for sphcity, although the spatially dependent
case is presented and discussed in a later chapter.

Linearizing and neglecting higher order terms, tthigture fraction field in the

absence of forcing can be obtained from Eq.(2.7) as
U, Mz, = %2, (2.21)
Similarly, the dynamical equation for the fluctuaticomponent of the mixture fraction

field is given by:

It can be observed that these two dynamical equatshow an interaction
between convective and diffusive processes. Thportant balance reveals the natural

way to non-dimensionalize these dynamical equations

N X o Y
X= =— 2.23
PeR y R, ( )
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where the Peclet numbdte is a key parameter given by:

Pe = Ul (2.24)

| (;ﬁi

and where " and “j” indicate the direction of steady convection aiftudion of interest,
respectively, andl is a physical length scale of interest. As oumgairy system of interest
is an axially coflowing non-premixed flame systemhwfuel port radiugRr and isotropic

invariant diffusion ¢, = 0), unless specified otherwise’ = ¢/, and:

Pe= (2.25)

-

ux,O FQT
This Peclet number physically corresponds to tlhegtive time scales for convective and

diffusive processes to transport mass over a distfan

Ldittusion _ Ri/ & _ Yo R (2.26)
R/u, @

T

convection
As such, thé?e>>1 limit physically corresponds to the limit wleronvective processes
are much faster than diffusive ones. This is anoigmt limit that will be discussed in
depth in the upcoming chapters, yet for now ituffisient to note that the solutions to
Egns.(2.21) and (2.22) in ti&e> limit are equivalent to the solutions excludingahx
diffusion effects.

Another important parameter used for describingllaing flow mechanisms is
the Strouhal numbeSt given by:

St . _fL (2.27)
ux,O

where similar definitions can be made based onrfgrirequency form, such as linear or

angular, and alternate length scales of interest) asRr andLs. This number physically
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corresponds to the relative size of the disturbamaeelength compared to the physical

length scale of interest:

— = =— (2.28)
and unless otherwise specifiest= fR / y,.

2.4.2 Space-time Dynamics

As was stated previously, it is the dynamics of réection sheet, rather than the

entire scalar field, which we are interested inr Ron-premixed flames, this sheet is

defined by the locus of points whe@(X,t)=Z,st. Alternatively, the instantaneous

position of this reaction sheet can be explicitigfided by the variablef, which
successfully reduces the number of spatial dependerables required. While Figure

2.2 showed this value schematically, Figure 2.3xshé for two representative premixed

and non-premixed experimental systems.

Figure 2.3. Experimental images of forced bluff-bog stabilized premixed flame (left) and jet
non-premixed flame (right) with its corresponding ®ordinates and flame front dynamical
parameter, &(x,t).

Additionally, due to the physical meaning of the-equation, explicit expressions

for the flame position are not generally possiblewever, this is where the assumption
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of small disturbances becomes essential for aecalyfirogress. Expanding the implicit

equation for the fluctuating flamz()?,t) =Z,, interms ofZ and ¢, results in:

Z)| Z.

st

(2.29)

flame + ‘Zl| flame t+ ZZ| flame t:
where these quantities are field variables evatlatehe specific flame location, general
for a three dimensional system of arbitrary scat@ntation. As the utility of is that it
reduces the order of the problem, in order to destnate its functionality we must focus
on a specific case, i.e. system and scalar orientathosen to be the two-dimensional
problem of&(x,t) as shown in Figure 2.3, although the casé(gft) and similar three-
dimensional orientations can be derived in a sinfidahion.

As such, expanding the implicit equation for thectuating flame in terms of

Z and é(x,t), results in:

Zy(% Y =&(N+ (X D+, (X D+ 2Z(X y=¢o( F+

(2.30)
FEXD+EXD D+ Z,(% Y= &I+ E(X D+ E(X D, )= 2,

where these quantities are field variables evatliatethe specific flame location, as a

function ofx. Furthermore, a Taylor-series expansion yields:

Zy(X, Y= &(0) + E(N|DZo( % y= E( |+ 21 X & X 1+
+&,00|02,(% y= &+ Y5E(R° B2 % y= £ |+ (2.31)
+51(X)|D‘Zl(x’ y=4¢,(%, t)| +Z,(X y=4o( 3, )+ Qe*)= Zg

wheree is the small amplitude parameter 4ﬁuz| is mathematically equal tdz / on.

Notice how grouping the leading order terms rasuit the following implicit

equation for the steady flame position:

Z(% y=4,(X) = 24 (2.32)
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while the first order terms lead to the followiegplicit expression for fluctuating flame

position:

__ A% y=4&(%.9
02,(x, y= & ()

&(x1) (2.33)

Similarly, although not considered further in thisrk, second order terms are:

~ a0 A% 06 y= E609] ~EX BIDA(X Y= € 3 f =2 X FE( X T (5 39
|02,(x, Y= &(X)

&(xt) =
Thus, even though the steady stafg, and instantaneous,, flame positions
remain imprisoned in implicit equations, the dynesmf the flame fluctuations/wrinkles,
&, are explicitly available! Importantlyé, can be measured radially or normally to the
mean flame surface in the direction of the oxidizedicated by a subscript. Generally
throughout this work, the normal displacement, g, , is utilized for quantifying flame
motion due to the substantial change in the anigteeoreaction sheet with axial location
(in contrast, if flame motion is measured as radigplacement, its value is infinite at the
flame tip). Once again, however, an explicit gowsgnequation foré, cannot be
obtained by plugging this expression into Eq.(2.2Mce expressions as such are not

valid:

0 " 02, \e 00

2.35
)4 ()4 ( )

X,y=& (%)t
Figure 2.4 shows a representative two-dimensiooraiefl mixture fraction field,

with representative steady and instantanegugontours denoted by red and black lines,

respectively. Additionally, the steady flame looatiis depicted, along with the normally

and radially defined fluctuating wrinkle parameters
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Figure 2.4. Representative two-dimensional non-preixed flame mixture fraction field (left)
with steady state (red) and instantaneous (black)dme contours denoted. A close-up view of a “flame
wrinkle” (right) shows the steady, &(x), and fluctuating wrinkle location denoted radially, & y(x,t),

and normally to the mean flame &1 n(X,t).

The steady flame location is a function of spdtiahtion, while the instantaneous
location is a function of both spatial location atiche. Figure 2.5 shows this
instantaneous flame location for several discretaepbral values over a forcing cycle.
Additionally, the entire flame brush swept out hg dynamic instantaneous flame over a

temporally resolved forcing cycle is also shown.

y /Ry
y /I Rs

05

0 L L 1 1 1 1
4 1} 035 1 1.5 2 25 3 335 4

x | PeR¢ x | PeR¢

Figure 2.5. Steady (red) and instantaneous (blacklame locations over a forcing cycle for a
few discrete times (left) and the entire flame brus (right.

An alternative way to visualize these results, &weg on the wrinkle dynamics, is
through the magnitude and phase &f which can be obtained mathematically via

Eq.(2.33). As an alternate method of interpretatitre wrinkle magnitude can be
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obtained by extracting the maximum wrinkle heiglittte flame brush at each axial
location. These results, corresponding to the seomelitions shown in Figure 2.4 and
Figure 2.5, are shown in Figure 2.6. Informatiogareling the flame wrinkle amplitude
and convection speeds as a function of downstraatande can be gathered from these

plots, and thus they will be utilized throughow tiemainder of this thesis.

035 1
03r
~ .l
025f R 05
— 3
- ©
X o2r =
~ y— 0
c x
op 0157 ~
o S
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J 0sr
0057,
o ‘ ‘ ‘ y ‘ ‘ ‘ . ‘
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X | PeRy X | PeRy

Figure 2.6. Flame wrinkle magnitude (left) and phas (right) plots for a representative two-
dimensional non-premixed flame.

2.4.3 Heat Release Analysis

Having introduced the local space-time wrinklingadcteristics of the flame,
next the heat release dynamics are discussed,riicypar the spatially integrated heat
reIease,Q(t) , due to its applicability for combustion instatyilor noise related issues for
acoustically compact flames.

As was discussed in Chapter 1, oscillations in hielgase generate acoustic
waves via unsteady gas expansion, which are méfes broadband noise and discrete
tones, for unconfined and confined flames, respelsti[4]. If the combustion region of
interest is much smaller than an acoustic wavekertgen disturbances originating from
different points in the flame arrive at the measwnt location with negligible phase

shift. This describes a “compact flame” in whicle ttistribution of the heat release is
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unimportant; rather the quantity of relevance is tbtal, spatially integrated value [4].
This spatially integrated quantity is given by ttelowing surface integral over the

reaction sheet:

QM) = [ nf 4 da (2.36)

flame

This expression can also be related back to E¢)2vhere a special (untractable) form

of f(x,t) is utilized, such that the term inside tHe “} " can be represented by 4, ,

wherer}" is the reactant mass burning rate per unit areh/a is the heat release per
unit mass of reactant consumed.

For premixed flames, the mass burning rate canriitewin terms of the burning
velocity asmy. "= p"g, where 0"is the density and’ is the laminar consumption speed

of the unburned reactant, yielding:

Premixed flame: Qt) = J- 'S 4, dA (2.37)

flame
For non-premixed flames, the reactant mass burrdtegcan be written in terms of the

fuel mass fraction as:

. ] . oY oY - 0Y
M. =m. + M _=p6 —%— pry —Fuel = _(1 + () ——Fuel 2.38
F nl)x rT}uel 10 an p an ( ¢Ox )p an ( )

wheren represents the direction normal to the flame serfato the oxidizer. By also

relating the fuel mass fraction and the mixtureticn gradients as:

0oy _ (Foc 1) 0Z (2.39)
on P ON
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and assuming fixed composition fuel and oxidizer,tkat the heat of reaction and
mixture density remain constant, the correspondipatially integrated heat release can

be written as:

_ 2
Non-premixed flame: Q(t) = j Mp@/@i—z dA (2.40)
n

flame ¢Ox
This quantity is defined for a non-premixed flamreer specific conditions, both
steady and fluctuating. As the study of combusiiwstabilities inherently deals with
oscillatory disturbances, a more encompassing,ralesant, parameter is known as the
transfer function, defined as follows for the caseelocity oscillations resulting in heat

release oscillations:

(2.41)

Alternate definitions can be utilized for the otharious heat release coupling
mechanisms, such as pressure or equivalence rasicitlations, where this parameter
physically represents an input-output relation leetw the disturbance fluctuations and
the resulting heat release fluctuations. Matheralyic these transfer function are
complex numbers, whose magnitude and phase indivatelative magnitude ratios and
phase differences between the heat release andbdiste quantity. Additionally, this
parameter is a function of disturbance forcing @y, rather than time, making it
extremely useful when considering the responsdaofids to discrete tones, as is often
experienced with combustion instabilities. Premixedon-premixed transfer functions

will be denoted as7; and.7, respectively.
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It is useful to decompose the results in Eq.(2i419 contributions from mass

burning rate and flame area fluctuations; i.e.,- .7, +.7, . This can be done by

linearizing and expanding Eq.(2.36) as:

QO =4k [ by dA+ [ M, da+ [ h, d% (2.42)

flame flame flame
J N J \ J

Y Y

Y . .
Q Qror (1) Qua(t)

This first term represents the steady state spatiatiegrated heat release. The
second term defines the mass burning rate term. rféor-premixed flames, this
contributes to heat release oscillations due tdfltietuations in spatial gradients of the
mixture fraction. For premixed flames, the massnimg rate fluctuations are linked to
the stretch sensitivity of the burning velocity, ieln fluctuates because of the oscillatory
curvature of the wrinkled front [87]. The last tersna weighted area term, named such
due to the weighting of the flame surface areatdiattons by the time averaged burning
rate, which unlike premixed flames, is spatiallynamiform for general non-premixed
flames (to be discussed in Chapter 3). The un-vieijharea term (important for constant
burning velocity premixed flames) is given for asally constant time averaged burning

rate by:

Q) =4ty | dA (2.43)

flame
where these fluctuating, instantaneous, and staeety terms, i.e. integral terms af

anddAo along the flame, can in turn be related back4g from Eq.(2.17).

There are significant variations in time-averagedthrelease rate along the non-

premixed flame (e.g., no heat release at the tifneénabsence of axial diffusion). Thus,
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the weighting of flame area is a very significaffeet influencing how area fluctuations
lead to heat release. Moreover, as will be discusse the next Chapter, the
characteristics of the weighted and un-weighted &ansfer functions are quite different
for non-premixed flames, while they are identicat premixed flames with spatially
uniform burning velocities. For example, in the I&trouhal number limit, the non-
premixed flame weighted and un-weighted area teaurfahctions differ in phase by 180

degrees and have appreciably different magnitudes.

2.5  Explicit Flame Front Governing Equations

As was discussed in Section 2.3, the physical iffees with the governing field
equations, for premixed and non-premixed flame esyst results in vastly different
solution approaches to understanding the dynanfitgeee flames analytically.

A useful transformation of th&-equation is done by expressing Eq.(2.8) in terms
of the flame positioné. Although the resulting equation for the flameipos becomes
less general, it enables an explicit representadiothe flame locations, whereas this
guantity must be implicitly obtained with tii&equation. With these explicit expressions,
dynamical quantities, such as flame surface ateduhtions and flame curvature, can be
obtained and investigated. As mentioned, a commetnad of variable transformation,

in two-dimensions, from thé&-equation to the flame position equation is done by

substitutingG(x, y, ) = y-&( % ) (see Figure 2.2). This results in a new diffemnti

equation for the premixed flame position:

9, 9 Y
6t+uX6x u, =g 1+[axj (2.44)
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Unfortunately, a similar change of variables canm®itdone for the general non-
premixed flame system, for reasons previously dised. However, in order to build
familiarity with the Z -equation and to have a reference equation for,late can
consider the simplified case of a flat flame in rafarm flow field, for the geometry
considered in Figure 2.2.

This can be done by first taking the series exmamnef Z at the flame, i.ey =&,

formulated as:

Z(x, ¥ 42 =2 +a(y-&(xt2,))+ HOT: (2.45)

whereq is a function ok, t, and 2, definedat the flame as:

a _G_Z (2.46)
ay X, y=&o,1,2 .
By plugging Eq.(2.45) into Eq.(2.7), neglectingtneg order terms, results in:
oa 65 oa oa o0&
—y-——a- —y-—— ——a +tulal=
) a Twl {ax ‘t } yla]
o 6a o’a aaaf 0% (2.47)
=) | —y—-——¢-
x>~ ox 6xax 34
or by regrouping terms:
oa oé oé 0°&
&=+ 2+ J—+ a+
[y‘(at[atuax uy}
Yl 5 (2.48)
a a
HUYy-Ué+20 — |—- | y=é|—=
[Xy ué ax}ax [y ‘(]axz

Noting that for a nominally flat flamer >>a,,a,,,a,, a simplified flame position

equation, similar to Eq.(2.44) can be obtained as:
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9 02 =0 % (2.49)

Thus, Eqg.(2.49) is a simplified flame position etp@ similar to Eq.(2.44).
Notice how the left-hand sides of these equatiooth Ishow the standard convective
operator. Therefore, in the absence of right-haahe terms, any disturbance on the flame
front is simply convected in the flow direction.rRbe premixed equation, the nonlinear
term on the right-hand side in Eq.(2.44) origindresn the physical nature of normal
flame front propagation. Geometrically, this prdges similar to waves which propagate
from every point source. This nonlinear operator cause discontinuities in the slope of
flame fronts, which is very hard to track by convenal asymptotic analysis [88]. For
the non-premixed case this right-hand side terma imear diffusion controlled term
responsible for front smoothing.

To gain some insight into the properties of thisiamn, we investigate the

evolution equation for the flame slopé&,=0¢&/0x, which can be obtained by
differentiation with respect te

2
oh,0ud¢, oh_du, _ oh

——2=y — 2.50
ot Ox dx 9x OX 9% (2.:30)
For simplicity, consider a case with only spatialhiform axial flow:
2
6h+anh_@, 0°h (2.51)

ot Cox  oX
At t=0, we impose a step increase in flow velocity. Toweg termt>>0 behavior is

straightforward, however the transient is not. Tipioblem can be analyzed by
considering a traveling diffusion wave, and utiigi a transformation of variables

h(x, t) = p(x— ut, 1) to simplify this problem to:
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2
%—i’ :@g—é{ (2.52)
X

whose resulting solution is:

1 -x?
= ex 2.53
= | 259
Eq.(2.53) gives the non-premixed flame slope amation of space and time, for
this discontinuous velocity change. Similar solnfiacan be obtained for the case of a

premixed flame, utilizing Eq.(2.44), for similatathment and flow conditions, resulting
in [4]:

oh oh

E—c(h)&:o (2.54)
wherec(h) is the component of the disturbance propagateacity in thex-direction. It
was shown by Whitham [89-91], and more specificdlly combustion systems by
Lieuwen [4], that when this previously stationalgnfie was abruptly modified with a
step change in flow velocity, that this equationldadevelop discontinuities in the flame
slope, analogous to shock waves. The flame relaxdtiansient process consists of a
wave that propagates along the flame in the floreation. The abrupt change in slope
from the initialt=0 value h;, to the finalt>>0 value hy, is initiated at the attachment point
(x=0), and this slope discontinuity travels along tlaene front at the “shock” velocity.
This shock propagation velocity lies between thevevaropagation velocities of the
initial condition and final steady state solutigd$. However, this slope discontinuity
remains sharp during the propagation.

Whereas this traveling slope discontinuity remashsrp/discontinuous for the

premixed case, in the non-premixed solution théusiibn term helps smooth out the

initially abrupt shock discontinuity as it convedswnstream. The degree of and speed
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of smoothing is dependent upon tRe value; while in thePe>« limit, as the diffusion
term becomes vanishingly small, the smooth solgtioanverge non-uniformly to the

appropriate discontinuous shock wave!

Pe=5000 Pe=50
- t:o === 1=0
—=Ti=2 -T2
&= t=7 || t=7 ||
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Figure 2.7. Flame slopeh, for a premixed (dashed) and non-premixed (solidjame, exposed
to a step change in flow velocityUo, at t=0, for various values of diffusion. The premixed @lutions
utilize a representativec value of 0.9.

Figure 2.7 shows the normalized slope of a premiied.(2.54)) and non-
premixed (Eq.(2.51)) flame responding to a discardus step change (increase) in flow
velocity for variousPe values Uo was held constant whiles was modified). It can be

seen that the non-premixed solution smooths witlvrdgtream motion, while the
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premixed solution remains sharp. The smoothingcet®é the diffusion term, no matter
how small, prevents the appearance of a disconiswushock. These solutions
demonstrate how the wave equation is energy coimggrwhile the heat equation is
energy dissipating. An additional subtle differenasible from the higtPe case, is that
the slope discontinuity propagation speed for tbhe-premixed solution is greater than
that of the premixed case, due to the premixed fpoopagation controlling(h). Lastly,
as can be seen from the sub-uigcase, the conditioRe<1 for non-premixed flames is

similar to flashback in premixed flames!
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CHAPTER 3

Isothermal Diffusion Flame Analysis — Fundamental ®namics

This chapter examines the basic dynamical charstitsr of a non-premixed flame
responding to harmonic flow perturbations. The kegumptions of this analysis are (1)

infinitely fast chemistry, wherein the flame sheellapses to thez, surface, (2) all

species have equal diffusivities, (3) negligiblelistive heat loss effects, (4) constant-
isotropic diffusion coefficients, (5) specified tighance fields, and (6) small
perturbation amplitudes. Following assumption (Bg space-time dynamics of a non-
premixed flame with constant species diffusivitisdescribed by the mixture fraction
field using thez -equation.

In this study the flame front is continuously peped by spatially uniform field,
i.e. bulk flow, disturbances, although the flame fra@n also be excited through
unsteady motion of the flame base, as was showa fwemixed flame by D.H. Shin [92].
Significantly, the steady and fluctuating velodigids are imposed, thus decoupling the
momentum equation from the energy and species ieggat this assumption implicitly
assumes an isothermal field. The analytical fortmmais presented and explicit
expressions are obtained for the fluctuating flgrasition and spatially integrated heat
release for various flame/system configurationse Tinst section presents a detailed
walkthrough for the case of a two-dimensional coedi axially bulk forced system. The
important Pe>« limit is discussed, along with term-by-term anaysf the various
explicit analytical expressions for the space-tiamel heat release dynamics. Then, the

effects of various features, such as system comfmé and forcing direction/type, on the
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steady flame location and fluctuating dynamics @iseussed. Lastly, the complications
of differential diffusion, i.e.&s. # &, are discussed, and a model problem is introduced

to gain insight into the implications on the dynasiiAdditional, more mathematically
intensive dynamical features, resulting from thelusion of additional system physics,
will be covered in Chapter 4.

As mentioned, previous studies have also analyhesl groblem within the
infinite reaction rateZ -equation formulation for the mixture fraction [62, 66, 93]
andimplicit solutions were developed for the flame positiod bheat release for several
problems, including the flame response to axiabei®y and mixture fraction oscillations.
However, this work, and thesis, is unique in tbgplicit expressions are presented and

the dynamical / physical features dissected froamth

3.1 Two-dimensional Bulk Axial Forcing

In a multidimensional duct, the presence of extefoieing can excite motions
associated with multiple natural duct modes [4].e Thehavior of the system is
fundamentally different depending on whether theifig frequency is higher or lower
than natural transverse duct frequency [94]. Bethis “cutoff frequency”, only one-
dimensional plane waves propagate while all muttghsional disturbances decay
exponentially. Thus, “one-dimensional analysesha &coustic frequencies and mode
shapes in complex, multidimensional geometriesadien quite accurate in describing
the bulk acoustic features of the system for fregies below cutoff” [4]. Additionally,
the assumed spatially uniform disturbance fieldnpast valid for these low frequencies.
Thus, this section formulates the two-dimensionabfem of spatially uniform one-

dimensional velocity fluctuations, which is illusted in Figure 3.1. The analysis begins
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with a confined system sinceost combustion instabilities occur within confined

chambers, an assumption which is relaxed in thésestion.

] oo e
 Fuel ¢ i
Oxidizer» IS0-2Z

lines

Figure 3.1. Schematic of the forced two-dimensionalon-premixed flame model problem.

We consider a two-dimensional flame in a unifornabow field, u, ,. At the

inlet (x=0), fuel and oxidizer flow into the domain as icatied in the figure, leading to

the following step inflow conditions:

1 for 0< |y| <R

0 for R, <[y <R, (3.1)

Z(X:O,y):{

The solution can also be easily generalized taugelmore general inflow fuel/oxidizer

compositions (e.g., such as if the fuel were ddyutey shifting and rescaling the value of
4, . Enforcing this boundary condition enables an wiwalsolution of the problem.

However, in reality there is axial diffusion of fuato the oxidizer and vice versa, so that
the solution must actually be solved over a ladmnain that includes the fuel/oxidizer
supply systems. As such, the boundary conditiofeqn(3.1) implicitly neglects axial

diffusion at x=0, a point we will return to in Chapter 4. Assumsgygnmetry aty=0and

no diffusion through the walls =R, leads to the following two additional boundary

conditions:
0Z 0z
—(x,y=0)=0 — (X, y= =0 3.2
ay( y=0) ay( y=R) (3.2)
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For reasons discussed in Chapter 2, we will detfine solution in the limit of
small perturbations, and so expand each varialfle)@s, y, t)=( ), (%, ¥)+( ),(x v. }.
Neglecting higher order terms, the steady sta#eunforced, mixture fraction field, for a

system with no transverse flow, i, , =0, can be acquired from Eq.(2.21) as:

0Z 0°Z 0°Z
U 2= —2+bw 0 3.3
° ox oy 0% (3:3)

whereu, , =U, for visual compactness antt”is an axial diffusion indicator, taking

values of unity and zero, depending upon wheth&l akffusion effects are enabled or
disabled within the domain, respectively. Similarthe dynamical equation for the
fluctuating, i.e. forced, component, of the mixtdraction field can be obtained from

Eq.(2.22) and written in the frequency domain as:

%z, _ . 9z, . 02,

b =-U u, ,—
X “ax oy

~ > 2’\
a0, T

The solution to these equations can be derived ianalogous way as the Burke-

(3.4)

Schumann solution, using separation of variabldse Tull solution, including axial
diffusion (b=1), for the steady state mixture fraction fieltdlizing Eqgs.(3.2) and (3.1) as

boundary and inlet conditions, respectively, isegiby:

zo:%éniﬂsm(ﬂh)co{@@l} exE x {Pez‘vpé;“é”‘fﬂ (3.5

R PeR
where & =n(R, / R) are the eigenvalues and the Peclet numBer,is given by

Eq.(2.25).
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For the subsequent analysis, we will focus on ttlewing simplified version of
the solution that neglects axial diffusion, since have already done so implicitly in
formulating the boundary condition in EQ.(3.1). Thesulting steady state mixture

fraction field solution is:

R &2 . y , X
» =—+ ) —sin co — | exp- 3.6
=R 2 Sn(A) {%RJ ﬁaﬁpeR} (36)
This equation can be derived by solving Eq.(3.3) aeglecting the axial diffusion term,
i.e. settingb=0, or equivalently, taking thRe>« limit of Eq.(3.5). We next consider the

solution for the fluctuating flame position resporgito uniform bulk axial fluctuations

in flow velocity:

u,, = eU exp -iat] (3.7)

The resulting full solution for the fluctuating niixe fraction field, 2, , is:

i e e e e

where the Strouhal number based on the half-widtthe fuel nozzle is defined by

Eq.(2.27) Gt= St ), and

P&-,/ Pbr4 Pel’-87 iPe

; (3.9)

Bi-=

5= P& -,/ Pé +4 P84 >
i 2

Again we will focus the subsequent analysis inghsence of axial diffusion, i.e.

in thePe>w« limit, whose solution is:

ézi{i&v‘(ﬁ (Zziénsl:);;n(@ﬁ)}co{yﬁl] ex;E_ﬁ/ngLeR]{ + exE mSt—);QJ} efpriat] (3.10)

n=1 R
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Alternatively, this expression can also be writteterms of Z, as:

= { ;]ETI; } aaz)‘i {1 ex;{ i St—j} exp—ic] (3.11)

This form is significant in that it no longer coms the mathematically complicating

infinite summation, a key point that will be empizasl and utilized shortly.

3.1.1 Space-time Dynamics
An implicit expression for the flame sheet positi§x) , can be determined from

Eq.(2.32), yielding:

+;n—ﬂsm( AA)c {w‘&,%} exé_%nz%elg (3.12)

Similarly, the position of the fluctuating flame rcdoe determined from the implicit
expression, Eq.(2.29). However, as was previouggudsed, Eq.(2.33) is an explicit
expression for the fluctuating flame position. 12tilg Eq.(3.11), this expression can be

re-written as:

B[]t o

where ¢, | is measured normal to the mean flame surfaceeimlittection of the oxidizer.

The{afég?x] term can be written in terms of the local angletted flame, using the
0

geometric relation:
o0z (0z Y| _ ozl
0z = (—ZOJ L R B (3.14)
0X oy sing, (x)
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where g, denotes the angle of the mean flame with respetttet@xial coordinate. Using
these results, and a modified definition fobt for ease of comparison

(St, = St, = Lo/ Rx Stg), the solution for&, , (X,t) can be written as:

_idd, . B . X .
&a(xit)= ot smHO(x){l ex{l St 3 J} exp-i Zff] (3.15)

f,0

This expression is an important contribution ostthiesis and very significant in
that it is anexplicit equation for the space-time dynamics of the flgyosition. For
reference, the corresponding fluctuations of aachttd premixed flame with constant

burning velocity subjected to bulk flow oscillat®are given by [86]:

_idd, . : , X ,
&a(xit) = > fsmﬁ{l ex;£| ZSt, C }} exp-i Zft] (3.16)

T f,0

where St is the flame Strouhal number for premixed flamedgfined as

St, = S, / cog @, and the angl@ is a constant (the expression is more involvelif
varying, which would occur if the flow or flame smkvaries spatially).
Notice the similarities in the premixed and nonrpbeed solutions, with the

exception of the spatial phase dependehee”™ ¥V term. Both solutions contain a
magnitude term, depicting the low-pass filter chteastic of the flame, i.e. as the
forcing frequency is increased the response madmitiegreases, and a flame angle term,
showing the importance of the fluctuations normal the mean flame surface in
generating wrinkles. Although the flame angle tevomtains a subtle difference, being

the axial dependence of the flame location for tlom-premixed case, the primary
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difference in these solutions is contained withie tvaveform term, and reflects the

influence of premixed flame propagation on wrinktnvection speeds; i.e., the wrinkle

convection speed in the axial directidn, / cos 8, is the vector superposition of the
axial flow velocity and the axial projection of actor pointing normal to the flame with
a magnitude equal to the burning velocigy, In contrast, the non-premixed flame does
not propagate and wrinkles convect downstream speed ofU,, as is depicted in

Figure 3.2.

40 ~
y St =~ -
9 —/’w
£
Uy Sin
Non-premixed Premixed

Figure 3.2. Schematics depicting the difference imrinkle convection speed for non-
premixed and premixed flame system.

In both cases, local maxima and minima arise tHndhigp 1— €™ Yo \waveform
term, due to interference between wrinkles gendraae the x=0 boundary and

disturbances excited locally. This can be seerebyriting it as:
1-? % = 2sin( 77t %/ U, ) &0 Ve (3.17)

For both premixed and non-premixed flames, wrinlkdes generated at the boundary

because of flame attachment. For the premixed flatims is invoked through the

attachment boundary condition i&,,(x=0,t)=0. In the non-premixed case, wrinkles

are generated through the assumption of constaxturaifraction at the burner outlet,

ie., Z(x=0,t)=0.
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Finally, we note that incorporating stretch effaote the premixed flame analysis

modifies Eq.(3.17) by multiplying the complex expatial inside the braces by the factor
exp(—ébzzaCSIf) x/Lf’O) [87], whereg, is the Markstein length normalized by the burner
half-width. For a thermo-diffusively stable flam#his stretch correction leads to an

exponential decay in wrinkle magnitude becausehef ftame front curvature. These

additional flame dynamics will be revisited in CheapA.

We next present several illustrative solutionsh& space-time dynamics for the
flame position. Note that the solution is a funetmf the four dimensionless parameters
St , R /R, Pe, and Z,. The temporal evolution of the flame position Istfed in
Figure 3.3 at two Strouhal numbers. Note the budlalgpulsing of the flame at lower

Strouhal numbers, and the spatial wrinkling at bighalues. The unforced flame is

indicated by the dashed lines.

2 2
) - PN
15 ~== 1 Y 77
I “-\ //’ ‘-;__\‘:_\\\_
\ “~ NN
VR 1 \\ VRs 1 > \
NN
\\ \ \\\\ Y
0.3 ‘L"\I Vo \;\. 1 0.3 e
I 1 | il\
0 l | 0
] 1 2 3 4 ] 1 2 3 4
x/PeRy x/PeRy

Figure 3.3. Shapshots showing four instantaneous gitions of a forced non-premixed flame
at two different forcing frequencies using nominalvalues of Z,=0.3 and Pe=50 (left) £=0.2,

Sty =0.001& & =0.3 (right) £=1.0, St;=0.012, St,_f =2.0.

Mohammed et al. [56] have reported measurementsa@amgputations of a forced

CHg-air diffusion flame, which are reproduced in Figu8.4 (left). In this experiment,
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only the fuel flow rate was perturbed, as opposeblath fuel and air flow oscillations in
these calculations. However it is still useful tompare results, using conditions that
approximately simulate those from the experimeiguie 3.4 (right) shows calculations
of the unsteady flame position at several instahtsme for similar conditions. Similar

bulk axial pulsing of the flame is evident in theasurements.

y (cm)

0 1 2 3 4 0 1 2 3 4
X (cm) X (cm)
Figure 3.4. (left) CH mole fraction isopleths of tle steady and time-varying laminar CH4-air
diffusion flame [56]. Experimental isopleths at stady state, 0.00, 0.01, 0.02, 0.03, and 0.04 s. lft)g
Theoretical results using parameters chosen to maic experiments of Pe = 0.86, StL, =1.82,

Z,=0.13, and¢ =0.5 for CHg-air diffusion flame.

An alternative way to visualize these results uigh the magnitude and phase

of &, ,, illustrated in Figure 3.5. The nodes and locakima and minima referred to

above are clearly evident in the figure. The phadle off linearly with axial distance,
again reflecting the convection process describethb interference waveform term in

Eq.(3.17), and jumps 180 degrees across the nodes.
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Figure 3.5. Axial dependence of (left) magnitude ah(right) phase of flame response, where

W, , and using nominal values ofz, =0.3 and Pe=50 for Sth values of 0.3 and 2.0.

Srer = Pel2r f
Note the abscissax{Uy/f), can equivalently be written as</L* Sth .

Lastly, the speed of the flamelet (differing frotmat of a passive scalar) with
respect to the flow, can be determined for this-pmmixed system. In analogy with
premixed flames, we will refer to this velocity as(xt) (recognizing that the non-

premixed flamelet does not propagate, being ataahproperty surface) defined by:

‘Z_f +0DZ =0{onz) = 5,|0Z] (3.18)

This spatio-temporally varying quantity can be rddmensionalized and expressed as:

2
569 _ 1 0%| = sind(x.t) (3.19)
U, Pel0z

$o(x)

or similarly, decomposed into steady and fluctimtomponents as:

2
So(9_ L 0% = sing, (x) (3.20)
U, Pe|Dzo|Lo(x)
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Su0(X

0%z - PeID%I‘

$a(X9 _ 1 Yy =sing,(x.t) (3.21)
U, Pe |0z,

$o(x)

Representative results are shown in Figure 3.6s@hesults agree with those
formulated for premixed flames, and similarly canjbstified since from a quasi-steady
viewpoint the flame front is stationary, and hetice relative flamelet speed must be
equal to the flow velocity normal to the flame ftomterestingly, nowss can be either
positive or negative, and varies with bottandt, whereas for premixed flames it was
strictly positive with the possibility to have nepatiotemporally varying values. Also
note how the fluctuating burning speed amplitudek$éosimilar to the flame wrinkle
amplitude plot, having the same noding pattern. Shght difference in magnitude
results from the definition of the fluctuating flanangle €.), having dependence upon

the significantly axially varying steady angt®)(

1 12
_10
_ 05 >
3 s @
£ o = 6
3 g
£ L a
-0.5 g
— 2
-1 - - - - 0 ! - - !
0 02 04 06 08 1 0 02 04 06 08 1

X /Lo X /Lto

Figure 3.6. Non-dimensionalized relative burning sped along the non-premixed flame
surface, using nominal values ofz, =0.3, Pe=20, StRf =0.05, andg = 0.01.
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3.1.2 Heat Release Analysis

Having considered the local space-time wrinklingro$ two-dimensional flame,
we next consider the spatially integrated heatassigQ(t) , which was discussed in
Section 2.4.3, including expressions for both pr&mdiand non-premixed flames. For this

particular two dimensional system, Eq.(2.40) canvhi#en as:

Q(t) = j +4,) ﬁ’;m[ sm&—%cosﬁjdA (3.22)

flame ¢ox
The first term in EqQ.(3.22) includes the effectadfial diffusion and is, consequently,

neglected in the following analysis, yielding:

Li (1) 2
o= | ‘(1;%) phr %2 (X;;(X’t))dx (3.23)

DecomposingZ , Ls, and ¢ into their mean and fluctuating components resuits

Lt o+l a(t) Lt o+l at)

- - i , 0%, 0
Q(t):%%@{ [ E(x,fo+fl(x,t))dx+ [ a_é(xgﬁgl(x)) d% (3.24)

0oX 0 0

Then, linearizing this expression yields:

() :‘(1;—¢)2 ,0/;@{ ! ‘Zf/o dx+ joazl dx+ logl % (3.25)

where the steady and fluctuating components arengay:

. ~1+¢ Y 0z

(1) =——2L phc d 3.26

Q ( ) ¢ox 4 / .([ y X ( )

Q)= ¢ /"*) %Rm{ j 94 G+ jfl % (3.27)
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Note that fluctuations it do not contribute to this linearized expressiorceio.z, / oy

is zero along the centerline and, therefore, afldme tip (axial diffusion would provide
a non-zero contribution).
The transfer function, defined by Eq.(2.41), can reeritten for this two-

dimensional axially forced system as:

T =91/_Qo (3.28)
., /U,

Additionally, the mass burning rate and flame (égl) area fluctuation contributions,
given by Eq.(2.42), will be retooled for furtheladty. Benefitting from the substitution
of dx by cosfdA in Eq.(3.25) and similarly expanding the solutitime resulting mass

burning rate contribution to the transfer functisn

fO

J g(x 50)d . *f"azv(>)<(&,)Sln(é,l)dx+ ‘j”gl(xl)azzg();cfo) &
(3.29)

— 0

T
&4 N,mbr —

jO 0.2,(%, fo)d

0

Similarly, the weighted area contribution is givan

02,(%.&,) AN
.[Mcos@, XA j =222 07 sin(6,) dx
s o= O __% Lmax (3.30)

£ j 0% (X, £°)dx £ j de
0 oy 0 oy

The physical meaning of these terms was discuss€tapter 2. It is important to
recall that the weighting term, i.e. the time agedh burning rate, is a very strong
function of the axial coordinate for non-premixdahfies, but is constant for comparable

premixed flames, as is shown by Figure 3.7.

75

www.manaraa.com



x10°

06} (}),. premived |

0 L L ! —

0 20 40 60 80 100
X
Figure 3.7. Depiction of the time averaged burningate for comparable non-premixed and
premixed systems.

The un-weighted area transfer function (importantcbnstant burning velocity premixed

flames) can be formulated using Eq.(2.43) and eacdst as:

L
_ 1 ¢ dé,/dx 04, (% 1)

Fnarna = - o/ gk (3.31)

e [1+(o|50 /dx)z} dx ° [1+(dfo/dx) }

0
or equivalently:
1 " sing

Fnera="T coég? singdx (3.32)

0

££ [1/cosg, (x) Jdx °

There are significant variations in time averagedtirelease rate along the non-
premixed flame, as was shown by Figure 3.7 (e.g.heat release at the tip in the
absence of axial diffusion). Thus, the weightinglaime area is a very significant effect
influencing how area fluctuations lead to heatasée Moreover, the characteristics of the
weighted and un-weighted area transfer functioescaite different for non-premixed
flames, while they are identical for premixed flameith spatially uniform burning

velocities. For example, in the low Strouhal numberit, the non-premixed flame

76

www.manaraa.com



weighted and un-weighted area transfer functiofferdn phase by 180 degrees and have

appreciably different magnitudes.

s Area

Weighted Area

L= VA O - A T
T T T T T

20 40 60 »2 N n
0 0.2 0.4 0.6 0.8 1
X time

Figure 3.8. Plots shedding light onto the behavioof the weighted area and area transfer
functions. (left) Shows mean flame positions for tav different mean flow velocities and (right) shows
the fluctuations over one forcing cycle for the vapus terms.

Figure 3.8 illustrates this behavior. The firsttp{on the left) shows the mean
flame position for two different mean flow veloe$. As is expected, the higher velocity
case, produces a flame with a larger total areaveder, Figure 3.7 showed that for non-
premixed flames, the near base-region is of greatportance, containing the dominant
portion of the mean mass burning rate. Signifigam#stricting our attention to the near-
base region of the flame, i.e. the white regiorrigure 3.8, it can be observed that the
resulting (weighted) area actually decreases witlieiasing mean flow velocities. The
second plot (on the right) shows how for low fogcinequencies, the area contribution is
in-phase with the velocity forcing, while the welgtl area contribution is 180 degrees
out of phase.

The solutions for the premixed flame transfer fiort are simpler, as the
unforced flame is flat in a uniform velocity fieldcollowing Wanget al [87], and

retaining only leading order terms in Marksteingtm the transfer function is:
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7 :{ac (1+27ist,g, (1— S~ St )} +{— 1/ (2risy i T &St )} (3.33)
L 5 1L 5 I

P, mbr “Pa

whereg, is given byd, = o_siné tand .
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Figure 3.9. Strouhal number dependence of the magnide of the heat release, area, and
mass burning rate transfer functions for a (left) ron-premixed flame with parameters

2, =0.06, Pe=10, and (right) premixed flame with parameters g, =0.05and L, / R, =932.

Typical solutions for the overall unsteady heagask, as well as the contributions
from flame area and mass burning rate are shoviagure 3.9 for the non-premixed and
premixed flame. Both premixed and non-premixeddf@nfunctions have magnitudes of
identically unity at zerdSt indicating a direct 1:1 relation between the tihation in
velocity and induced fluctuation in heat released #hen roll off with increasingt,
indicating a progressively smaller induced heatasé fluctuation [4]. Starting with the

left plot, note how the non-premixed flame heaeask fluctuations fot <<1 are

dominated by mass burning rate fluctuations overehtire Strouhal number range. For
Sk<1, the mass burning rate contributions. #o are of O(1) and CB}) for non-

premixed and premixed flames, respectively. In @stf premixed flames at low and
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O(1) Strouhal numbers are dominated by area flticlus, shown in the right plot. The

mass burning rate fluctuations are a much smaffecteand only exert a comparable

response as area fluctuations at high Strouhal etsntwhereSt, ~O(0A'C‘1) [87]. The

mass burning rate fluctuations do also exert amrentl influence on the flame area

perturbations wherSt, ~ O(d

, by smoothing out flame wrinkles, causing the

"smoothing" of the area gain curve in the premixade, relative to the much more

oscillatory curve for the non-premixed flame.
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Figure 3.10. Strouhal number dependence of the madude and phase of the heat release
transfer function for a non-premixed and premixed fame with the same properties as Figure 3.9.

Direct comparisons of the gain and phase respohgkeopremixed and non-

premixed flame results are shown in Figure 3.1@ncantly, these results show that

non-premixed flames are significantly more sensitiv flow perturbations than premixed

flames whenSt >O(1), an important and somewhat unexpected coiociugt will be

shown, and proven, in later chapters, that3lbe>1 response of both flames scales as

7 ~O(1/SY) under certain assumptions. Interestingly, thgufe shows that the non-
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premixed flame considered here has an intermetigtefegion where its response rolls
off more slowly; the analytical derivation of thisgionsSt sensitivity is also deferred till
Chapter 5, however, for now it suffices to notettlwmputations suggest that

Fy ~O(15t7) in this region. The Bt scaling is less obvious for the corresponding

premixed case as stretch effects do modify theltee$or the Strouhal number ranges
shown in the plot.

The corresponding phases of the premixed and nemiged flame transfer
functions are also included in Figure 3.10. Bothves start at zero for low Strouhal
numbers, indicating that low frequency flow modidatinduces heat release fluctuations
that are in phase. The curves roll off with differeslopes toward negative values and
asymptote to -90 degrees (for a stretch-insensitarae; as shown in the graph, stretch
modifies this result), indicating the delay in heelease relative to the forcing, due to
convection of disturbances along the front. Nowo ahe nearly constant phase in the
non-premixed flame in the intermediate Strouhal bemrange discussed above. The
undulations in phase for the premixed flame cowadpto ripples in the gain, and reflect
the influence of interference processes in contiglthe flame area. The differences in
phase between the two flames again reflects tHereift processes controlling unsteady
heat release. The corresponding phases of thecargabutions alone are much closer

between the two flames for a broad&tr range forg™*? <<1.

3.1.3 One Term Approximations

Although various parameters, such as the steatheflangth, remain confined in

implicit equations, simple and approximate explgotutions are obtainable by retaining
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a single term of the infinite summation. For exagppétaining a single term of Eq.(3.6),

an explicit equation for the steady flame locawan be obtained:

—i’y =—cos* 2y~ S (3.34)
7S
f Esin(ﬂs) ex;{—nzs2 X J
T R, Pe

wheres is the ratio of fuel port to wall radius, i.e= R / R,. This approximation is

suitable for large arguments of the exponentiatfiem, except near=0. Using the same
approximations, we can derive an expression forfidmae length,Ls, since atx = L¢,

&, (X) is equal to O:

Lio_ |72 -s)| Pe
R In{z::,in(ﬂs):lﬂzs2 (3:35)

3.1.4 Explicit Governing Equation Validation

Section 3.1.1 presented the general procedureedilthroughout this thesis to
obtain explicit equations for the fluctuating wriakdynamics for non-premixed flames,
yielding Eq.(3.15) as a major contribution of thwerk. Section 2.5 showed how this
method was different from that of premixed flameshich utilized an arbitrary
substitution of variables to yield an explicit flarfront governing equation. Although not
general, a similar explicit governing equation, (Bg9), was presented for the specific
case of an infinitely long, flat non-premixed flanmfdthough physically unrealistic, it is
interesting to observe under what conditions anmdrpaters, a non-premixed flame could
be considered flat enough to make this governingggn valid.

Figure 3.11 shows steady flame location contourvémious parameters, such as

Peand Z,. It can be observed that Beis increased the flame becomes longer, and thus
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flatter in the near base region. Consequentlyh@Pe>« limit the flame becomes both
infinitely long and flat. Additionally, a proactivehoice ofZ, can make this flat-flame

assumption more convincing, as seen by the pldhenight. As the results presented in
this section, Section 3.1, have focused onRbke« limit, they should agree with the
solution obtained via the explicit governing eqoati Thus, in order to validate the
solution given by Eq.(3.15), we will utilize the @icit governing equation and compare

corresponding solutions.

{lmm—— e

1.5 /\ T 08}
A} 06

o o
5 1 =
04r
~— Pe=10 — Pe=10
0.5 Pe=100 |1 Pe=100
Pe=1000 0.2r Pe=1000
Pe=10000 — Pe=10000
o . . ‘ ‘ o :
0 20 40 60 80 100 0 20 40 60 80 100

Xﬂ'Rf m’Rf
Figure 3.11. Steady state flame locations for varis Pe values andz, values of 0.3 (left)

and 0.5 (right).

This condition of “flat-enough” was further validat by ensuring the condition

a>>a,,a, was met computationally, where was previously defined by Eq.(2.46).

Figure 3.12 shows these terms for a non-premixaadl withPe=100, clearly showing
the dominance ofr over the extent of the flame, except at the tipwilver, in théPe>«

limit, the flame becomes infinitely long and thésue irrelevant.

82

www.manaraa.com



Magnitude

0 50 100 150 200 250 300 350
x;’F{f

Figure 3.12. Validating the assumptions made in thderivation of the non-premixed explicit

governing equation, for a non-premixed flame folPe=100 and z,, =0.3.

Assuming a harmonic velocity disturbance, and tegylflame position, of the

form:
a=g,+ Re{ ﬁle'““}
£(xt2,) =& (x.2,)+ Ry (x2,) ]

then EQ.(2.49) can be rewritten as steady anduidictg equations:

0¢ _ 0%
g T e ™
. o0& 0%, . 0, .
lwé, —U, ,—=+ =0,,—-u
8o ox ¢ tox

(3.36)

(3.37)

(3.38)

(3.39)

Once again we will accept that the steady flamation remains locked in an implicit

equation, and focus our attention on the fluctgatffame dynamical equation, i.e.

Eq.(3.39). The right hand side of this equationtams all the velocity perturbation

inputs. Utilizing geometric relations, this righard side can be rewritten as:

ox X

ik —u, 2+ 00 O [ cosd, () 1, s, () 1{%} (3.40)
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Furthermore, since the steady flame is essentiidlty 0,/ dx<<1, and thus the
equation simplifies to:

0%¢,
X

o, -ux,o% v £51 =0 cosd, (x)- 0, Sind, ) (3.41)

This is a general form of the explicit governinguation for harmonic

disturbances. Considering the previous case of lawikl forcing, i.e.q,, =&U, and

u,, =0, this equation can be solved and yields:

&(x) =i2‘SUTf°sin6’0 (x)

{ - ex{[ Pe—+/ Péz— 8rriPeSﬂ XD (3.42)

R

and for consistency, in tHee>« limit the exponential term simplifies to:

gi’y(x) = i;JTfO sing, (x){l— ex{i 2TStRiD (3.43)

f
Thus, Eq.(3.43) is the solution to the explicitvgming equation for the non-
premixed system considered in this section. Ndim#& this solution exactly matches and

validates Eq.(3.15), which was derived via the otimethod, noting that in thBe>«

limit for an infinitely long flat flame,§, , = ¢, .

3.2 Confinement Effects

Most combustion systems of industrial interestamefined, however, there exist
some which are unconfined and vulnerable to condiugtstabilities, such as gas ranges
and rocket plumes. Thus, an interesting questiothésextent to which confinement
effects modify the flame dynamics, assuming a sindisturbance field, compared to the

results presented in Section 3.1.
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As was done previously, the full solution, inclugliaxial diffusion, for the steady
and fluctuating mixture fraction fields can be obéal. Considering now an unbounded
domain, a modified form of the step inlet boundemydition, given by Eq.(3.1), must be

utilized:

1 for 0<|y] <R

3.44
0 for R, <|y (3.49

Z(X:O,y):{

along with the absence of the wall boundary cooditisted in Eq.(3.2). The resultant

steady state mixture fraction field is given by:

% _ET_W w PeR 2

1 % 2sin(w) X (Pe2 ~VPé+4pé V%’) {
ex exp iw

y
—|d 3.45
FJ wo (3.45)

while the corresponding general solution for thectilating mixture fraction field,
exposed to spatially uniform axial velocity osdiltas, given by Eq.(3.7), subject to the

flame attachment boundary condition, i&(x = 0, y,t) = 0, at the fuel port lip, is:

exp(d [h{ -2g+ P€} cog h))] +

27Pe’ St
_ 1t exp(oX)dry o _ |
%—ZTI +m[{-g +h’+ gPeé + V\?Pé}sm( h)<]+ exd{ iwy d (3.46)

+id exp(gx) sin(hx) + kex c}

where variablesc, d, g, h, and k are defined in Appendix A, along with their
corresponding higRe series expansions.

As was done for the confined case, we will focustloa following simplified
version of the solution that neglects axial diftusi since we have already done so
implicitly in formulating the boundary condition Bq.(3.44). The resulting steady state
and fluctuating mixture fraction field solutionseagiven:
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=1l er YR +er _IryR :
% 2[ fL‘M)q(PeR)J f[,/4;€(PeR)ﬂ (3:47)

(YR -1 exp{—(l_ Y/R )ZJ
+...

4x/(PeR)
e (4x/(PeR))* | I
Zl - 8ﬂ3/2IPeSt (1+ Y/Rf )2 (1_ eXF( mSt)S/ R )) eXFﬁ_ wt] ( ) )
(Y/R +1)eXF{—J
_ 4x/(PeR)
(4% (PeR))"

This equation can be derived by solving Eq.(3.3)lexing the axial diffusion term, i.e.
setting b=0. Analytical convergence of Eq.(3.45) and Eq&3.4nto Eq.(3.47) and
Eq.(3.48), respectively, in thBe>« limit has not been attained due to the complex
improper integrals. This convergence has, howdnesn verified computationally.

Dealing with these simplified solutions in the atxse of axial diffusion, once
again provides a major mathematical benefit of ielating the improper integrals,
making analytical progress for the space-time amedt Irelease dynamics possible.
Unfortunately, these expressions are still non-itivie, due to the dual error/exponential
function form, making explicit solutions for thefhe position non-obtainable.

As was done previously, the fluctuating field smotcan be written in terms of

the steady field, utilizingdz,/0x, and flame angle relations used, i.e. Eq.(3.1d), t

rewrite Eq.(2.33) as:

f

_idd, . 3 . X .
&a(xt)= o smﬁo(x){l exp(l 7St }} exp-i Zff (3.49)

Significantly, this expression is identical to EQi), reflecting the same dynamical

features of the flame sheet winkles: the low-pdtsr fmagnitude behavior, flame angle
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dependence, i.e. velocity fluctuations normal te ttame sheet, and wave form
interference term. However, this does not mean ¢bafinement has no effect on the
wrinkle dynamics — rather, these influences ocbwough the mean fieldjo(x). Figure

3.13 shows the steady state flame position exulafrtan unconfined, Eq.(3.47), and

confined, Eq.(3.6), mixture fraction field solut®mor various degrees of confinement.
Note that these comparisons involRe/Ry values wheres < Z,, so that the flame

remains over-ventilated, closing at the flame Tipis was done since the under-ventilated

configuration is not possible for the unconfinedea

— Unconfined
s=0.15

—s=025

—s5=029

05]

00 10 20 30 40 50
x.v‘Rf
Figure 3.13. Steady state flame locations for an gonfined and confined non-premixed

flames experiencing different degrees of bounding.e. s values, forPe =10 and z, = 0.3.

For small degrees of confinement (snwitalues), the bounded and unbounded

solutions are coincident, as is expected. For tadggrees of confinement (increasisg
towardsz, ) the flame becomes slightly wider and significpridinger, resulting in more

spatial wrinkles and an extended middle portiothef flame, where the flame is flatter.
Additionally the location of maximum width moves wdastream. This location is
significant because for the axially forced cases iy the where the forcing is parallel to

the flame position, and as was shown from our aicalysolution, yields no unsteady
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flame motion, i.e. is a spatial node. The imporéantthese effects can also be seen by

observing the wrinkle magnitude and phase plowshn Figure 3.14.

- 1
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Figure 3.14. Wrinkle magnitude (left) and phase (ight) plots for an unconfined and confined
non-premixed flames experiencing different degreesf bounding, i.e.s values, forPe = 10, z, = 0.3,

and St = 0.1. The corresponding steady flame positions @ishown in Figure 3.13.

As sis increased, there is more flame sheet, andrttare wrinkles exist overall.
However, for equivalent axial locations, the wrmkinagnitude is lower for higher
degrees of confinement. This is due to the shallcavigle of the mean flame at this
positon, an effect which can be seen from Figufe.3Additionally, as Figure 3.14
considers arstvalue of 0.1, every R (disturbance wavelength) a spatio-temporal node
occurs due to the forcing. However, there is aniteaicil node due to the location of
maximum width, independent &t occurring around ~E for the unconfined solution

and moving downstream with increasing confinement.
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Figure 3.15. Heat release transfer function magnitde (left) and phase (right) plots for an
unconfined and confined non-premixed flames expeneing different degrees of bounding, i.es
values, forPe= 10 and z, = 0.3.

Figure 3.15 shows comparisons of the heat releesmesfer functions. The
magnitude plot reveals asymptotics which are inddpet of confinement. For o8t
values, the unity magnitude reflects a direct Elatron between disturbance magnitude
and resulting heat release fluctuations, whileldoge St values the curves all roll off as
1/St2, However, for these larg8t values, the curves become smoother and the total
magnitude of the transfer function increases wittreasing degree of confinement, due
to both the increased number of flame wrinkles endeased mean flame length. This

smoothness can also be seen in the phase plot.

3.3  Forcing Direction Effects

The previous sections focused on longitudinal distoces which, although
important, are not the sole contributors to theuasf combustion instabilities.
Thermoacoustic oscillations associated with trarssvelisturbances and acoustic modes
are routinely encountered in combustion chambels)]. [ffor example, transverse

oscillations in annular aircraft or aeroderivativembustors have been described and
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documented by many industrial companies, such asi@eElectric, Pratt & Whitney,
Rolls Royce, Alstom, and Siemens [6, 96-100] andehldeen discussed frequently in
relevance to afterburner [101-104], solid rock&y, 106], and liquid rockets [107-112].
Often referred to as “screech” due to its highipett tone (in the range of 150-600Hz),
the transverse mode in augmentors can be excite@ddition to lower frequency
longitudinal acoustic oscillations, referred to“agmble” or “buzz” (in the range of 50-
120Hz) [103].

A good portion of the existing work has been domel@ngitudinally forced
systems, however, there are two key applicationnreg where transverse acoustic
oscillations are of significant practical intereshie first being large scale annular
combustion systems where lower frequency transvastabilities occur, typical of and
in the spectral vicinity of longitudinal instabiés, and the second being higher frequency
transverse oscillations encountered in can-comtnussiystems [113]. An additional
importance of transverse forcing, which ties irfte previous sections, is the pathway in
which transverse acoustics trigger/generates lodigial acoustics.

This section builds upon the previous ones, witbcais on the transverse forcing
configuration. From a local point of view, the flandoes not differentiate between
transverse and longitudinal forcing, as both premixand non-premixed flames are
ultimately sensitive to the scalar component ofwélecity fluctuations that are normal to
the iso-Z surfaces or the premixed flame front. In contrérstin a global heat release
point of view, transverse and longitudinal excdatiis fundamentally different. In the
latter case, the fuel flow rate and/or reactanwflate into the domain is modulated,

which leads to heat release oscillations, at leagihe quasi-steady case. In the former,
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transversely forced case, they are not, implyirad fluctuations in heat release may not
be excited, even though significant local wrinkliafthe flame may be induced. These
points were emphasized by Achamstaal [14] in the context of premixed flames, where
they showed that bulk transverse forcing excitew Zeeat release fluctuations for all
frequencies. Only if the there was a transverse@beyg in the transverse flow field were
heat release fluctuations excited. Thus here wéhgmugh a similar analysis for non-
premixed flames in order to determine and isolageibfluence of forcing direction on
flame dynamics.

Retaining the step inlet boundary condition, Eq.)3the steady state mixture
fraction field solutions presented in Section 3rg atill valid, being independent of
forcing. The familiar dynamical equation for theudtuating mixture fraction field,
Eq.(3.4), will also be reutilized, now exposed patgally uniform transverse fluctuations

in flow velocity of the form:

u,, = U, exp|-iat] (3.50)

Additionally, no penetration boundary conditionsshbe enforced at both walls, due to

the lack of axial symmetry, modifying the boundaonditions to:
0z 02
— (X, y=- =0 — = =0 3.51
ay( y=-R) ay(xy R) (3.51)
The resulting full solution for the fluctuating nhixe fraction field,Zz, , is:

z =§{%}sin[%—é}{ex;{%ﬁe ,[S’_J— ex;EquRﬁh_J} expriat]  (3.52)

where the Strouhal number based on the half-widtthe fuel nozzle is defined by

Eq.(2.27) St= St ), parameters4 , B, and 3,_ are the same as from the axially
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forced case (Section 3.1 and Eq.(3.9)), ansl the dimensionless rati®, / R,. Again

we will focus the subsequent analysis in the absefaxial diffusion, i.e. in th®e>«

limit, whose solution is:

%= g{%}sin(wﬁ %} exp{—yzﬁf PZ RH + exé 2 St—);J} exfprict] (3.53)

Alternatively, this expression can also be writteterms of Z, as:

-ieR, |d . :
z { Z'ZSt }Tg;{l— ex;{ 2ri St—éj} exp-ica] (3.54)

An explicit expression for fluctuating flame positi can be obtained in a similar

manner as was done for the axial forced case iticBe8.1. Recall thag, , is measured

normal to the mean flame surface in the directibthe oxidizer. Using mixture fraction

and flame geometric relations similar to Eq.(3.14),|02| = ¥[02,/ dy] / cosg, (x), the

solution for &, (X, t) can be written as:

Fiel, _ |
.;i,n(x,t)=+2'ﬂf cos@o(x){l— ex;E| St L):J} exp-i 2ft] (3.55)

where 6, denotes the angle of the mean flame with respetigt@xial coordinate and the

— and + signs are for the top and bottom half-fldorenches, respectively. These signs
indicate the out of phase nature of the two flamranbhes. For reference, the
corresponding fluctuations of an attached premii@ae with constant burning velocity

subjected to transverse bulk flow oscillations vatlsimilar coordinate system are given

by:
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TieU, . .
fm(x’t)=+2|m¢ cos@{ 1~ ex{| St LX J} exp-i 2ft] (3.56)

f,0

Notice the similarities in the premixed and nonrpieed solutions, with the

exception of the spatial phase dependehee?™ Vs term. This difference, once again,
reflects the influence of premixed flame propagatam wrinkle convection speeds. In
both cases, local maxima and minima arise throbghtérm, due to interference between
wrinkles generated at theO boundary and disturbances excited locally asvehia our
axially forced analysis in Section 3.1.1.

Additionally this expression can be compared to(E#5), which shows the
corresponding explicit equation for the axiallyded case. Both solutions contain the
exact same low-pass filter magnitude and wave faterference terms, and although the
flame angle term differs in appearance, now shovango#o(x), it retains the same
dynamical significance, showing the importanceh# tluctuations normal to the mean
flame surface in generating wrinkles. As the sysisrmow transversely forced, the
location where the forcing is parallel to the siefldme sheet, and hence we expect a

spatial node, is at the flame base and tip.
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Figure 3.16. Snapshots showing the steady state itk line) and four instantaneous (thin
line) positions of a forced non-premixed flame witfPe=10 and Z, = 0.3 exposed to forcing conditions

of (left) £=0.015, St.+=0.337 Btr=0.01] and (right) £ =0.1, St.r=3.37 [Btr=0.1]. The instantaneous
times aret = 0, 0.3, 0.5, 0.7 moving left to right, top to htom.

Figure 3.16 presents several illustrative solutiohthe space-time dynamics for

the flame position at two Strouhal numbers, whilgéneral, the solution is a function of
the four dimensionless paramete8g , s, Pe, and &, . Note the bulk transverse
swaying of the flame at lower Strouhal numbers, #rel spatial wrinkling at higher
values. Nodes occur at locations wheos §, = 0 or wheresin(7zf x /Uy) = C, as shown
by Eq.(3.55) and Eq.(3.56). In comparison to thaldercing case where the sine term in
the &, equation caused no flame spatial fluctuations whitbe mean flame was

horizontal, now the cosine term causes no fluabnatiat the flame base and tip for the

transverse forcing case, i.e. where the mean flamertical.

Figure 3.17 and Figure 3.18 show the magnitude phase ofé,  for a

representative low and hidbt value, respectively. Also shown are th@ instantaneous
flame positions for the top and bottom branchese Tledes and local maxima and

minima referred to above are clearly evident inftgeres, with more nodes occurring for
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the higherSt case. The phase rolls off linearly with axial diste, again reflecting the
convection process described by Eq.(3.17), and $ub&® degrees across the nodes. The
magnitude drops off sharply at the tip due to tvedd spatial node by the flame angle
term. This effect at the base is less evident, gstotemporal node is forced here due to
the attachment condition as well. Rgis increased the flame length also increases, and

thus the flame anglé], retains small values over a greater portion offtdr®e, while the

large flame angles are condensed to the base@nd ti

ly|/Re

| &1n/ Re |

e (&n/R)/Im

kS
~——
-
——
~——
-

x /L XL
Figure 3.17. Steady (black line) and instantaneou§ed:top, blue:bottom branch) flame
position for t=0 (top), and corresponding axial dependence of {t¢ magnitude and (right) phase of

flame response, using nominal values of,=0.3 and Pe=10 for Sth [StR] values of 0.337 [0.01]
and £ of 0.01.
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Figure 3.18. Steady (black line) and instantaneou§ed:top, blue:bottom branch) flame
position for t=0 (top), and corresponding axial dependence of {t magnitude and (right) phase of

flame response, using nominal values ¢f, =0.3 and Pe=10 for St,_f [StR] values of 3.37 [0.1] and
£ of 0.01.

Detailed decomposition steps, as well as expliaingfer function equations, can
be found in Section 2.4.3 and Section 3.1. Typscdditions, utilizing théPe>« limiting
results, for the unsteady heat release of onedfiglfe non-premixed flame are shown in
Figure 3.19. The left image shows the magnitudén@imass burning rate and flame area
transfer functions, given by Eq.(3.29) and Eq.(B/&3pectively, for a two-dimensional
non-premixed flame. The right image shows the plusthese curves (solid for mass
burning rate contribution, dashed for weighted areatribution). Notice how for albt
values the area and mass burning rate contribufrons a single branch have the same
magnitude (coincident in the figure) and are ouplofise by 180 degrees, resulting in no

unsteady heat release for one-half of the flame!th#s Peclet value is reduced these
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magnitudes are increased, but the contributiongire®qual and out of phase, resulting
in:

(st =0 (3.57)

| FTF |

1 SE 10 SE
Figure 3.19. Strouhal number dependence of the (Bfmagnitude and (right) phase of the
heat release, area, and mass burning rate transfefunctions for a non-premixed flame with

parametersz_ =0.3 and Pe=100.

This behavior can be analytically shown to be altesf the unique cancellation
of mass burning rate transfer function terms wiacburs for the transverse bulk forcing
mixture fraction solutions. The total transfer ftion is the sum of the mass burning rate
and area contributions. However, as can be seen fq.(3.30), the weighted area
contribution cancels with one of the mass burniaig terms, resulting in a simplified

form of the transfer function:
Lt o Lio 2
IM"“ | gl(xt)M dx
_ Y oy’
0 0 (3.58)

o
IN

Lio
gj 02,(%,$0) 4

o Oy
By utilizing Eq.(3.54) and Eq.(3.55), this expressican be rewritten specifically for a
transversely forced system:
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I —iel, (d°% _ oy X .
.([[ch } iy (1- coss, 6(){1 ex% 2r|StRJ} exXp-i 2ft]dx

Lf 0
e [ 05 00E)g,
o Oy

T = (3.59)

Since in thePe>« limit the flame becomes infinitely long and flatpsg, ) ~1and thus

the transfer function becomes zero, independeahpfother parameters!

In addition, the other half of the flame brancii®9 degrees out of phase with the
original branch, i.e. the phase plot contributians switched (solid for area contribution,
dashed for mass burning rate). Thus, the unsteadirelease for the independent half-
flames, as well as the entire flame, is zero; alteékat will be of importance in Chapter
4, where this perfect mass burning rate term céataa does not exist for finitBevalue
results. This result could be anticipated, at leasthe low Strouhal number limit, as
transverse forcing causes no fluctuation in fual awidizer flow rate into the domain.
Since the heat release in the quasi-steady lindiresctly proportional to the fuel flow
rate into the domain, transverse fluctuations cgueetly lead to no heat release
oscillations. Similar conclusions were developedtfansversely forced premixed flames
by Acharyaet al.[114].

Significantly, this section emphasizes the impdrthstinction between local and
global heat release fluctuations. This topic whieii be discussed in more depth in
Chapter 4, however, for now it is important to stttat even though there are no global
heat release fluctuations, the local heat relegssabh segment of flame is fluctuating, as

is the instantaneous flame position.
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3.4 Differential Diffusion

Throughout this section, the mixture fraction fotation andz -equation have
been utilized to solve for explicit flame dynamiés was discussed in Chapter 2, this
formulation relies on the assumption that the mixtfraction is a conserved scalar. It
was shown that a sufficient condition for the mietdraction to be a conserved scalar is
for all species to have equal diffusivity, resuitim the disappearance of the species
source terms. An inconsistency, however, arisesnwive attempt to incorporate
differential diffusion effects into this formulatio

To observe this effect, we return to Eq.(2.3), @xasow considering different
isotropic diffusion coefficients for the variousefu oxidizer, and product species.
Utilizing a similar normalization and combinatiohtbe equations, Eq.(2.4) can be recast
into the following form, once again using the exigtmixture fraction definition from
Eq.(2.5):

DZ . (P, = D)
=2 _0fpw.0z)=00 p el ny 3.60
P ~Bp702) e, prJ (3.60)

This equation reveals the presence of an addititared on the right hand side,
one that becomes absent in the case of equal spdifasivities. This source term
provides a direct measure of the degree to whiehmixture fraction isot conserved,
solely caused by differential diffusion [115]. Thesm can also be interpreted as the local
effect of differential diffusion on the evolutiori thhe mixture fraction.

Most existing attempts to quantify differential fdgion are based on the
difference between various definitions of the migtéraction; for example the elemental

mass fractions, which has been shown to yield asareaof the differential diffusion for
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each element in a reacting system, thereby formirgpmplete measure [115]. Other
studies measured the effect by examining the diffees between elemental mixture
fractions based on experimental data [116, 117]samdlations [118]. For turbulent non-
premixed flames, the modelling of differential dgfon has been investigated using a
conditional moment closure method [119]. Additidpatecent theoretical work suggests
that there may exist a refined definition of thexwmie fraction variable which is
conserved even in the presence of differentialdiéin, however, no such definition has
yet emerged [120]. Thus, the quantification of thifect has important implications for
modelling approaches as well as on the fundamemderstanding of non-premixed
combustion.

To investigate the effects of differential diffasi on the fluctuating flame
dynamics, we investigate the simplified case opatially developing reacting mixing
layer, between pure fuel and pure oxidizer, i.esiragle planar non-premixed flame

separating two semi-infinite regions containingl fared oxidizer, shown by Figure 3.20.

y
_s /:\
Oxidizer !

/X\_/\/
CEEEEE >

—>

Fue
—

Figure 3.20. Schematic of the spatially developingnixing layer, utilized to investigate
differential diffusion effects.

Considering the steady case first, as each spec@sginally pure, independent
species equations, similar in form to Eq.(3.3), banwritten for each region. Outside of

the infinitesimal reaction sheet, the chemical seuerms are zero, and these equations,
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and corresponding boundary conditions, can be emrith terms of normalized mixture

fractions for the fuel and oxidizer sides as:

2 2 Z _(x=0,y<0)=1
U, 0% _ . 0 % + b, 0 Zy ot y<9) (3.61)
16)4 0y2 0x ZO,F (X’ y - —oo) =1
2 2 Z X= 0) > O = 0
u, 0Zy0x _ - 0°Zyox , b, 0°Z, o 0.0x( y>0) (3.62)
ox oy’ oxX Zyox(%, Y — ©) =0

Solutions will be considered in the absence of lakiusion, due once again to
their exclusion from the discontinuous step bouyndayndition utilized. Although no
tractable equation exists in the combustion dordaia to the discussed source term, the
flame can be determined from interface conditiortsctv couple the two equations.
Respectively indicating no fuel-oxidizer interpemadéibn in the fast chemistry limit and
stoichiometrically proportional diffusive fluxes tite flame position, these conditions can

be represented as [121]:

Zoe|, = Zool, =2, (3.63)
& 02
P —2E = pojg OO*OX (3.64)
f y f

Similar to the solution of a Stefan problem, a #nily transformation,

Y= y/\/7< , can be utilized to recast Egs.(3.61) and (3ii@®)a general form as:

02, 0°Z,,

Uy —1+20),—2 (3.65)
oy oy
with general mathematical solution:
TTC); U
z.=C  |[—'erf o |+ 3.66
0,i (I UO [‘/f 4(4} C[,2 ( )
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Enforcing the boundary conditions and matching @tk for our steady non-premixed

Uo
{1“9”‘ (wf o, ﬂ (3.67)

)
ox {1+ erf (z//f 43;’ ﬂ

where subscriptf” indicates quantities evaluated at the flame locatThus, this is an

mixing layer results in:

implicit equation which can be solved fgr, , i.e. the locus of steady flame locations.

Appendix B provides the explicit fuel and oxidizenixture fraction field solutions.

Additionally, by defining a dimensionless ratio diffusion coefficients® = ¢/ [/,
and utilizing Pg ,, defined from Eq.(2.24), this flame location egoatcan be non-

dimensionalized as:

1-erf (zpf PZ"OX}
= g NP £ - (3.68)
1+ erf [zﬁf Pex’oxJ

exp(—wf P‘Z’OXJ

exp(—wf de)oxj

Figure 3.21 shows the extracted steady state flawséion for various values of

40

®, revealing the complex dependence upon gtrand the diffusivities, both the ratio

and individual magnitudes. Always displaying a ‘iaontal leveling” behavior, the ratio
between the coefficients controls the relative fasiof the flame relative to the equal
diffusivity case. Additionally, th€eoxvalue also alters this flame shape, an effect which

is not obvious due to the normalization of the honital axis.
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Figure 3.21. Normalized steady non-premixed reactm mixing layer position, ws, extracted
from Eq.(3.68), for various degrees of differentialdiffusion, i.e. ®, for Z,=0.3 (left) and 2Z,=0.5

(right), for Pecox=1. Arrows indicate direction of increasing®.
Considering once again the axially bulk forced c@#®eindary conditions similar
to Eqgs.(3.63) and (3.64) can be written for thediized axially forced instantaneous

flame position as:

Zoe|, +€|0Zu]|, * Zip |, = 2o, +E{DZ 00l ¥ 20}, =2 (3.69)
P, M = P, a[ZOOX + Zlox:l (3.70)
a oy f

The general mathematical solution for the forcealdfi governed by Eq.(3.4), can be

written as:

_~ &Yy y -y U, _ w
4, =C, ” x3’2ex X 2 1- ex U, (3.71)

Enforcing the attachment boundary conditions amadh@ matching conditions for our
non-premixed reacting mixing layer results in aplioit equation for the instantaneous

flame position:
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0

X, —
2 U, ] 20, [ p[iw H .
-0 20— tll-exg —— X || exptiat

- {1—erf[l//f,/4gj H exF{—l//f Yo j VX o 1w X U,
= —Z= (3.72)

Doy [ U 2 Uy 7U° 2
1+erf g, [0 H ex;{_wf . X T o Y i
{ 40, 40, i+% 20 " [1_ ex;{luwxf H expfiat

0

converging to Eq.(3.67) in the limit as>0. Once again non-dimensionalizing and

utilizing the dynamically significant paramet@sandPe oy, yields:

2 )? _ P%,Ox yZ
£ 2 TR exgist X ot
{1_6” [‘”f PeZmH ex 01T || S| [1-exslistx) Jexet
¢OX\/$ |:l+erf [lﬁ P& ox le i ex;{_wz P%‘oxj % - P& ox 7 (373)
f f 2 f t o )
4P e \/Z +é % [1— exp(nSthf)] exptiowt

Utilizing our steady and instantaneous matchingnidauy conditions, and realizing that

there is only oné; for the system, equations for the fluctuatingdgetan be related as:

_ZL,F‘f _ =2 ox

— f
- B Tz (3.74)

f

é

and thus, the solution faf; , (X, t) can be explicitly written as:

iU

o e X :
ot sing, (x){l exp(| st | Lj} exp-i 2z ft] (3.75)

&a(xit)=

Significantly, this expression is identical in fotm Eq.(3.15) and Eq.(3.49), reflecting
the same dynamical features of the flame sheetl@snkhe low-pass filter magnitude
behavior, flame angle dependence, i.e. velocitgtdlations normal to the flame sheet,
and wave form interference term. However, as wasudised in Section 3.2, a subtle
difference lies within the flame angle term, reprasg the influence of the steady state
flame position on the flame dynamics. The imporéantthe fluctuations normal to the
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mean flame surface in generating wrinkles was presly shown, thus, modifications in
the steady flame position due to differential dsfan would be important.

Figure 3.22 shows some representative wrinkle dogwiresults, complementing
the results shown in Figure 3.21. Notice the momictaecrease of wrinkle amplitude
with axial distance downstream. Differee,ox values would alter the relative
magnitudes of these curves, due to the influenci@findividual diffusion coefficient
magnitudes on the steady flame position. The phassomitted as it was the same for all
the cases, showing no dependence on differentialstin. This was expected as the

convective velocity shown from Eq.(3.75) was notdified.

S|

1=0-3 3 2,=0.5
%10 ‘ i

|&n /L

X/(LPG(,OX) X/(L P&,Ox)
Figure 3.22. Wrinkle magnitude, &, plots for the forced non-premixed reacting mixing
layer position, extracted from Eq.(3.75), for varius degrees of differential diffusion, i.e.®, for

Z,=0.3 (left) and z =0.5 (right), for Pecox=1, £=0.01, and St;  Pg o, =0.5.

As a note, analytical solutions isolating the afeaf differential diffusion can be
obtained for this single planar reacting mixingdayi.e. flame, case. However, for the
more advanced cases of fuel strips (which all gavipus investigations were classified

as, based on the inlet condition given in Eq.(3.dyhlnders, or spheres, it is necessary to
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apply a numerical method to solve the governingagqus and inlet/matching boundary

conditions provided in this section [121]!
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CHAPTER 4

Isothermal Diffusion Flame Analysis — Advanced Dynmics

The results and analysis presented in Chapter @séat mainly on thée>« limit.
Physically corresponding to the absence of axifiglbn, as axial convection dominated,
this was done for analyticalmplicity, enabling the development of explicit solutions fo
the space-time dynamics of the flame position amteady heat release, armhsistency,
since this assumption was already implicitly madeemvutilizing the step-inlet boundary
condition. Within this limit, it was shown that fong excited wrinkles on the flame sheet
that advect axially along the flame at the mearnwflepeed, Uy, leading to a
monotonically decreasing phase of flame wrinklemglthe flame in the axial direction.
This chapter extends the previous analysis by tigegsng more advanced
characteristics, both physics and system basedioonfpremixed flames. First, being
present in all real systems, we investigate thecedfof finite axial diffusion on the flame
dynamics. It is shown that axial diffusion influescboth the flame wrinkle evolution
dynamics, as well as the system inlet dynamicsh eamtrolling specific dynamical
features. The former was discussed in depth thmutg@hapter 3, however, the latter
was ignored, having been implicitly prescribed hy previously assumed steady and
fluctuating inlet boundary conditions. As this iniegion was mentioned to be of extreme
significance in the previous preliminary heat rekeanalysis in Section 3.1.2, containing
an integrable singularity, its importance will eevaluated, along with its implications
towards the heat release asymptotics (a topic whitthbe continued in Chapter 5). This

study will be done both analytically, where tradtaland numerically, since it will be
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shown that this is the proper way to completely aodsistently include axial diffusion
effects. Some additional intricate diffusion chaeastics will also be considered, such as
preferential diffusion, where the diffusion coeiict becomes anisotropic.

Lastly, multi-dimensional system and forcing configtions will be considered,
as real combustion systems are inherently threessional, and are often times exposed
to complex multi-dimensional forcing configuratiorsich as helical and/or convecting

disturbances.

4.1  Finite Axial Diffusion Effects — Analytical Pe>>1 Investigation

Our prior analysis, detailed in Chapter 3, neglecrial diffusion; while this is
an important simplification in high Peclet numblkanies, it causes the exclusion of some
important physics, such as the dissipative andedsspe nature of wrinkle propagation
along the reaction sheet. Additionally, while somesults regarding the various
asymptotic limits for the heat release were inf@rbased upon computations, it is not
clear how general they are. Analyses of these ssateinvestigated in this section, with
comparisons of related features for premixed flamA@sadditional goal of this section is
to formulate the various dynamical solutions intsw@c way that one general explicit

solution is applicable to multiple non-premixedfia system and forcing configurations.
Once again, consider a two-dimensional flame imifotm axial flow field,U,,

as was shown in Figure 3.1. As we are trying toegalize the final solution, we can

additionally generalize the inflowx(=0) condition by stating that arbitrary fuel and

oxidizer advect into the domain with inflow mixtufeactions given byz; and Z,

0s?

respectively. For compactness, we can then defiee familiar “rescaled” mixture
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fraction which varies between zero and unity= (2" -2,) / (Z, .- Z,), as has been

utilized throughout Chapter 3.

Recall that we have steady state, Eq.(3.5), andusarfluctuating, Eq.(3.8) and
Eq.(3.52), mixture fraction field solutions utilig the step inlet boundary condition.
Although these solutions are formally valid for itndry Pe values, it was recognized that
this boundary condition implicitly assumes infinige values, and leads to an infinite
transverse gradient in mixture fraction at the lumutlet. In reality, there is some finite
gradient at the burner outlet due to axial diffasedfects which become important when
the convective disturbance length scalg/f , is on the order of this species
concentration boundary layer. However, an intemgstjuestion is for what large, yet
finite Pe values this inlet condition is still essentiallglid. Thus, rather than looking at
dynamical solutions for infinitdPe values, i.e.Pe>» limit, now we will investigate

solutions for large, yet finitBevalues, i.e.Pe>>1.

We consider the solutions faf in cases with either spatially uniform axial or

transverse velocity fluctuations, of the form Ed/j3and Eq.(3.50), respectively. A
general solution for the mixture fraction field bgect to the step inlet condition, Eq.(3.1),

and flame attachment boundary condition, Eg(x = 0, y,t) = 0, at the fuel port lip,

for the bounded domain is:

%= E[M}Mg(y)exp[ﬁ_%laj{l— ex{{ .- B} %Rﬂ exprict] (4.1)

nm| NSt

where the Strouhal number based on the half-widtthe fuel nozzle is defined by

Eq.(2.27) (St,= S},z), parameters4 , 5., and S,_ are the same as from the bulk
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forced cases (Section 3.1 and Eq.(3.9), no&yg= St 277), sis the dimensionless ratio

R, / R,, and the other terms, i.gi4, and & (y), are specified in Table 4.1.

Table 4.1. Definitions used in mixture fraction saltions

Axial Bulk Forcing Transverse Bulk Forcing
M, B /Pe -,
Moy B/ Pe, -4,
g(y) co{+4, y/R/) sin(«4, y/R, )
é(x, y) 0.2,/0x 02,/0y
J(6(x) siné(x) +cosf(x)

For completeness and generality, these expressamslso be written in a general form

for both confined and unconfined flames in Be>« limit as:

. :[—i;:f } (% y){l— exr{ isrw%} exph- iwf] (4.2)

4.1.1 Space-time Dynamics

An explicit expression for fluctuating flame positi can be obtained in a similar
manner as was done for the axial forced case itid®e8.1. Recall tha€, | is measured
normal to the mean flame surface in the directibthe oxidizer. Using mixture fraction

and flame geometric relations, the solution ‘fgr((x, t) can be written as:

_ if%g(fo(x))sin(@@)e[p P:R]{l_ i{ﬁ“_”} P:R]]
a =_{€J(6’(x))e"“} — (4.3)
R iSt,

iimng(fo(X))sin(%) e{ﬁ P:R]
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where the termg(6(x)), 4, and & (&,(x)) are defined in Table 4.1. This is a general

equation which includes the effects of axial diftus for both axial and transverse
forcing.

Insight into wave propagation, dissipation, angbeision effects, as well as direct
comparisons between the non-premixed and premibeedef wrinkle dynamics can be

obtained by expanding these expressions arountP¢he co limit in inverse powers of

Pe For example, th¢3,_ - B.)/Pe term in Eq.(4.3) can be expanded as:

{:Bh— _,8—} _ {istw _S_ﬁ) _ 2iStw(w‘€f + Sf,) + 6@4”2 Sfj +5 Sj, + O(Pe—4)} (4.4)
Pe Pe Pé P

and will be referred to as thee>>1 limit. The results of Wanget al[87] for the
linearized response of premixed flames to bulk lafliecing (generalized here to bulk
transverse forcing) can be similarly expanded famés that are thin relative to the

burner radius; i.e., wherg_ << 1, ando,. is the scaled Markstein numbgfa:

Ma(1+a?
.- = 4.5
¢ 2Rf( a? ] (45)

By following this procedure to O®#) and O(c?), we can develop the

following general result, valid for axial or traresgely forced premixed or non-premixed

flames in thePe>>1 limit:

£, F({fx,t) _ m(ax)i)se;p(—im)}{l_ exp[‘ffj ex{iRXJ exéysﬁ%ﬂ rof £ 02] (49
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where the waveform term is parameterized by a adiore speedlJ., axial dissipation

rate, ¢, and dispersion termy, defined in Table 4.2. Note =L,/R, =cotf is the

premixed flame aspect ratio.

Table 4.2. Propagation, dissipation, and dispersioterms

Premixed Non-premixed
Propagation speed, U,cos 8 U, +O(l/ P¢€)
Dissipatior, Sto. St
Pe
a -2
Dispersion -20¢ —
P v N Pe

Consider the various terms in Eq.(4.6). The exjwess led by a group of terms

which  describe the wave magnitude and harmonic tingdependence,
£1(iSt,)s(6(X))exp(-iwt) . They show the familiar low-pass filter charactéd of
flame wrinkle amplitude. The wave magnitude alss &a axial dependence described by
the term,s (6(x)), whose form depends upon whether the flame isetbraxially or

transversely. This shows the controlling natureveliocity fluctuations normal to the
flame sheet. As shown in Table 4.1, the top antbboflame branches are in-phase and
are mirror images of each other for axial forciagd are out-of-phase for transverse
forcing. Finally, the non-premixed steady statemiéaangle is a function of axial

coordinate, while for premixed flames with a congtde spatially uniform inflowlJ,,,

4(6(x) is not.
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We next consider the general wave propagation teomtained in the expression
1-exp(iax MU,) ex;(—(x /Rf) ex() iy Sfw x /UC). The first unity term derives from the
particular solution of the equation, and lacks ispalependence because of the nature of

the assumed bulk forcing. The second term descabdecaying, dispersive traveling

wave generated at the boundaxy; O, because of the assumption of flame attachment,
i.e., &,,(x=0,t)=0, or fixed mixture fraction at the burner outl&(x=0,y,t)=0, for

the premixed and non-premixed cases, respectively.

The leading order expansion of this expresﬂjerexp(ia»( /UC), was previously

presented in Section 3.1, i.e. Magietaal[66]. It shows how flame wrinkles propagate
without dissipation and non-dispersively in tRe — o or g. — 0 limits. In this limit,
the major difference between the space-time dyramicnon-premixed and premixed
flame dynamics comes from th& parameter defined in Table 4.2. In both caseslloc
maxima and minima in flame wrinkle amplitude arikeough interference between the
two terms, revealed in Eq.(3.17).

Consider next O(Fe) or O(o.) terms, which as shown in Table 4.2, cause
wrinkles to decay exponentially with downstreanmtatise. This causes the interference
effect discussed above to become imperfect, arctefif@t increases quadratically with
St,. The mechanism for wave dissipation for the tveorié types are entirely different —
for premixed flames, it is due to the dependencéhefflame speed on the curvature,
which causes positive Markstein length flames tdhsemo-diffusively stable. For non-
premixed flames, it is due to the progressive shiogt by diffusion of the spatial

variations in thez field with downstream distance.
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We lastly consider O(Pe?) and O(?) effects which, as shown in Table 4.2,

introduce dispersion — i.e., a frequency dependeste propagation speed. Explicit
results for the premixed and non-premixed flamess&own in the table. An additional
O(1/Pe) effect for non-premixed flames is an alteratidrthe wave propagation speed,
Uc, however, because the non-premixed result invadvestio of two infinite sums, it is
not possible to develop a simple expression focthdined case.

lllustrative solutions from Eq.(4.6) are presented the instantaneous non-
premixed flame position at several time instanceBigure 4.1, as well as the amplitude

and phase of the wrinkles in Figure 4.2, for comtstealues ofSt . The generation and

downstream propagation of flame wrinkles can beeole, with a larger number of

flame wrinkles being present within the flame lénéar increasing frequencies. Again,
the spatial variation in the amplitude comes frdnm!(ﬁ(x)) term, as well as the spatial

interference effect in Eq.(4.6). The local maximad aminima referred to above are
clearly evident in the figures for the weakly dpsgive solutions. The phase rolls off
linearly with axial distance, reflecting the contien process described, and jumps 180
degrees across the nodes. Note the smoothing afrihkles that occurs in the mid and
far field with decreasin@e, due to wave dissipation discussed in the corakfdg.(4.4).
This effect reduces the overall peak-to-crest werkmplitudes, as well as abolishing
previously spatially stationary nodes, represeritgdhe liftoff from the vertical axis.
This leads to a complete loss of the spatial ieterice pattern for th®e=5 case
relative to thePe - o case. In addition, the phase does not roll-ofdnty in the axial
direction, and the discontinuous phase jumps awo#med. Lastly, the steady state flame

position becomes modified by axial diffusion. Bdtie flame tip location (i.e. overall
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flame length), and the location of maximum widthvwaadownstream, as can be seen
from Figure 4.2 by the movement of the flame arfgleed node, an effect which was

shown to impact the dynamics in Section 3.2.

Figure 4.1. Temporal evolution of flame position fo the Pe — o solution (top) and the
general solution at two representativePe values of 20 (middle), and 5 (bottom) folPeS{, = 477 and

4y, = 0.3. Notex-axis is rescaled byPe.

| g(:I.,n I lgref

/ : .
0 1 2 3 4 5 g 7 0 1 2

x 1 (Up/f) X I(WT)

Figure 4.2. Space-time dynamics presented via theagnitude (left) and phase (right) offl,n
plotted against the ratio of axial coordinate to cavective wavelength for thePe - o limit and full
solution at three representativePe values of 100, 20, and 5 foPeS}, = 477 and & = 0.3.
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4.1.1.1Flame Clipping

As noted in literature, an interesting spatioteraptsehavior of long, buoyancy
dominated non-premixed flames is known as “clippivghere the upper portion of the
flame becomes detached from the main body duetterag flame flicker, and convects
downstream, much like a burning droplet [122, 123]is phenomena can also happen
for momentum dominated flames due to external fgcibut only beyond critical
operational parameters. The considerable corrugatighe flame front causes it to self-
intersect and split, and the resulting disconnectsgion collapses while convecting
downstream, even while the remainder of the suréadarges near the base [59]. It has
been noted in experimental and computational ssudfiéorced coflow laminar diffusion
flames that this clipping behavior only occbedowa certain frequency of excitation and
abovea critical amplitude for that frequency!

Significantly, recent experimental [123] and congtiainal [122] studies of soot
volume fraction in flickering CHlair diffusion flames have shown that for condisan
which the tip of the flame is clipped, soot produotis significantly greater than similar
unclipped flames, as well as being 4-5x greaten tiiat measured for steady flames.
This is due to the fact that the maximum downstréagation obtained by a portion of
clipped flame exceeds that for a similar conditohnee. forcing frequency, unclipped
flame, resulting in considerably longer soot grotittes.

As mixture fraction field solutions for forced npnemixed flame systems have
been obtained, we can investigate this phenomemd;although these solutions were
derived in the limit of small perturbation amplieg] some preliminary conclusions can
still be drawn. Figure 4.3 shows representativepeld and un-clipped flames positions
extracted from our axially forced mixture fractibeld solutions.
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®i Ry
Figure 4.3. Representative clipped ¢£2; blue) and unclipped €=0.6; red) instantaneous

flame positions, utilizing results from Section 3.1 for Pe=20, St, =0.1, and Z; = 0.3.

As it was noted that forcing amplitude and freqyemneere the two key
parameters controlling clipping behavior, we inygeed a two-dimensional parametric
sweep overs andSt, for both the axially forced mixture fraction résuexcluding Pe>«
results from Section 3.1) and includirn@eé>1 results from Section 4.1) axial diffusion.
The computationally extracted results are showfigure 4.4, denoting the regions of
parametric combinations in which clipping was detdc The resulting low frequency,
large fluctuation amplitude regions agree with pyas works. Additionally, it can be
seen that the smoothing action of axial diffusiatsao eliminate clipping behavior at
higher frequencies. This result makes sense awtingle dissipation effect was shown
to increases quadratically witht. Also placed on these figures were curves of dinen f

£=0.5+ast (4.7)
indicating the critical values @f as a function o8t beyond which clipping would likely
occur (although these curves do not capture somieofoscillatory behavior noticed
computationally). The coefficients for the no axiiffusion case wereg=0.2 andb=2,
and for the axial diffusion case wese;15 andb=1, indicating how for a given forcing

frequency including axial diffusion effects inhibitlipping.
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St St
Figure 4.4. Parametric sweep ovet and St indicating clipping tendencies of a forced non-
premixed flame excluding (left) and including (righ) axial diffusion effects, for Pe=20 and 2, = 0.3.

4.1.2 Heat Release Analysis

Following Section 2.4.3 and Section 3.1.2, thean&tneous global heat release of

the non-premixed flame, given by Eq.(2.40), and $pecialized form for the two-

dimensional case, given by Eq.(3.22), can be linedrand expanded (retaining the axial

diffusion term) to:

¢Ox

(1+ ¢0x)2p(%

( )_J-L,i(t)

_ J-L,t(t)
0

GZO(X $o) 02,(%,$0)
0X

920 ging, i, + 2204 sing, Jap +

+S504) cos sing, ya, + £, (4 )a Al 5°) sing, A+ 24(%<0)

mass burning rate

———=2-cos@, WA, +——> cosg, JA+

steady state qa Xt,)

02,(x&,) (4.8)
0x

sird, YA,

azo(x $o) 02, (m‘o)

02 Ga s 0°(%&s) 02(%.4;)
oy SN@)SING A+ &1, (x5 5707 cosy i + == m cost, A,

Auer (X )

The terms in the top set of brackets are completely, resulting from the inclusion of

axial diffusion, i.e. thedz / dx term in Eq.(3.22). For each set of brackets, tfst term

on the top is the steady state contribution, theorsgé term on the top denotes the

contribution of flame area fluctuating area ostitlas to heat release fluctuations, and

the remaining three terms the contribution of mbasing rate oscillations to heat
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release fluctuations. Note the sub and supersergid + signs on the upper integration
limits L¢(t), which indicate integration from O tbs over the bottom and top flame
branches respectively. This is important to keemiimd for forcing configurations which
result in a non-axisymmetric instantaneous flameeshAdditionally, in a rectangular
coordinate system, the differential areas can hbigenrin multiple ways, depending upon
whether the integration is performed over the axidtansverse coordinate; e.g.,:

_sing, sing,

—Cosg, sing,
=———"90" 1 4.9
cos g, Y (4.9)

d dx d
A A sin’ g,

Representative computed transfer functions fortdifie values, obtained from
Eq.(4.8), are shown by the curves in Figure 4.5seral finitePe effects can be noted.
First, 7~ does not tend to unity for lot values. This is due to the fact that the
instantaneous mass flux in the domain occurs ndt ttimough convection, but also
diffusion. If the transfer function expression wegeneralized to account for both
convective and diffusive flux, these transfer fumectvalues converge to unity. Second,
the ripples in gain that occur ne8is ~1 are damped out at lowee values, due to

dissipation mechanisms discussed previously.

Mo AD
—==Pe-20
== Pe=5
_________ Asymptotic, Eq.425)

|7 |

10
St

Figure 4.5. Axially forced heat release transfer foction curves for the Pe - oo limit, full
solution at two representativePe values of 20 and 5, and asymptotic expression plet vs Sth for

z,=0.3,
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4.1.3 Explicit Governing Equation Validation

Recall how in Section 2.5, an explicit governinguaiipn, Eq.(2.49), was
presented for the specific case of an infinitelyndo flat non-premixed flame.
Additionally in Section 3.1.4, this equation wasfimed for a two-dimensional
harmonically forced system, and an explicit solutabtained, given by Eq.(3.42), which
was shown to match previous results in B>« limit. As we now have an explicit
equation for the wrinkle dynamics for large, yeiiti Pevalues, i.ePe>>1, we can once
again compare the solutions obtained.

The exponential inside the waveform of Eq.(3.42) be expanded around the

Pes>w limit as:

Pe«ﬁ%f&ﬁﬁ%gst_ $_2i$+o(1j (4.10)

“ Pe Pé pé
Comparing this expansion to Eq.(4.4), and the tesulsolution given by Eq.(4.6),
reveals the exact same solutions/parameters fowtimkle convection, dissipation, and
dispersion! Hence, once again the assumption ohfamtely long, flat flame validated

our Pe>>1 assumption, providing the same explicit flangaammics.

4.2  Multi-dimensional Forcing Effects

The previous Chapter and section have covered dealistic case of two
dimensional non-premixed flames exposed to unitdoeal, spatially uniform,
fluctuations in flow velocity. However, real comltigs systems are not this simple,
being inherently three-dimensional, and are oftere$ exposed to much more advanced

forcing configurations, such as helical and/or @wiing disturbances. Additionally, swirl
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is a common feature of many combustion designdizedi for aerodynamic flame
stabilization.

Thus, the objective of this section is to contiramalysis of this problem, with
several key goals. First, while two-dimensional Igses were valuable for the
development of the basic suite of analysis techlesgand understanding of key
controlling physics, real non-premixed flames takea more axisymmetric shape, are
often embedded in swirling flows, and are subjec¢tethree dimensional disturbances.
Such three dimensional disturbances may arise fnefical vortical disturbances or
transverse acoustic modes. In addition, helical esatiay be excited during both axial
and transverse acoustic instabilities. Analyseshete problems are described in this
section, with comparisons of related features fenpxed flames.

Still working within the mixture fraction formulatn, the instantaneous position

of the three-dimensional reaction sheet, in cylcar coordinates, is defined by

r = &(@xt), as shown in Figure 4.6.

1
i
-------- T —
T = TS Sy,
k< 4 | T ":3
\‘| ,' : \‘\\ rl’
‘l,' i ‘r’
| : £(0,x,¢)
Iso- 2y 'y i
Suxfaceg\; /74 ,."
e !
G 0 ;
\\\ ;"\:’/
T 7 T
1
i
; > R,
; R,

Figure 4.6. Schematic of the three-dimensional swing non-premixed flame. Images show a
steady over (red dashed line) and under (blue dasti¢ine) ventilated flame.

121

www.manaraa.com



Generalizing our previous inlet conditions, at ithigow ( x =0) fuel and oxidizer

advect into the domain from the central and coffmvubes, as indicated in the figure,

with inflow mixture fractions given by, and Z,

0s?

respectively. For compactness, we

utilize the rescaled mixture fraction which varidsetween zero and unity,

z2=(2-z)/(,-2). Once again we utilize a step inlet boundary cioli

formulated for the three-dimensional domain as:

1 r R
Z(r,8,x=0)= 0 R <t (4.11)
;<

No-diffusion at the side walls implie®z / or(r =R,,8,x) =0, and we ensure that the

solution remains finite at large axial distancestrtirer discussion of this approximate
boundary condition can be found in Section 4.3.

Once again, we derive the solution in the limitsohall perturbations and so

expand each variable §s)(r,8,x.,t)=( ),(r.8.x)+( ),(r .6 x t). The solution to the zeroth

order form of theZ -equation, Eq.(2.21), in cylindrical coordinatesibject to the

boundary condition in Eq.(4.11), and the flow cdiwdis thatu, , =U,, swirl velocity,
Uy, = Qr (whereQ is the angular rate of swirl), and no radial vélgcu, , =0, in a

bounded domain is given by:

201, %,0)= s+z S(J;)rf) (ESRLJGX{? FJ (4.12)

wherery is then™ root of the first order Bessel function of thesfikind, Jl(rn) =0, sis

the ratio of fuel port radius to wall radiss; R / R, and%. is given by:
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78_=F>e2—\/Pé;4(gs) Pé “.13)

This form of the swirl velocity represents soliddyorotation, and can also be

written asu, , =277Sto(r/ R)U,, whereo =Q/ w is the swirl parameter. Once again,

while these solutions are formally valid for arbry Pe values, the use of the step inlet
boundary condition implicitly assumd®e>«~. This is an important point that will be
utilized to elucidate dynamical features throughbig section.

The first order form of theZ -equation, Eq.(2.22), in cylindrical coordinatekes

the following form:

2 2 2
9% . 9% Y004\ 04 |10, 0% 103, 02,
at ' al’ r ae '@( ra- a-z r2602 6(2

__., 0% U0z - 0z

u,—
Yo r 08 T

(4.14)

It is helpful to write this equation out expliciflyor in the following sections we will
discuss the mixture fraction solutions and spametidynamics for swirling non-
premixed flames exposed to various forcing confijons. Each case has a unique set of
forcing velocitiesur,1, Us,1, andux1 which produce unique solutions and dynamics. After
these have all been presented, the various terriege solutions will be examined and
their influence on the flame dynamics clarifiedstla we will compare these dynamical
features to those of a three-dimensional swirlimgnpxed flame exposed to similar

forcing.
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4.2.1 Bulk Axial Fluctuation Solutions

As a building block, it is useful to revisit thenrglest forcing case previously
considered in our two-dimensional analyses in $actB.1, axial bulk velocity

fluctuations, which is given by the forcing velgcget:

u,=0 u,, =0 U, = U exp-iat] (4.15)
The general solution for the fluctuating mixturadtion field, subject to the flame

attachment boundary condition, i.&,(r,8,x = 0) = 0, at the fuel port lip is:

AxD=3 B.se 3 (,5)exp[- w] JO( rnsRij ex;{W_—le 1- ex{@%ﬂ (4.16)

= riPestd(r) PeR

where

% = Pez—\/Pé‘+4 P&( r¥ -8 iP& ¢

> (4.17)

Note that the solution is not a function of the @ag coordinate or the swirl parametey,

due to the axisymmetric form of the mean flame disturbance. Figure 4.7 shows

representative instantaneods= 2,

S

. 1so-contours for the unforced case, and eacheof th

forced problems, for both the over- and under-Vatetil non-premixed flame
configurations. Notice the clear wrinkling of thHarhe and its azimuthal dependence in
the transverse and helically forced cases, a fedhat will be discussed in the following

subsections.

124

www.manaraa.com



Figure 4.7. Steady state and fluctuating mixture faction field iso-contours for an under (top
row, &, =0.055) and over (bottom row,Z, =0.08) ventilated non-premixed flame in a swirling

convecting mean flow, subject to axial bulk disturlance, transverse bulk disturbance, and a helical
disturbance with m=-1,ke=5 (from left to right) for parameters Pe=10, St=0.1,s=0.25.

Following the procedure outlined in Section 3.1g first order flame position

fluctuations can be extracted from this solutiod amitten explicitly as:

ﬁ’n(x,t)ziigexp[—ia!] 0z, 1 O {1—ex{wiﬂ @18)

R = 27st (|0 . Pe R

where 9z, /9x is the "™ term of theoz /ax summation andé,, is the wrinkle
fluctuation measured normal to the mean flame sarfa

As was shown by Section 4.1, more insight into gakition in the higtPe limit
can be obtained by formally expanding it in invepssvers ofPe following Maginaet
al. [67]. Retaining terms up to orderPFyields:

Elvn(x,t)_igexp[—ial]_ _ X _Ar’SE X 119
Pe>>1 R R —— sing, (x)| 1~ ex antE ex Pe_R +O[—er)(- )

This solution is identical to that previously olokadl for a two-dimensional flame, given

by Eq.(4.6), althoughis(x) has a different functional dependencexqsee Section 4.1.1
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for discussion). Note, for this forcing configuaatj swirl has no influence on the flame
wrinkles, since the disturbance form is axisymneetéind independent df. Figure 4.8

shows an illustrative solution of the flame wrinkiegnitude and phase for the axial bulk
forced case. The spatial variation in the amplitfudsulting from the flame angle term,
as well as the spatial interference effect, carsdmn. Note the clear local maxima and
minima for the weakly dissipative, i.e. no axidifaion, solution. In addition, the phase
rolls off linearly with axial distance, with 180 giee jumps across the nodes. Axial
diffusion acts to make this spatial interferendeafimperfect, smoothing the amplitude

and phase plots.
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Figure 4.8. Wrinkle amplitude and phase for the axl bulk forced case for parameters
Pe=10, $t=0.1,£=0.01,s=0.25, and &, =0.055.

4.2.2 Dimensionality Effects

Both Section 3.1 and Section 4.2.1 investigatel duék velocity oscillations of
confined non-premixed flame systems, the only diffee being the dimensionality of
the study. Thus comparing the explicit fluctuatimgnkle equations, i.e. Eq.(3.15) and

Eq.(4.19), we can isolate the effects of dimendignan the flame dynamics.
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Comparing these two equations reveals the samardgabfeatures of the flame
sheet winkles: the low-pass filter magnitude betigvilame angle dependence, i.e.
velocity fluctuations normal to the flame sheetdamwave form interference term.
However, as was the case for the study on confineeféects, a subtle difference once
again lies within the flame angle term, representire influence of the steady state flame
position on the flame dynamics. When the steadydléocation is altered, so is the axial
dependence of the normality of the fluctuationshwiespect to the flame surface,
influencing wrinkle generation. Figure 4.9 showsepresentative over- and under-
ventilated steady state flame position extractedhfthe two-dimensional, Eq.(3.6), and

three-dimensional, Eq.(4.12), mixture fractiondisblutions for two differeng, values.

0 05 1 15 2 25 3 35 4
X/ PeF{f

Figure 4.9. Steady flame position for representate over-ventilated, 2, =0.3 (solid lines),

and under-ventilated, Z, =0.05 (dashed lines) for two-dimensional (red) andhree-dimensional
(black) non-premixed flames for parameterdPe=10, and,s=0.25.

These results make sense when we think about tvesgystems from a physical
point of view. The two-dimensional system has antit)\a of fuel proportional to B
entering the domain, and two potential directiorisddfusion thereafter (no axial
diffusion case), while the three-dimensional systers a quantity of fuel proportional to
nR? entering with 2 radian potential directions of diffusion. Expanglnpon this, Figure
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4.10 shows the corresponding flame length and w(aaximum) for the same over- and

under-ventilated flames considered in Figure 4¥groa Z, range. An additionab

configuration is also shown, for a value of 0.In¢ethe abrupt width cutoff atsl/
However, it is difficult to draw general conclusgrdue to the additional
dependence of these solutions upohhe peaks in the flame lengths in Figure 4.10ltes
from the flame switching from over-ventilated, atiang at the centerline g0 (r=0), to
under-ventilated, attaching at the wallyaRy (r= Ry), as thez, value is reduced. The
delineating mixture fraction value between these time configurations corresponds to
the constant, non-spatially dependent term in @aspective mixture fraction solution,
i.e. Z=s and z=¢& for the two-dimensional and three-dimensional tohs,

respectively. At these delineating mixture fracipthe corresponding flames become

infinitely long.

20
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z z

st st
Figure 4.10. Steady flame length and width for repesentative two-dimensional and three-
dimensional non-premixed flames for parameter$e=10,s=0.25 (left) ands=0.1 (right).

128

www.manaraa.com



4.2.3 Bulk Transverse Fluctuation Solutions

The next forcing configuration we consider is butkansverse velocity
fluctuations. In a polar coordinate system, thisiatgs to radial and angular velocity

fluctuations of the form:
u , =&U,cosd ex;ﬁ—iax] Uy, = —€U,sing exd—iai] u, =0 (4.20)

The general solution for the fluctuating mixturadtion field, subject to the flame

attachment boundary condition at the fuel portdip

o s*Pe J( § gexp[- i r B x (1‘10)exp(ig){l_ ex{@éﬂ+ 4.21
A exD=2, ~27iPesty ( f)’ Jl(r"st]eXp[';eR] (1+10)ex|0(—i€){1— eX’{W;H o

where:

2 .
th:Pe2 \/Pé‘+4Pé(r£§s &7 it $1+ o) 422
Following the same procedure as for the axial loalke, we obtain an explicit expression
for fluctuating flame position for the general ar@d(1/Pe), Pe>>1 expansion,

respectively:

exp(i6) {1_ exp{{%‘" %} x }} .

ﬁ,n(e,x,t)ziigexp[—im] oz, lor | @-0) Pe R (4.23)
R, o A4St |DZO|(r=;O(X),X) exp(—iH) 1-ex {Bﬁ—ﬂ}i

@+o) Pe R

- R e i
Pe>>18ul0xl) icoddial ' P o[ L) (a24)
K . ep(0) {1— ex;{ Zist( + U)X} ex%—wsg( o) X}} i

(1+ U) Rf Pe R
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This solution has similar low-pass filter and mélame angle axial dependence,

now acosy, ) term, as the axial bulk forced solution, and mnidcal to that previously

obtained for a two-dimensional flame (although(x) has a different functional
dependence o), only for the case where = 0. The controlling nature of velocity

fluctuations normal to the flame sheet is also segrthe additionakexp(+i6) / (Ix o)

terms, which now accounts for direct versus glamdorcing angles. For the no-swirl
case, this term demonstrates how maximum and esfianses in the flame space-time
dynamics are separated by°90 the azimuthal direction. However, in the preseiof
swirl, there are no azimuthal locations at whicle thame is unwrinkled, due to
simultaneous azimuthal and axial propagation oihkles by the flow. Swirl acts to
azimuthally carry wrinkles around the flame to oth# angles, contributing to the
imperfect nature of the spatial interference atvargangle, thus eliminating previously
existing spatial nodes due to azimuthal convection.

Similar to premixed flames [114], the axial phageed at a fixed azimuthal
location can even become negative for high swirhbers. Since we are considering
azimuthal slices through the flame, it is importamnote that the flame wrinkles are not
actually moving backward, but rather they are mgvattong the characteristic curve —
this will become evident when we consider a phasilt for a convecting helical
disturbance in the next section. Figure 4.11 shanvexample image of this “slicing” as a

way to visualize a three-dimensional system in timaensions.
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Figure 4.11. Example image of slicing plane used tdsualize the three-dimensional system in
two-dimensions.

Figure 4.12 shows illustrative solutions of thenfeawrinkle magnitude for a case

with and without swirling flow, at two perpendiculeut angles. The transverse forcing

hits the =0 and #=n/2 cuts at normal and grazing angles, respectivEhe spatial

variation in the amplitude, resulting from the flarangle term, as well as the spatial

interference effect, can once again be seen, asasedhe influence of the azimuthal

convection of wrinkles.
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Figure 4.12. Wrinkle amplitude of two perpendicularazimuthal cuts (0 andn/2 radians) for

the transverse bulk forced case for dimensionlesswal values of 6 = 0 (left) and 0.05 (right) and
parameters Pe=10, $t=0.1,¢=0.01,5=0.25, and &, =0.055.
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4.2.4 Convecting Helical Disturbance Solutions

The last forcing configuration we consider is aa@msting helical disturbance of

the form:

u,,=0 Uy, =0 u,, = U exp[—iat +ikx+img]  (4.25)
wherek=w/U is the helical convective disturbance velockyUJ/Uo is the phase speed
of the disturbance normalized by the axial flowoeily, andm is the helical mode
number. Note that=0 is the axisymmetric mode, whereas 0 and < 0 denote the co-
swirling and counter-swirling modes, respectivdty.both non-premixed and premixed
flames, it is well known that important interfereneffects control the axial flame
wrinkling character, as vortices disturbing tharflg and the flame wrinkles excited by
these convecting vortices, do not generally trat¢he same speed.

The full mixture fraction solution for this problers quite complex. However, if
we assume that radial and axial diffusion terms rateh larger than the azimuthal
diffusion term (an approximation which holds trmemhany circumstances, see Appendix
C), we can neglect the azimuthal diffusion ternk@q(4.14), significantly simplifying the
solution form, making it analytically interpretabl@he general solution for the
fluctuating mixture fraction field, subject to tflame attachment boundary condition at

the fuel port lip is:

2653, (9 exi] inf] exi- o] 4,[ F%J efogeXJ

A0.0x0)=Y R : {ex{zm& x}_ex{{@m_yg} X” (4.26)
()[{MW][@U <R Pe R
o\'n n kCPeZ K
where:

P&~ [Pd+4 P ¥ -8miPE$1-0 |

m (4.27)
2
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with the explicit expression for fluctuating flanp@sition for the general and OFH),

Pe>>1 expansion given by, respectively:

{M(H,X,t): o sexplimd] exd-iat] [ 0Z,,, 1 9% {exp|:2ﬂi3t x}_ ex’{{’ﬁhm—%_} x}} (4.28)
R, n-o[ , [ «/Pe“+4Pé(gs)2] (ZﬂSI)ZJLDZO(r-EO(x)x) k. R Pe R '
-2mSt| 1-om- +
k. P€ K Pe
£a(0.x1) _ & ~eexgim6] exd-iat] 218t x |} o b isy X ] expe 27SEA- M) x|, (1
Pe>>1 R _Z" 2771'St)(_4:22§§ Slan(X)ex{TE}{l % e Rf} % Pe R” o[ %j (4.29)
where
x=1-mo-1/k (4.30)

This solution has similar low-pass filter and mélame angle axial dependence
as the previous bulk forced solutions, however, lgsling wrinkle magnitude and
waveform terms are more complicated due to the ecthwe nature of the disturbance
and the parameter. To leading order ilPe the denominator shows how the complex
interaction of swirl strength, helical mode, andtdibance phase speed act to alter the
flame wrinkle magnitude, an interaction which proes a maximum in local spatial

response fory =0, or corresponding mode number given by:

mo=1-1/k, (4.31)

Similar criterion holds for premixed flames, andresponds to the case where
the azimuthal forcing exactly mirrors the wrinklenwection, so that no destructive
interference occurs; rather they constructivelyesppse to cause the magnitude of flame
wrinkling to grow monotonically with downstream tiace. It is also important and
significant to point out that for this axisymmetrneean flow, helical modes in the flow

excite a corresponding helical motion in the flaregponse.
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The two new additional parameters which emergeigsfisant controllers of
flame wrinkle dynamics arke-and om, the latter of which is always grouped, indicating
that swirl only influences the flame response tigtohielical modes. Both of these alter
the wrinkle interference pattern as well as thenfla relative sensitivity to various co-
and counter-rotating helical modes, an effect whoalm be more easily observed by

rewriting Eq.(4.30) asy =o(m, - m. To leading order iflPe, mode numbers closer to

the valuems produce a lower value of and hence a higher flame motion response
amplitude, and vica versa. In full, this responsagnitude is a rich non-monotonic
function of these controlling parameters.

An additional important point is that to leadingler inPe, the wrinkle magnitude
is independent of the sign gf whereas this is important for the phase of tlaené
response. At a given azimuthal location, the agiese varies linearly with downstream
distance with a slope given bgt(y -2/ k). Thus for the delineating case gE2/k_,
the flame response fluctuations at all axial lawadi for a given azimuthal location, are in
phase with each other. When>2/k_, the phase rolloff is positive, indicating an
apparent negative phase speed, as discussed glgviou

These points are slightly modified if ordeiP&/terms are included, due to the
additional term in the denominator of the magnittelen, and as a result, the traveling
nature of the disturbance acts to alter the wrinklagnitude and phase rolloff. In
addition, the O(Pe waveform term(1-om)’ acts to alter the dissipation term non-
monotonically, leading to minimum wrinkle dissigatiwhenom=1. These features can

be seen in Figure 4.13 which shows illustrativeisohs of the flame wrinkle magnitude
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and phase for various values pffor a near-bulk K=20) and convecting disturbance

(ke=3.33) case.
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Figure 4.13. Wrinkle amplitude (left) and phase (rght) for axial convecting helical
disturbances case for varioug, values andk.=20 (top) andk.=3.33 (bottom), and parameterd?e=10,

St=0.1,£=0.01,5=0.25, and 2, =0.055.
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Additionally, Figure 4.14 shows a surface plot lo¢ flame response magnitude
versus a parametric sweep okerando for both the first axial wrinkle, as well as the

largest wrinkle on the flame sheet. The maximunogal spatial response fgy =0, is

clearly evident from the red dotted line. Noticewha@long this ridge the wrinkle

magnitude blows up.
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Figure 4.14. Isometric (left column) and birds-eydright column) view of the first axial (top
row) and largest overall (bottom row) wrinkle alongthe flame sheet, for a parametric sweep ove
and ¢ for axial convecting helical disturbance parametes Pe=10, $t=0.1, £=0.01, s=0.25, and

4 =0.055. The red dotted line shows Eq.(4.31), wheye0 and thus the response is unbounded.

4.2.5 Premixed Flame Comparisons

It is useful to compare these results to thoseimdédafor axisymmetric swirling
premixed flames under similar forcing conditionsorR the results of Acharyat al.
[114, 124], flame wrinkle dynamical equations fdretaxial / transverse bulk and
convecting helical disturbance cases can be oltaind compared to Eqgs.(4.19), (4.24),
and (4.29) in theéPe>« limit (since the premixed expressions do not idelwstretch
effects, which was shown to relate to the inclusibaxial diffusion effects [67]). These
expressions are almost identical in form to thagettie non-premixed case, with a few
subtle differences. First, the premixed flame ariglen is independent of the axial

136

www.manaraa.com



coordinate, owing to the flat nature of the steatiye flame sheet, whereas for the non-

premixed case this term is a complex functiorx,dPe Z,, ands. Second, the wrinkle

st
convection parameter for the premixed case hagldii@nal cos’y , due to the fact that
premixed flames propagate normal to the flame sarfanaking their wrinkle phase
speed the vector addition of the axial flow velpend the burning velocity normal to the
flame.

Although no stretch sensitive swirling premixednila solutions exist, there is
evidence showing that the disturbance decay rate fanction of the helical mode
number, in addition to the forcing frequency [12&]esult which Eq.(4.29) shows to be

true for non-premixed flames.

4.2.6 Heat Release Discussion

By relating the fuel mass fraction and the mixtin&ction gradients, the heat

release, given by Eq.(2.40), can be analogouslyemrfor a three-dimensional system as:

Q(t) = j( * 0.’ (/p%j{ sing - 5 cos9}rdxd9 (4.32)

flame Ox

Notice there are n@Z /08 terms, since€, is always perpendicular tg . We will

assume fixed composition fuel and oxidizer, so that heat of reaction and mixture
density are constant. The instantaneous global feéedise of the non-premixed flame,

given by Eq.(2.42), can be linearized and expanded
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L8N ing, ¢, +£,(0.x.) sing, ¥, +
MWQ(I) [T [dx,6)]
#2800 N singy, e, + £(0.x.) 22 G5 sings, 1 ko) cogy ) iy, g,

0°%(0,%.&)
orox

L (4.33)
WCOSUIO ¥, +&.(6 x 1)% cosp, J,+

- [ O r [dxd6,]
+@COS% ):‘wf&ﬂx)%r'@'x) cogy, )%0"9“) sing, )sigf, &,

where the top and bottom set of brackets resuih ftbe inclusion of axial and radial
diffusion respectively. Within each set of brackete first term on the top is the steady
state heat release and the remaining terms amtitgbutions of area and mass burning
rate oscillations to heat release fluctuations.

As swirl does not influence the axial bulk forcexbe, the flame transfer function
for the three-dimensional case takes the same fasnthat for our previous two-
dimensional analysis, i.e. Section 3.1.2, onceraegeeping in mind the flame angle term
has a new axial dependence. For the transversetgdocase, similarly to the two-
dimensional case, heat release oscillations cagmeth other on opposite sides of the
flame, thus resulting in no unsteady heat rele@kes same cancellation occurs for the
helical disturbance case for all mode numbers exoey, which corresponds to the
axially forced case! Thus, as is the case for prethflames, then=0 mode is the sole
contributor to the heat release oscillations, withbeing the only new parameter
influencing the transfer functions. Figure 4.15 whoheat release transfer function
magnitude and phase for various valuekofFor slight changes, some trends can be
observed, such as reducing stelropoff, decreasing the phase rolloff, and modidyihe
oscillatory nature of the curves. For large modificns ink., this final effect is so
dominant in further complicating the interferendtee of the disturbance wrinkles, that

no real trends can be observed.

138

www.manaraa.com



.
=08 ] o2r k=0 |

o1k kc:DS*

o0&
L\ 061

04

02

< 7 | n (radians)

Ex

.7 | n (radians)

WS]U
Figure 4.15. Convecting helical disturbance heat tease transfer function magnitude (left)
and phase (right) curves for various values okc and parametersPe=100,£=0.01,s=0.1, and Z, =0.3.

The axial bulk case corresponds tkc=cc. Top row shows slight modifications, while bottomrow
shows significant modifications.

Recall from Section 4.2.4 that for a swirling floanon-axisymmetric modeg,
dominated the flame response amplitude. This isifsggnt given the fact that only the
axisymmetric modem=0, contributes to the global spatially integrateeat release
fluctuations. Thus, different measures of the flaresponse, such as local wrinkling,
local heat release, and global heat release, hamedifferent sensitivities to swirl and
different azimuthal modes. In faah) and ¢ influence local heat release significantly,
which is non-zero for various theta cuts, howewancelation on opposite sides of the

flame produces no net global heat release flucosti
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4.3  Finite Axial Diffusion Effects — Numerical Extendedinlet Study

The current work in this Chapter utilizes the same-dimensional co-flowing
fuel-oxidizer geometry, but relaxes the>« assumption, made in Chapter 3, and
discusses the implications that axial diffusion basthe mixture fraction field, space-
time dynamics, and spatially integrated heat releSections 4.1 and 4.2 started this task
by enabling axial diffusion in the governing -equation, and obtaining explicit
dynamical equations for large, yet finRe values, i.ePe>>1.

Several questions still remain about the flametmsiand heat release dynamics
of finite Peclet number flames. In particular, &ddfusion effects manifest themselves
in a variety of ways, not all of which have beemtoaed in prior analyses. Most
theoretical analyses of the problem impose inflonditions on the mean and fluctuating
conditions, even in studies that capture axialudifin effects in the domain itself. For
example, our earlier study in Section 4.1 that destrated how axial diffusion
introduced damping of flame wrinkles utilized agmebed step-inlet boundary condition.
This simplification introduces a singularity in thelution, as there is an infinite gradient
in mixture fraction at the fuel port lip. As we Wishow here, the high frequency
characteristics of the heat release are quite tsen$o the inflow profile and the step-
inflow boundary condition leads to incorrect comsotins on these asymptotic
characteristics of the heat release transfer fancteven in thePe >>1 limit. Stated
differently, specifying an inflow step boundary daions neglects axial diffusion effects
in the region where these effects are most impbram the near-burner exit region
where high transverse gradients and mass burniag cantrol the heat release dynamics.

Thus, a key goal of the present investigation isdmpletely and consistentlycapture
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finite Pe effects for the entire non-premixed flame systdims requires computational
solutions of the governing equations, as explinglgtical solutions are not possible in

this case.
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Figure 4.16. lllustration of the forced non-premixal flame model problem, referred to as the
“extended inlet” geometry. The x<0 and x>0 domains are denoted the fuel/oxidizer ports and
combustion region, respectively.

The new domain of interest is shown in Figure 4M@ch like a real combustion
system it is connected to two reservoirs, one &rel one oxidizer, located &t= -,
where:

.

f,res

0<|y| <R

4.34
Zox,res Rf<|y1< RN ( )

Z*(XZ—OO,y)Z{

Previous theoretical analysis of the unsteady probhavespecifiedthe inflow
conditions of fuel and oxidizer a:0. However, to properly include and account faabx
diffusion effects, and to properly describe thel/fwadizer gradients near the burner lip,
we must include the<O fuel and oxidizer ports, since fuel can diffussck into the
oxidizer port and vice versa, altering the inlebfpe. Thus we will solve the two-
dimensional steady and fluctuating mixture fractiehd equations, Eq.(3.3) and Eq.(3.4)

respectively, utilizing the extended inlet geomethown in Figure 4.16, subject to the
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above boundary condition. In addition, no-penatratboundary conditions are applied at

the side walls and fuel port walls as:
0z 02
—(x,y=+*R)=0 —~(x<0,y=+ R)=0 4.35
ay( y=%R) ay( y=* R) (4.35)
as well as ensuring finite mixture fraction valuas large axial distances. For

compactness, we explicitly define the following a&gd mixture fraction, now

incorporating the reservoir rather than stream s, which too varies between zero

and unity:
zZ -z
Z = Toues (4.36)
Zf res - Zox, res

As mentioned, this problem is considered both ditaly, where explicit
solutions are possible in cases where the inflounbary condition ax = 0 is specified,
and computationally, for the general problem wheeeinflow conditions ak = 0 must
be solved simultaneously with the rest of the donadiinterest. As we will show next,
explicitly specifying an inflow step boundary cotidin neglects axial diffusion effects in
the region where they are most important, and impa@n artificial infinite transverse
gradient in mixture fraction at the fuel port lilgpkewise, specifying a local diffusive flux
boundary condition leads to a discontinuity in loeess flux between the fuel/oxidizer
ports and combustion solution domains, both of eheffects will be discussed later.

The computational solutions are obtained withtéirgdlement methods, using the
Comsol Multiphysics solver. The multi-frontal massdy parallel sparse direct solver
(MUMPS) was utilized with a convergence criteriat to 1@ and relative tolerance of
0.001. This direct solver is based on LU decompwmsiand can take advantage of all

processor cores for increased computational spleedddition, a mapped rectangular
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mesh was utilized with increasing resolution closerthe fuel port lip where high
transverse gradients occur. The maximum elemeef securring near the exit plane was
on the order oRy, while the minimum element size, occurring nea filel port lip, was
on the order oR: / 1(%. Dirichlet and Neumann boundary conditions weitzat at the

inlet/outlet and at the port/walls, respectively.

4.3.1 Inflow and Inlet Conditions

This section considers system inflow and inlet ¢omass. Previous investigations
into non-premixed flame dynamics were performedhia largePe limit, although this
assumption was not always explicitly stated. Faaneple, most studies utilized a step
inlet boundary condition for inflow mixture frachoat x=0. However, when we start
considering finite/lowerPe value effects and, thus, axial diffusion effedtsis inlet
boundary condition, as well as simple rectangulamnain of interest, becomes invalid
due to time varying back diffusion of fuel into tl&idizer port and vice versa. Thus,
now we further discuss the inflow conditions aneiitimelation to the inlet (defined as the
x=0 plane) conditions, denoted as:

2, (x=0,y)= £(Y) 2,(x=0,¥)= A(Y) (4.37)

Standard solution techniques can be used to salv€.B) and Eq.(3.4) for a
given steady and fluctuating inflow profilgb(¥Y) and.A(Y), respectively, for spatially
uniform forcing. Once again, defining our forcirg lte spatially uniform axial velocity
fluctuations, represented by EQq.(3.7), and inclgdaxial diffusion in the governing
equations by setting=1, mixture fraction field solutions for the comkios region, i.e.

x> 0 can be obtained:

143

www.manaraa.com



Zo=Ab+i;lA.C°{‘Ah J pE PeRj (4.38)

) gAﬁ' X N y X
_n12771PeSt {‘An } X{ﬁ—P—w}nZﬂBn COE%—R} ex{rﬁh_ Pe% (4.39)

where +£ are the eigenvalues previously defined in Sec8idn(«4, = n/zs) andAo, An,

and,B, are given by:

- LT £y (4.40)
A’_Elﬁ(y) y :

A = Tﬁ(y)co{a&n—éJ dy—ijg— (4.41)

21T iPeS

and the Strouhal number, defined by Eq.(2.27), paterss, 5., and 4,_ are the same

as from the bulk forced cases (Section 3.1 and3Ex))(
Theb=0 solutions can be obtained by taking e« limit of these solutions. As
noted above, most studies have previously congiddre following inflow condition,

generalized from previous sections, given by:

1 (0 |y| <R
ﬁ(y)—{o R sy <R (4.42)
Ay ={o Oy (4.43)

This boundary condition implies th&(x=0,y)= 0, eliminating the need for

simultaneously solving for the port regions, kes 0. The steady state and fluctuating
mixture fraction field solutions for this step ihlboundary condition were treated in
previous sections. However, this boundary conditoveates a non-physical infinite

transverse gradient in mixture fraction at the fpeit lip, a singularity that dominates
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certain solution characteristics such as the flattechment and asymptotic heat release
characteristics — a key motivator for this study.réality, axial diffusion smoothes out
this step boundary condition, as fuel diffuses rgash into the oxidizer “port” and vice

versa. Thus, applying the inlet boundary conditgimen by Eq.(4.42), to the geometry in

Figure 4.16 implicitly neglects axial diffusion efits and, in reality,(¥) and A(Y),
cannot be imposed on the problem but must be salsqxhrt of the problem.

Insight into the “correct and consisten¢=0 inlet condition can be obtained by
integrating thez -equation, Eq.(2.7), from known values at #tve«~ reservoirs to the
inflow plane. This leads to the following expressaelating the values at the reservoir

and inlet:

202 - - e 02

x=0

(4.44)

x=0

whereU, is the instantaneous axial velocity. Note thathasreservoirs are pure fuel and
oxidizer respectivelypz [ ox(x=—o, y) =Z(Xx=-, Yy=0. In addition, due to our no-
flux boundary conditions at the solid duct walls; / dy(-» < x<0,y=R,R)=0.
Utilizing these boundary conditions and expanding.(€44) into nominal and
fluctuating values, leads to:

UOZO|X=0=UoZo|X= +© I—dx b@aﬁ

™ (4.45)

x=0

zl 0z,

dx+ oy —2 ™ (4.46)

0
0
J-a_?dx-i- UOZl|><:O + U'1‘ZO|>< ulZ(Jx—— to J-

x=0

Note the existence of the second derivative term, ion the right hand side of

these equations. While this term is zero at thdeckme (for symmetric axial forcing),
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this transverse gradient will be quite high in somagions, particularly near the nozzle

edges. We can also obtain a transversely averagaession by integrating Eq.(4.45)

transversely in the fuel and oxidizer domains, eeipely, resulting in:

_JZ|X ody = J[Fl? f?dxj dy- J[%:aij ) jdy= Zies 0<| < R (4.47)

R\, —
—Izlxoy J( _[,63? }y—j[%;ﬁj:o]dwzmm"—? R<| < R (4.48)

Defining the transversely averaged mixture fractionth a superscript “ * ”, and taking

advantage of our no-flux boundary conditions at teaterline and solid duct walls,

02 10y(-» < x<0,y=0,R , R )= C, these expressions can be represented as:

=0 pel ax|.,

. bR
Z0|X=0 [ aX

This expression is identical to the inflow conditsoused by Tyagt al.[64] who utilized

J =2 e 0<|y|< R, (4.49)

= Ri<<R, (450

the following conditiorocally:

Ri 0,
Z =z 0<|y|<R 451
0|x 0 Pe aX - f res |y| f ( )
R 0z
Zeopaay] “em Ri<HI<R, (4.52)

Physically, these latter two expressions state thatinstantaneous mass flux
associated with both convection and diffusion a thlet equals the value at the
reservoir,locally (i.e., at everyy station). Comparing Tyagt al's inflow conditions

with Eq.(4.45) shows that they are correct as nalegxpressions, but not locally.
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Transverse averaging allows for the eliminatioringf second derivative with respect to
the y term by taking advantage of the no-flux boundagndition. Significantly,
Eq.(4.49) and (4.50) are not recovered as leadndgrocorrections to Eq.(4.47) and
(4.48) with a formal asymptotic expansion of theumdary condition in EQ.(4.45) in
powers of 1Pe as is shown in Appendix D. Additionally, replagiftq.(4.42) with
Egs.(4.51) and (4.52) as an inlet boundary condiind using it to solve for the mixture
fraction field solutions in regions<0 andx>0 leads to a discontinuity in local mass flux
at x=0 at eachy location. These solutions, along with accompanyiigcussion are
provided in Appendix E.

In general, the distributions of'(y) must be determined computationally by

simultaneously solving for the flow in the0 andx>0 domains. Figure 4.17 illustrates
the results of such a computation for various v&lokEPe Note that the inlet mixture

fraction distribution tends to the step profileyey by Eq.(4.42) foPe>>1, but /4(y) is

significantly smoothed in thegdirection with decreasinge

1 7 1
IncreasingPe
081 . 7 08
: IncreasingPe /
061 / ] 061
© @
04 7 04
02r K ] 02f k
or or
1} 2 L) 6 8 10 0 0.5 1 15 2
y I Rs y I Rs

Figure 4.17. Computed steady state inlet mixture fiction profiles, Jg(y), as a function of

Peclet value with axial diffusion effects, for a gemetry defined by Rw/Rs = 10. Right image shows the
same result, but focused on thg/Ri=1 region. Curves are shown folPe values of 0.1, 1, 10, 100, 1000,
and 10000 respectively.
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4.3.2 Flame Attachment Point

This section considers the location of the flaméhat burner and discusses the
oscillatory attachment point induced by axial dsffin effects. The inclusion of axial
diffusion influences the instantaneous flame attaaft point, i.e. the location where the
reaction sheet intersects with the fuel port whil.the Pe>« limit, this location is
stationary and always at the fuel port k%0 andy=Ry, valid for all values oPe and
4y, directly resulting from our inlet condition, i.&(x=0,y,t)=0. However, coupled
axial and transverse diffusion effects move then#aattachment point away from the
outlet and into the fuel or oxidizer ports (depemdon z, andPe values); i.e., into the
x<0 domain. A detail of the unforced flame positiwgar the burner exit is illustrated in
Figure 4.18 for various values &, and Pe Notice how, for largePe values, the
attachment points for all the iso-contours aretingdly close to the fuel port tip (all

converging to a single point in tie>« limit). As Peis decreased these positions move

upstream, either into the fuel or oxidizer port eleging uponz,, .

Pe=0.5 Pe=1
' v T T 4 4 16
T —wan / —wall
Increasing — A0 / | s A
14 2,03 //
| 2,705 / 11
ZS, 120 z-07 [ 105
& ||z { & |00
~ 1 - - 1—‘—-
> > |\
08 08 . “ 095 | §
Increasing | 08
06 086 ‘ 0s5
Z
04 0.4, - A 08 \
-4 35 3 25 -2 -15 - -0.5 0 05 -2 -1.5 -1 -05 0 05 -0.5 0 05
X I Re X |/ Rs X | Re

Figure 4.18. Steady state flame attachment point @nnear-wall position at several values of
Pe and Z,. The curves shown are forZ, values of 0.1, 0.3, 0.5, 0.7, and 0.9 respectivelyhere the

arrow indicates the direction of increasing.Z,, . Note the uniquex-axis for each figure.
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Figure 4.19 shows a summary plot of the steady stiachment point vg, for
variousPe values. Positive values represent attachmentitotatnside the oxidizer port
on the top side of the fuel port lip, whereas niegavalues represent attachment
locations inside the fuel port on the bottom sifi¢he fuel port lip. The larg@e values
show near independence of attachment poinggnwhile the smaller values show large
alterations in attachment point location wi#f . Additionally, it can be shown
computationally that the,, value required for steady state flame attachmietiteaburner

lip follows the trend:

. Pe*+0.5 (4.53)
RN

st Xanach:O

[+

-
n

DecreasingPe

|—— Pe=05 h
I Pe=1 |

- Pe: 3
H— Pe=10
—  Pe=100
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| Xattach / Rf |
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L4 » o

'
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4

st
Figure 4.19. Steady state flame attachment point sumary plot of Xatach / Rt (location where
x<0 andy=Ry) vs Z, for several different Pe values. The curves shown are foPe values of 0.5, 1, 3,

10, and 100 respectively, where the arrows indicatthe direction of decreasingPe. Positive and
negative values represent attachment locations irtg the oxidizer port on the top side of the fuel pb
lip, and inside the fuel port on the bottom side ofhe fuel port lip, respectively.

In addition, the instantaneous attachment pointesawer a forcing period, as
shown in Figure 4.20. Notice how the magnitudehid aixial motion depends upon the
forcing frequency. This is due to the low-pas®filtharacteristic of the flame position, as

the time derivative of the flame position is retht® the local flow velocity through
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Eq.(2.7). Figure 4.21 shows this more clearly tigftomagnitude and phase plots of the
instantaneous flame attachment point transfer fonctfor various dimensionless
frequency values. The transfer function, defined(@gcR) / (U1/Uo) quantifies the
input-output relation between forcing and flameaetiment point motion. In addition to

the low pass filter characteristic, the increasedion at lowPe values as shown by the
previous figures can also be seen. Thevalue also has an influence upon the transfer

functions, an effect which is coupled e, whose degree can be deduced from Figure

4.19. For example, very low and very high values have larger transfer function

amplitudes than intermediate values.

-0.0576

Steady
— Sw=10
005781 — Str=10"|]

— Sp=10"

-0.058

Xattach / Rf

-0.05821

-0.0584

0 02 0.4 06 08 1
Forcing Period

Figure 4.20. Instantaneous flame attachment point otion for Pe=1, z = 0.3, ande = 0.01
for various Str values.

150

www.manaraa.com



- — Pe=252 =0.055
——- Pe=10,%, =0.055
—— Pe=5, % =0.055
- — Pe=253 =03
—-=- Pe=10,%, =0.3
Pe=5, Z =03

0.1,

————————

————

0057

| Xattach/Rs) / (U1/Uo) |

———————— e ———
-
-
—

=

Figure 4.21. Magnitude (left) and phase (right) ofthe instantaneous attachment point
transfer function.

4.3.3 Space-time Dynamics of the Reaction Sheet

As before, we are interested in the reaction dioeation, specifically the position

of the fluctuating flame, which can be determinexhf the explicit expression given by
Eq.(2.33) for many cases. Although no analyticgiregsion foré, , has been obtained

for the extended inlet axial diffusion case, it t@nextracted from the numerical solution
results. Additionally, in order to aid in the inpeetation of the computations, it is helpful
to revisit the analytical solution obtained usihg step inlet boundary condition, derived
previously in Section 4.1, in thee>> 1 limit for axial bulk forcing, specifically E@.6).
The Pe>« analytical solutions, along with various extendebkt numerically
computed results are shown in Figure 4.22, whigbiatie the axial dependence of the
flame response magnitude for various forcing fregies andPe values. It can be seen
from the plots that the results incorporating axigfusion have many similarities, but
clearly the node/anti-node behavior discussed almwanoothed out by the action of
axial diffusion, as expected based upon the dismuss Section 4.1.1. This flame

wrinkle smoothing leads to imperfect interferencgtween the terms, as previously
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mentioned, and abolishes previous spatiotemporghiale nodes. This effect becomes

more pronounced at higher forcing frequencies, @e/hmeore spatial wrinkles exist, and

also at larger axial distances downstream. Note #mt the magnitude of flame

movement is nonzero &t0 in the smaller Peclet number cases, as explam&ection

PeStr = 0.1

0.01
—Pe=es
——-Pe=100
0008 ——-pg_1g
~ - Pe=1
_ 0008]
c
—
e
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e
— =~ Pe=t
=
O
— 17
05
w
0
0 05

0.01

0.008 1

— 0.006

n

| &

0.004 -

0.0021

PeStr=1

—— Pe_.,
——-Pe=100
——-Pe=10

——-Pex

Figure 4.22. Axial dependence of the magnitude ofaime response using nominal values of
4,=0.3 for various degrees of axial diffusion for thee forcing frequenciePeStr = 0.1, 1.0, and 10.
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4.3.4 Spatially Integrated Heat Release

Our previous investigations into non-premixed flaneat release dynamics have
focused solely on the spatially integrated quantitye to its utility for combustion
instability or noise problems where the flame isaBmrelative to the acoustic wavelength
[4]. However, the heat release per unit a&,t), is also an interesting quantity worth
of some attention due to its relation to the hettase asymptotics (to be discussed in
Chapter 5). Additionally, for axisymmetric singletued flames, the heat release per unit
area can be simplified and expressed as a fundioonly the axial coordinate, i.e.
q(xt). Its relation to the spatially integrated quantit given by the following surface

integral over the reaction sheet:

Q) = [ §(t) dA= [ i} 4 d# (4.54)

where as befor@y. " is the reactant mass burning rate per unit aned,4ais the heat

release per unit mass of reactant consumed. The faex sections analyze various
important features of this equation. The distribngi of the mean and fluctuating heat
release will be investigated along with how thefluence the heat release transfer

function trends and asymptotics.

4.3.4.1Distribution of the Mean and Fluctuating Heat Retea

In two-dimensional premixed flames, the axial dsttion of heat release does
not vary strongly, as the mass burning rate per an@a is directly proportional to the
laminar burning velocity, which is not usually aostg function of the axial position. For
this reason, premixed flame heat release osciigtiare closely correlated with

oscillations in flame surface area. In contrast, dkial distribution of heat release in non-
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premixed flames can vary by several orders of niagaj as the strong transverse
gradients that drive fuel/oxidizer flux near therdmr outlet are smoothed with
downstream distance. To illustrate, Figure 4.23xshthe steady state distribution of heat
release per unit aregog(x), along the flame sheet, for varioBs values. The cumulative

heat release distributiogg,, is also plotted, defined as:

", (x) dx
(9 =h 2 (4.55)
Q
whereQp is the steady state heat release defined as:
Lio
Q = IO 0 ( X) dx (4.56)

Also plotted for reference is the axial distributidor a constant burning velocity
premixed flame, indicated by “PM Flame” in the lade This abbreviation will be used

throughout to denote the values for a corresponpiiegnixed flame.

08

— Pe=es
— Pe=5

04r — Pe=w=
— Pe=1 Pe=5
—Pe=05 oot — Pe=1
10’4 I PM Flame Pe=0.5
ey X712 PM Flame
0 L L L L |
10" 10" 0 0.2 04 06 08 1

x /Lo x /Ltp

Figure 4.23. Axial dependence of steady state heatlease, both distributed (left) and
cumulative (right), for z, = 0.3 and variousPe values

For the steady state distribution, ti®>« limiting case has an integrable
singularity at the inlet that can be shown anadytycto scale asi. ~ x"?, as also shown

in Figure 4.23. With finitePe values the inlet profile is smoothed and the peak value a
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x=0 is reduced. In addition, the heat release dmution from the tip increases with
decreasing’e value. Comparing and contrasting the premixed ramapremixed flame
curves shows that half of the average heat releesars in roughly the first 15-20% of
the non-premixed flame, while it occurs at the 50&mne midpoint for the premixed
flame. This result clearly shows the need for patéir care in accounting for inflow
conditions that influence théR<<1 region for non-premixed flame problems.

Figure 4.24 shows the corresponding unsteady lk&sdse distributiong,(x), for

variousPe and St values. The cumulative heat release distributgplotted in Figure

4.25 with two different normalizations, defined as:

_j:q (x) dx B OXAl(x dx
O ==~ G, = Lo n v

: 4.57
o) (4.57)
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Figure 4.24. Axial dependence of fluctuating heatelease distributions forPe values of 25
(left) and 1 (right) and various valuesst.
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Figure 4.25. Axial dependence of fluctuating cumulive heat release distributions
normalized by au ¢ (left) and s, (right) for various values of Pe and St.

The first normalization definition, given by Eq$4), uses the steady state heat
release for normalization so that its valuedato= 1 corresponds to the flame transfer
function’s value (discussed later). The second atimation uses the spatially integrated
unsteady heat release, so that its valuelap= 1 goes to unity, thus allowing one to
visualize which parts of the flame contribute te iinsteady heat release. Figure 4.24
shows that, forPe >>1 andSt <<1, the largest values of local fluctuating hesease
occur at both the flame base, due to the sharp gnéelient, and at the flame tip, due to
the pulsing flame length. However, neither of thesgions contributions to the
cumulative heat release are dominant, as showigurd=4.25.

For Pe>>1 andSt~0O(1) or >>1, the local heat release at the tipinishes, and
the largest local values occur at the flame basaebVer, the cumulative distributions
show that the majority of the unsteady heat releasrirs at the flame base — a fact
which enables the development of simple asymptetipressions for th&t>1 heat

release, to be discussed in the next Chapter. dime St trends hold for lower finitée
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values, yet the base and tip (for I&twvalues), contributions are reduced and the middle

length of flame has a larger contribution due t@lkdiffusion.

4.3.4.2Heat Release TF — General Results

Having considered the spatial distributions of tieat release, we next consider
its spatially integrated value and the flame tran$finction,.77 , previously defined by
Eq.(3.28).Figure 4.26 plots the computed amplitude and pbase as a function o6t
for variousPe values, utilizing Eq.(4.8), as well as tRe>« result previously obtained,
given by Eq.(3.58). For the amplitude, the mosthprent difference between the results
which include and neglect axial diffusion are ttsyraptotic characteristics; thee>«
result having a two-zone structure, while the rssulith axial diffusion show a three
zone asymptotic structure. These asymptotic rélvafues, along with the transition&t
values (some of which are dependent upenhwill be focused upon in Chapter 5. The
phase plot also shows some differences betweemethéts, although they all appear

qualitatively similar.

0 ~_ 0 I
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Figure 4.26. Heat release transfer function amplitde (left) and phase (right) as a function of
St for 2, = 0.3 for variousPe values.
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Detailed discussions regarding the heat releasm@syic characteristics, and
accompanying elucidating model problems, are @ftGhapter 5. However, preliminary
observation of the computed results show that ti#erentStranges exist, each with a
well definedSt roll off; transitioning fromS# roll off, at low St values, to 1%£/), for
intermediateSt values, to 13t for high St values. Additionally, these transition8k

values appear to have some functional dependerweRe

4.4  Anisotropic Diffusion
This section considers the topic of anisotropie, preferential, diffusion, where
the diffusion coefficient is the same for all sgsgienabling use of the mixture fraction
formulation, however is anisotropic for each. Tiegthis as a mathematical exercise, we
can return to Eq.(2.24) and defindPe.y andPe x representing the different degrees of
diffusion in the various directions. For compactiaad since we only consider the case

of axial flow, we will denot®s,, = Pg and Pg,, = Pe.

The resulting full solutionkE=1) for the steady state mixture fraction field dsn

obtained by solving a modified form of Eq.(3.3) ¢odifferentiating betweern, and
@, ), and utilizing Egs.(3.2) and (3.1) as boundary eutet conditions, respectively, and

is given by:

R

where+4 =n7(R, / R) and S, is a modified form of Eq.(3.9), defined as:

Z, :%+;%Tsin(@@) co{yﬁlJ ex% P; R,wa} (4.58)
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Pe,Pg -,/ P& Pg+4 Pg Pet?
ﬁxy— = 2

(4.59)

Pe,Pg -,/ P& PB+4 Pg Pet’-87 iPe Pe
ﬁxyh— = 2

Similarly, the resulting full solution for the flugating mixture fraction field,z, ,

exposed to axial or transverse bulk forcing, is:

2esin(A4,)

4 = i{w}%yﬁ(y) exp[ﬁﬁij{l— eX‘E{ﬁxw— _'va} ﬁ]} exp-iat] (4.60)

n=1

utilizing terms defined in Table 4.1 for each cgnfiation.
Insight into the effects of anisotropic diffusioancbe obtained by expanding

these expressions around tRg, Pg — o limit in inverse powers oPg as was done

previously. Thus, th(é,Bth_ =By )/Pe term can be expanded as:

{Byn- =By} [ St 2isf 2iSp4? S
e T T Y PF+O(Pe ) (4.61)

Interestingly, an explicit equation for flame wrialdynamics can be expressed in
the exact same form as Eq.(4.6), with different propagatidissipation, and dispersion
terms shown in Table 4.3. This table also showsdiras for the isotropic diffusion case,

considered in Section 4.1.
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Table 4.3. Preferential diffusion propagation, disgation, and dispersion terms

Pe # Pg Pe= Pg = Pe¢
Propagation speed_ U, +O(1/ Pg Pe) U,+0(/P¥€)
Dissipation,( S—ﬁ’ S—ﬁ
Pe, Pe
Dispersiony = 2
P€E Pe

Based on the discussion in Section 4.1, this resakes sense. It is the magnitude
of the diffusion coefficient in the axial directiavhich controls the dominant features of
the waveform term, i.e. wrinkle dissipation andpéision as the wrinkles convect
downstream. The transverse diffusion only comirtg effect with the modification to
the wrinkle convection term. However, the transgatgfusion magnitude dominates the
flame angle term, governing the shape of the stsgaty flame, an effect which can be

seen by expanding th8 _ term around’e,Pg>>1 as:

Xy—

By- _ _‘74?12 ”%14 -3
e _{ re tFE P o(Pe )} (4.62)
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CHAPTER 5

Heat Release Asymptotics

This chapter describes numerical and theoreticalyaas of the heat release dynamics
and asymptotics of harmonically forced, non-premif@mes. A key objective of this
work is to analyze and understand the interestieat Inelease transfer function results
from the various studies in the previous Chaptdtswas observed that some
system/forcing configurations yielded rich complesat release and transfer function
results, dependent upon numerous dynamical paressnetdile others yielded bland
conclusions. The assumptions made during the amlysre also shown to influence the
results. Solutions excluding axial diffusion, itke Pe>« limiting results, showed a two-
zone transfer function asymptotic structure, whiile results with axial diffusion showed
three zones. Additionally, whether axial diffusiaas included in only the combustion
domain,Pe>>1 analytical results in Section 4.1, or in thelfand oxidizer ports too,
computational results in Section 4.3, impacted zbee transitionSt values. These
asymptotic rolloff values, along with the transi# St values (some of which are
dependent upoie) will be focused upon here. The relative contridmg of the mass
burning rate and area fluctuations to the overaléteady heat release will also be

investigated.

5.1 General Asymptotics

While we will discuss more advanced analytical anthputed results later, it is

useful to first set the stage by studying the sotutharacteristics in th€e - oo limit
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where analytical progress is possible and the awytmpstructure lucid. As stated in
Section 3.1.2, in this limit, two important simpdiitions can be made; first, only the

0Z /0y cosd terms remain in Eq.(3.22) and second, the weiglatiexh contribution

cancels out the first mass burning rate term, aically shown by Eq.(3.30), resulting in
Eq.(3.58).

By utilizing previous expressions for mixture fiact and fluctuating flame
position for the spatially uniform forced casesttransfer function can be written as:

J.L”; “IR, g(x&)11-exg i 2rst> |\ dx
o | 27St ° R

Tz : (5.1)
SJ.LLO_ GZO(X,EO) dx

0 ay

where g(x ¢,) is an axial distribution function, which will beilized extensively in the
next sections, defined as:

02 (%&) , dZ(%E)

= tan(, ) 5.2
9(x$o) = tan@, ) Y dxdy (5.2)

For transverse forcing, it was explicitly shown By.(3.59) that the two mass
burning rate contributions ig(x,¢,), are of equal amplitude and are out of phase By 18
degrees foall Stvalues, thus resulting in no unsteady heat relEassach flame branch
As was discussed in Section 3.3, this result cdaddanticipated, at least in the low
Strouhal number limit, as transverse forcing causesluctuation in fuel and oxidizer
flow rate into the domain — thus, transverse flatthns consequently lead to no heat
release oscillations. A similar result, no unstegtbpal heat release, was also obtained

for transversely forced premixed flames [114].
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No such mutual cancelation occurs for the axialkbidrced configuration.
Explicit expressions fof) cannot be developed in general, because only aficitn
expression for the time average flame positi§{x) and, consequentlyg(x¢&,), are

available. However, approximate expressions caddweloped in the higRe limit, by

taking advantage of the fact thg{x) becomes nearly independentofas the flame
becomes infinitely flat and long (see Figure 3.h#l aorresponding discussion), and thus
the flame position can be approximated §{X) ~R: (1+O(1P¢€) except near the flame

tip. However, near the tip the heat release is gtamal to axial diffusive fluxes
(because the flame is normal to the flow at thgatmn), which also is of O(BE). The

solution obtained by applying these approximatimngq.(5.2) is indicated in Figure 5.1.

IExau:t, Eq(4.8)
i - — === Appr, Eq.(5.1) ||
Asym, Eq.(5.4)

L
-2 -1 a 1 2
10 10 10 10 10

Sti¢
Figure 5.1. Axially forced heat release transfer foction curves for the Pe - o (Eq.(4.8))

and approximate &(X)=R (Eq.(5.1)) solutions, along with asymptotic expressn plotted vs St for
4, =0.3.

It can be seen, and will be proven in the upconsagtions, that the transfer
function, .7, has a value of unity for lovt values. Furthermore, it was shown in

Section 4.3.4 that the hidgt limit of Eqg.(5.1) is controlled by the features ofx,¢&,)
near x =0, which to leading order is given by ( a resultiged in Appendix F):

163

www.manaraa.com



1

9(%0) = aJRT/ Pe X

(5.3)

Substituting this expression into Eq.(5.1) revedat in the limit of largeSt (also

indicated in the figure):

g= _(1+ I)
T 45t (5.4)

Figure 5.1 presents illustrative exact (Eq.(4.8pproximate (Eq.(5.1) whei§(X)=R),
and asymptotic (Eq.(5.4)) expressions for at Pe=100 and Z, =0.3. .7 has a value

of unity at lowStvalues and rolls-off as B¢ at highStvalues. The transition between

these two zones can be observed to occ@tat~ ((1).

Note that oscillatory integrals of the followingio:

J' f (X) exp(Stx)dx (5.5)
X
are controlled by the values of the integrand atlibundary, i.e., d&(x1) andf(x2), and

generally lead to a $t asymptotic behavior. However, the mass burning tes an
integrable singularity at th& =0 inlet boundary in théPe - oo limit due to the infinite
transverse gradient i¥ imposed by the step-inlet boundary condition,ngsiarity that
ends up controlling the heat release asymptotics laads to the indicated $f?)
behavior. When axial diffusion is included, thi¢SI#?) behavior persists for a range of
Strouhal numbers where the convective wrinkle wevgih is much longer than the
thickness of the transition zone of fuel/oxidizeofges at x=0. However, once the
convective wavelength becomes of the order of ldyer, the standard 3f behavior

should occur, as expected for oscillatory integrdlsus, as will be derived in the
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following sections, the Strouhal number at which 5t/ to 1/Sttransition occurs is a
function of the thickness of this layer that, whiohturn, is a function oPe As we have
so far assumed a discontinuous profilexatO, no such 13t behavior occurs at hight

for Eqg.(5.2), however. Significantly, the $?) behavior in the heat release transfer

function is a much slower roll-off than theStfoll-off that occurs to leading order, in

premixed flames, causing the heat release respmieen-premixed flames to exceed
that of premixed flames at high Strouhal numbergHis problem.

As previously pointed out in Section 3.1.2, anosignificant difference between
the transfer function of axial bulk forced premixadd non-premixed flames is the
relative significance of area and mass burning textas. Premixed flames are dominated
by area fluctuations, whereas non-premixed flamesnaass burning rate fluctuation

dominated; the ratio of these contributions willarealyzed further in the next section.

5.2 Heat Release TF - Lowst Asymptotic Results

Expanding.77 , as given by Eq.(5.1), in powers of St (see Apipefs), leads to:

o] AL

14 ay
St<< 1 T =1+iSt, O NEX) +O(Sf,) (5.6)
Lf’OJ'O 7@ Cdlx

Thus, |7 | = 1 + OB#P) for St<< 1. This value of unity can be understood physica
from the fact that in the quasi-steady limit, thetantaneous heat release is proportional
to the instantaneous mass flow rate of fuel andip&r into the combustion domain, i.e.
across the inlet plane; in other words, a 1% flattum in velocity induces a 1%

fluctuation in heat release [4]. The I®tphase behavior can also be extracted from this
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expression, since~ .7 = tan(Im(.7 )/Re(s )). This can then be cast in terms afi-&

model as [126]:
T =nexplior] (5.7)

or likewise, represented in the time domain as:

t_
9 _pultr) (5.8)
QO UO
where the gain is unity, i.e. =1, and the time delay is given by:
IL«O 9% (%, ¢6(¥) o
r=| = oy bio (5.9)
Lyof B | U
, 0 ay

This time delay is equivalent to replacing the rilistted flame by a concentrated
source at some fractional distance of the flamgtlenwhile the gain is straightforward,
the time delay is a complex function of paramesersh adPe and Z,,. These parametric
dependencies of cannot be calculated analytically but must be astéd from the
computations due to the implicit nature of the mdlame position, at which these
integrand values are evaluated. This value (nomedlibyL:o / Ug), for example, is
around 0.2 for a methane-air, non-premixed systenich has az, value of 0.055. For
reference, the constant burning velocity two-dinnemsl bulk axially forced premixed

flame result ist /(L ,/U,) =0.5 (assuming the flow velocity is much greater thae th

flame speed), showing that the non-premixed flamme tdelay is about a factor of two
smaller than a premixed flame with the same lenfftiis result directly follows from the
heat release distributions shown in Figure 4.23jufd 5.2 plots calculations of

r/(L;,/U,) as a function oPe for severalz, values, representative of positive and
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negative (nomenclature defined in Section 4.3.2) port attachment location diffusion
flame configurations. The corresponding premixeami value is also plotted for
reference. The solid lines indicate the numericé¢mded inlet results, while the dashed
lines show the correspondifg>« analytical results, given by Eq.(5.9). The dewiatof

the asymptotic results from the computed onesdael Pe values is due to both axial
diffusion effects upon this effective time delayt lalso reflects the importance of how
flame length is defined,; i.e., the flames base maygstream into the fuel/oxidizer ports
with decreasing’e, see Figure 4.18, while o used in the figure is defined as the distance

of the flame tip from the burner outlet.

05
\\ Premixed
04l Increasing -
Flame
— Zst A
D 03— ol ——
T =
-
< 0_27
[ 5Y
01f
0 . . ‘ . .
102 10° 10°
Pe

Figure 5.2. Normalized time delay parameters / (L, ,/U,), shown as a function ofPe for
various Z, values (0.3, 0.6, 0.8, 0.9). The corresponding f=a on geometry, assumptions, and
configuration) premixed flame value is also displagd. For eachz, value, the correspondingPe->«
solution is shown by a dashed line.

As noted in the context of Eq.(2.42), the heat aste fluctuations can be
decomposed into contributions associated with Imgrmate and flame area. However,
non-premixed flame heat release oscillations areigiated by mass flux oscillations near

the burner outlet, where these gradients are ttapsebkt. The flame surface area
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oscillations have little influence on the overadiah release because the local burning rate
is so low over most of the flame.

In the absence of axial diffusion, some analytpralgress can be made about the
ratio of these unsteady heat release contributiottze lowStlimit. The ratio of the mass

burning rate, Eq.(3.29), and weighted area, E¢Q{3tBansfer functions is given by:

Lo Lo

Ry | "Z(faj@sm@)dﬁ J &a(x)

’:%N,mbr -0 ay 0
- Lio
Fiwa jagxxag

0

0°2,(%&) 4,
9y (5.10)

cos@, XA

Utilizing the mixture fraction and fluctuating wkile explicit solutions given in Section
3.1, in the lowStlimit these terms scale as:

o _ O(P€) +O(Pe’) +O( Pg

o(Pe) ~O(P€) (5.11)

il

,wa
Thus, in the absence of axial diffusion, the ratib mass burning rate to area
contributions from the unsteady heat release isaled to be of order ®€) in the low

Stlimit. However, there is still a functional depemde of this ratio upog, .

More generally, Figure 5.3 plots the ratio of thegmitudes of the spatially
integrated mass burning rate and area terms, fapeesentative lowst value, as a

function ofPe defined as:

Quer = IOLf " Gyer( ¥) dx Q.= J'L”) q ¥ o (5.12)

0
where §,,5, and §, were previously denoted in Eq.(4.8). Note the Beneagreement of

the computed an®e>«» results at largd’e values, both with each other and to the

analytically obtained scaling. At higher Strouhalmbers, the mass burning rate
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continues to dominate relative to area fluctuatidng has a more complex dependency

on StandPe

— Eq.(5.12) Pe > ©
— Eq.5.12)
—=- O(P&)

| Quer/ Qa |

0 1 2 3
10 10 10 10

Pe
Figure 5.3. Ratio of mass burning rate to area term in the unsteady heat release expression
for the computed extended inlet and’e-> limiting solution cases; showing the ratio for aiked value

of Str=105.

Figure 5.4 attempts to comment on this complex Wehdy showing plots with
additional dependence upon other parameters. Thepl® shows variousPe value

curves as a function @tfor a representative,, value of 0.055. Notice the convergence

to unity f/-axis being normalized blpe?) at low St values for the higliPe curves, with

increased divergence & is reduced. There is also increased modulatidmgiter St

values. The right plot brings in the additiori| dependence for completeness, revealing

the slightly modified lowStvalue trends, and drastically altered h&modulation.
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Figure 5.4. Ratio of mass burning rate to area term in the unsteady heat release expression,
showing the ratio normalized by OPe?) and its complex dependence upon (leftBtr in two-
dimensional Pe cuts for Z,=0.055 and (right) for thePe> limiting solution case uponStr and z,, .

As a final comment, consider the quantitative hedgase in the quasi-steady
limit. Under these conditions, the quantity of fiselund-energy which travels (via both
convection and diffusion) across the inlet plareOf, must equal that which diffuses
normally across the flame sheet. As was discussegection 4.3.1, and specifically in
Appendix D and Appendix E, the inclusion of axidffukion greatly complicates this
issue, thus for our simplifieBe>« case, this balance can be expressed mathematically

utilizing Eq.(2.40), as:

0z (x &

Qn= | —(1* o)’ P, 92(4) 4p= j pA-u, dy (5.13)

flame Ox

Transforming our integration limits and simplifyingn equation for the steady state heat

release balance, utilizing Eq.(3.26), can be writs:

~1+ ¢, ) j 02,(x,&,)

Q, = dx= Pe (5.14)
° ¢Ox 0 ay

The corresponding value for spatially uniform vefpdluctuations can be obtained
utilizing Eq.(3.27) and Eq.(3.7), and realizingtthiransverse fluctuations move no fluid

across the inlet plane, and is given by:
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~ 2 Lo 2
§="0rta) | {aﬁ Y. z} e pe 5.15)
¢Ox 0 ay ay2
Utilizing these results, along with Eq.(2.41), tn@ty low Stlimit can also be observed

and validated.

5.3 Heat Release TF - Higlst Asymptotic Results

Having considered the lo®t results, we next consider higher frequency transfe
function characteristics. As was previously shown tbe cumulative unsteady heat
release distribution results in Figure 4.25, insthimit the unsteady heat release is
dominated by its value afLso<<1. It is common for highly oscillatory integramilar
in form to Eq.(5.5), to be controlled by the valugghe integrand at the boundaries (i.e.
x=0 andx=Lzo), and generally lead to aSt/asymptotic behavior. However, as is shown
in Figure 4.26, the transfer function has &#K) behavior for thePe>«~ case, and only
for finite Pevalues does it transition toSt/at some sufficiently higt

For a step inflow profile, the mass burning rate &a integrable singularity at the
x=0 inlet boundary in thde>«» limit, a singularity which controls the heat redea
asymptotics. It was shown previously that t8e>>1 transfer function is given by
Eq.(5.4); i.e., 7 |~1/(6t7?), as indicated in Figure 4.26. Since we have shiow@ection
5.2, the flame transfer function amplitude is unitythe limit of low St values, the
Strouhal number at which this first transition asgufrom O(1) to O6tY?), will be
denoted St and can be obtained from the following expressitepresenting the

intersection of limits:

i+1 1
=1 e St== 5.16
e L= (5.16)
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Even for more realistic inflow profiles that are aoth but very thin relative to the
convective wavelength a0 (i.e., the finitePe case), |7 | still has a 13&/2 character,
for the same reasons as the step inlet, for somgeraf St values. However, for
disturbances with length scales that are on theroofl the inflow profile thickness,
different asymptotic considerations apply whichroéttely cause the non-premixed flame
to exhibit a 15t asymptotic behavior that one would expect of higbkcillatory
integrals.

At this point, it is important that we differentgaind isolate the various effects of
axial diffusion, discussed in Chapter 4, on thethetease fluctuations, i.e., inflow
boundary effects and dynamical effects. By “dynahgffects”, we are referring to the
inclusion of axial diffusion in the unsteady mixuiraction equation, i.e. settifgrl in
Eq.(3.4). These effects upon the space-time dyrseamére noted previously in Section
4.1, resulting in dissipation and dispersion ofmita wrinkles. By “inflow boundary
effects”, we are referring to the inclusion of dddfusion in the steady mixture fraction

equation, i.e., by setting=1 in Eq.(3.3), effects previously discussed intfeadc.3.

1095

10t

§ 1072

— 2 Pe> 0 & Z:Pe> o
— Z: Pefinite & z: Pefinite
—— 2%, Pefinite& z: Pe> ©
z,: Pe>» & z: Pefinite
___ 1/31/2
1/st

1073

10
10° S 105
Lf

Figure 5.5. Flame transfer function amplitude curve isolating dynamical and inflow
boundary effects on highSt asymptotic trends.
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These two effects can be isolated and the resuttiagsfer function magnitudes are
plotted in Figure 5.5. These results were generaiedepeating the calculations by
including or neglecting axial diffusion in the stgaand unsteady mixture fraction
equations. To isolate the dynamical effects, adi@lision was not included in the steady

governing equation, thus retaining the sharp stégt iboundary condition, and was

included in the dynamical fluctuating equationstholution is indicated byZ;: Pe>« &

%, . Pefinite” in the figure. To isolate the inlet effegtaxial diffusion was included in the
steady governing equation, allowing the smoothihthe inlet profile, and was excluded
from the dynamical fluctuating equation, denoted &s Pe finite & Z: Pe >«" in the

figure. Also shown are cases where axial diffus®rexcluded in both equations and

included in both.

5.3.1 Piecewise Linear Inlet Boundary Condition Model Prdlem

The figure clearly shows that it is the smoothefibim profile that controls the
high St asymptotic features. In other words, the key eff@fcaxial diffusion on the
asymptotic characteristics of is on the time averaged profiles &f, specifically the
inlet profile — i.e., axial diffusion effects onehunsteady dynamics ¢gf have minor
influences on7 , although they have important influences on thertgiream evolution
of the flame position, as shown by Eq.(4.6).

To demonstrate this point explicitly, it is usefalconsider solution properties of
a model problem with a finite thicknegs transition layer, parameterized Byshown in
Figure 5.6. In reality, the non-dimensional profiteckness parametef, simulates the

extent to which axial diffusion has altered theeinboundary condition, and is
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proportional to the inverse d?e In this model problem, however, we decouple this

dependence aduponPe

0
>t I yIR
-1 1
Figure 5.6. Piecewise linear inlet mixture fractiorboundary condition utilized to analytically
evaluate the effects of a smoothed inflow profilerohigh St asymptotic trends.

Utilizing this inflow boundary condition for the oanfined system (the lack of
infinite summations making the math more tractglded the governing equation given
by Eq.(3.3), withb=0 (thus isolating the inflow boundary effect), theél steady state
mixture fraction solution can be solved and is ped in Appendix H. In order to make
analytical progress, we consider the limiting cleteastics of this solution for large, but
finite, Pe values (small values) and small axial locations. Tending towaadstep-
profile asPe>« or >0 enables comparisons to previous results, whéaddtter limit is
of interest as the majority of unsteady heat r&leascurs near the burner lip, as was
shown in Figure 4.23 and Figure 4.25. This simgdifimixture fraction solution is

provided below:

ex{_(—l&yfj{ - 7;1 {5(—? y)}+

Pe>>1 v . - (5.17)
| (R )) alx|(o@+y)
& A N=75 eXF{ 4% J{Zﬁ «/TTH X }+

X
x<<1

~JPed+1- V) -/ PO +1+ Y+ PO -1-"F +\ PE-1+"§
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Since as was discussed, the key effect of axidugidn on the asymptotic
characteristics of7~ is on the time averaged profiles &f, rather than the unsteady
dynamics, it is useful to consider tRe>«~ solution shown in Eq.(5.1) utilizing these
smoothed, time average inflow profiles. Inclusidrfinite Pe effects in the solution for
the flame position, such as dissipation, into tkathelease transfer function would not
alter these higlst asymptotics. This is because in the hiHimit all the exponential
terms tend towards zero and it is the unity corsthat results in the highesSt
asymptotic region rolling off as 3t Further exponential terms, such as exgs&x /
(Pe*Ry)], would just drive this term to zero sooner. Thiss model problem simulates
the smoothing effect of axial diffusion on the inlundary condition, eliminating the
singularity caused by the step inlet boundary diowli while maintaining th€e>« limit

for the unsteady governing equation. Returningdqel), the functiorg(x¢,) is given

for the smoothed profile as:

_ Pe 1
9% ) = 2x3’2,/Rf77+ 40X

Substituting this expression into Eq.(5.1) reve#iss in the limit of largést:

(5.18)

Pe
Pe_ o, Sp>1 =G G 1 |Pel (5.19)
[st st P&\ R
where
i +1 i| A-aJm
6. -(i+D) o, [A=4V] .20
4 16V

and 1 is Euler’'s constant, with numerical value=0.57721¢. Note how the leading

order St>1 term is O%tY?), while the next term is of &¢Y). Thus, while aSt'?
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behavior occurs for the step inlet function prafjla smooth mixture fraction at the base
of the flame (resulting from finit®e values) leads to the Sfasymptotic behavior that
one would expect of highly oscillatory integral®rFhis model problem we can develop
an explicit expression for the Strouhal number htctv St/2 to St! transition occurs,

denoted a$b, by equating these two terms:

c,| |c, 1 [PeL _ |cz|j2 1 Pel
AN ] > St= 5.21
Jst| [st Pa| R : LI ¢) P r O

Physically, this transition Strouhal number coirsidvith conditions where the
convective disturbance wavelength is on the ordethe axial extent required for

fuel/oxidizer to diffuse across the inlet trangitiayer, i.e:

2
vt

However, in reality (and our computational worlB¥ ando are not independent. As was
stated previously, the profile thickness parameieis proportional to the inverse Be
under these conditions, a point which should ma&kese as the inlet profile steepens, and
becomes thinner, aBe is increased, converging to a step function in Ree« limit.
Figure 5.7 demonstrates this point explicitly bywing computed profile thicknesses,
based on the computations detailed in Section 48dlFigure 4.17, for variol®e value

computational cases, wher@ is defined as the distance from95x /£ (y=0) to
0.05x £ (y=R,). Note the agreement with the CR#/) curve. Also shown is a plot of

the slope of the inlet profile evaluated at thd fuat lip, i.e.aﬁj/ay| oy’ for various
@ x=0,y=
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Figure 5.7. Computed inlet profile thicknesses (I€f and inlet profile slope at the fuel port lip
(right) for the extended inlet geometry consideredn Section 4.3, forR=1 and Rw=10.

The resulting relation between fuel port lip intédpe and inlet thickness can then
be obtained for largee values Pe>>1) as:

%

O

y )(:()'y:Rf

1

JPe

1
0 —
Jo

(5.23)

Keep in mind the difference in shape between thepegational inlet profiles, shown in

Figure 4.17, from the piecewise linear model. Fegbii8 shows some representative inlet

profile slope values evaluated at the fuel portTibe un-normalized plot shows how the

magnitude of this slope monotonically increase$ witreasinde, while the normalized

plot shows the broadening effect influencing thefipe thickness.
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dZ/dy value

extended inlet geometry considered in Section 4.f&r R=1 andR.=10.
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Figure 5.8. Computed un-normalized (left) and normézed (right) inlet profile slope for the

Thus, if we substitute if~1/Peinto Eq.(5.21), this shows that:

|

€|

ICzIJZE
R

(5.24)

As St is a function ofPe andLy, the Sttransition points previously discussed in Section

4.3.4 and specifically Figure 4.26, are more eastlyerved by rescaling the axes. Figure

5.9 replots the data shown in Figure 4.26 by namimag the horizontal axis b$t and

the vertical axis by € / (St)Y2 The figure shows how this scaling properly and

efficiently collapses the hig8tresults at the differefe values.

—
s
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Figure 5.9. Normalized heat release transfer funabin amplitude plot for various degrees of
axial diffusion, i.e. Pe values. The original horizontal axis,St.r, and vertical axis, |7 |, have been
normalized so as to collapse the hight results. The 16t*2and 1/St lines are the asymptotic values for
the Pe=20 case for visual representation.
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CHAPTER 6

Non-isothermal Diffusion Flame Analysis — Experimetal Efforts

This chapter analyzes the dynamics of harmonidaliged, non-premixed flames, both
experimentally and computationally, and comparesniieasured space/time dynamics of
the flame to that predicted from the forced mixtdraction equation, i.e. the -
equation, Eq.(2.7). By investigating tangible, real-life, flames absent of mathematical
assumptions for simplicity and tractability, insigban be gained into non-premixed
flame response, as well as the validity and impaEcvarious assumptions made in
previous analyses. Additionally, enhanced predictaapabilities could result from
utilizing measured velocity field data as modelutg Thus, high speed PIV data was
taken on a coflowing methane-air diffusion flamquipped with speakers for harmonic
forcing, over a variety of flow velocities, forcinfgequencies, and forcing amplitudes.
These measured velocity fields were used as infouts Z -equation solver, and the
resulting space-time dynamics of isb- surfaces were extracted from tie field

solutions.

6.1 Introduction

This chapter describes measurements and analy#ie ajpace-time evolution of
disturbances omeal harmonically forced, laminar, non-premixed flamAassignificant
experimental and modeling literature exists on thsponse of premixed flames to
harmonic flow disturbances [4, 21-27]. Measureméiatge experimentally characterized

both the local space-time dynamics of wrinkles amihar flames [41, 127-129], as well
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as the spatially integrated heat release [130]s&meeasurements show that wrinkles are
excited at the flame stabilization point and lomas of spatial non-uniformities in
disturbance velocity, and subsequently convect dtivenflame. The response of the
flame at a given point in space and time is nomlleci.e., it is not only a function of the
local disturbance, but is, rather, a convolution didturbances excited at upstream
locations at appropriate convective time delaysr Hwese reasons, a variety of
interference behaviors and spatially non-monotowmariations in flame wrinkle
magnitude occur [92]. Similar analytical studiesflaime wrinkling behavior have also
been performed in harmonically excited turbuleatrfés. In this case, the flame’s local
wrinkling and heat release consists of both therowarand excitation, as well as
broadband turbulent fluctuations — additionally sthetwo types of disturbances
nonlinearly interact with each other. For examphe harmonic forcing modulates the
phase-averaged turbulent burning velocity, anditieulent flame disturbances increase
the rate of destruction of harmonic flame wrinkld81, 132]. A particularly large
literature has developed for global heat releaspamse of turbulent flames to harmonic
forcing, referred to as the heat release transfeetion [37, 133]. Indeed, many industrial
companies now possess capabilities for measuriagefl transfer functions in high
pressure, high flow facilities in order to screéeit designs for instabilities [28, 134,
135].

Once again, there is significantly less literatareforced, non-premixed flames.
Experimental efforts have elucidated some of thamaaflame dynamics, such as flicker
characteristics or buoyancy-related instabilitesd flow field characterization [44, 48,

49, 51, 58, 136, 137]. The impact of forcing on tl@mes emissive properties,
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specifically soot generation and suppression, & lzeen investigated [53, 138, 139].
One study reported on the flame wrinkle evolutidraracteristics of non-premixed
flames, including wrinkle magnitude as a functioh axial position for unforced
flickering flames [140]. We are not aware of anypesimental studies of the space-time
dynamics of flame wrinkles on forced, non-premixtanes. Additionally, some work
has reported the spatially integrated heat relaadeflame transfer function dynamics of
non-premixed flames [52, 141, 142].

A number of recent analytical studies have alsanlreported for forced, non-
premixing flames, considering the space-time wenkllynamics, the space-time heat
release dynamics, and the thermoacoustic systeavieelwhich the non-premixed flame
is part of [59, 62-64, 66, 67, 93, 143]. These i&sithave analyzed this problem within
the infinite reaction rate; -equation formulation for the mixture fraction. $haroblem
admits analytical solutions for certain types oposed mean and fluctuating velocity
fields (e.g., bulk forcing, convecting disturbanftelds, and so forth), and constant
diffusion coefficients. For example, Chapter 3 &ithpter 4 developed various explicit
solutions, such as EQ.(3.15) and Eq.(4.6), forflingtuating flame positioné n(x,t), of a
non-premixed flame exposed to spatially uniformabftow oscillations.

In real flames with temperature gradients, more mer shear flows, and
convecting vortical disturbances, it can be anéitgd that the evolution of flame
wrinkles will be more complex, as wrinkles excitatl one location and convecting
downstream, and those excited further downstreamdpatially varying disturbing field,
will set up more complex interference fields. Matied by the above studies, the

objective of this chapter is to experimentally cwderize the gain and phase
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characteristics of the flame wrinkle behavior, adlas to use actual measured mean and
disturbance velocities as inputs to the governiaghé dynamics equations in order to
predict the flame response. Due to the spatiallgyimg nature of the velocity and
diffusivity, these problems must be solved comportetlly; however, the analytical work
presented in prior chapters provides useful ingtipe insight into these results.
Specifically, experimental measurements of the dassponse allow us to determine the
spatial evolution of the amplitude and phase ofucsdi flame wrinkles. In addition,
simultaneous particle image velocimetry (PIV) measents enable characterization of
the velocity field disturbances, showing both thstutbance field that is exciting the
flame, as well as the influence of the flame on disturbance field, a physical feature
that was previously intractable. Finally, by suloging these measured velocity
disturbances into the species equationZoequation), we also can predict the response
of the flame and compare these measurements tactibal flame wrinkling. While a
similar modeling effort has been done for premifladhes that used measured velocity
fields as inputs to the flame dynamics equatio2y [11.28, 144], we are not aware of a

prior study of this nature for the non-premixedifacase.

6.2 Experimental Facilities and Diagnostics

Figure 6.1 shows the experimental facility and dsgic setup used in this study.
Appendix | shows additional images of the tangédgiipment. The key components of
the facility are the fuel and air conditioning seos, combustor section, forcing section,
and exhaust. Natural gas, ~98% Lklth the balance consisting of higher hydrocarbons
and inerts, passes through ap@system regulator and flows up the central fueétuds

inner radiusRs = 4.50nmand 0.25/amwall thickness. Non-preheated air passes through
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a 79si line regulator/filter and flows up a coflowing anar passage, of inner radiBs

= 4.0cm and 5.0nm wall thickness, that surrounds the fuel tube paotiside diameter.
The air passes through a hexagonal honeycomb ti@iglktener, with 4. 7/mapothem
and nominal wall thickness of Orn 1.10m upstream of the burner outlet. Time-
averaged air and fuel volumetric fluxes (i.e., &gt averaged velocities) were matched
to within 1% in order to minimize shear layer sggm so that the dominant source of
excitation of the flame was from the acoustic fogsiand not the acoustically excited
shear layers. The facility was operated at velesitf 20-96m/s This velocity range and

fuel (air) diameter correspond to Froude numberthenrange of 0.95-4.3, based upon

Fr=U,/,/gR; .

\ Fuel tube

stabilizer

\ Flow straightener

Figure 6.1. Picture of the vertical co-flowing nonpremixed flame experimental facility (left),
a detailed view of the burner (top-right), and a mdel showing the PIV laser diagnostic setup and the
beam path (bottom-right).
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It is known that, for low Froude numbers, i.e. theoyancy dominated regime,
non-premixed flames are globally unstable and exhérrowband oscillations at a low
frequency on the order db ~10 Hz [42, 43]. When present in this facility, skee
instabilities were quite evident from the presemdea low frequency peak in the
luminosity spectrum images. All data presented his tpaper were obtained from
conditions where this peak was at least 20 timesllemthan the spectral peak at the
forcing frequency, over a large axial extent. Fgg6r2 shows representative spectra of
the flame positiong, for an unforced and forced system. Note the alesehthe flicker
frequency, and the dominance of the forcing freqyeat f; for the forced system. The
burner tube diameter was chosen as large as pasailth the constraint of having a ratio
of R/Rw << 1 (to minimize confinement effects) and a motaemdominated flame. The
flow velocities were set by balancing between tbmgeting requirements of a laminar
flow and a momentum dominated flame. For refereracdlow velocity of 4@m/s
corresponds to Reynolds numbers on the order o 2@ 2000, based upon fuel and

oxidizer port diameters, respectively.

0.08 T T 0.08
0077 0071
0.06 0.08
— 005 T 0051
& 14
~ 004 b = 004y
— < 3,5',
< 00| 1 Zoost
002 7 002
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o Mm . 0 mwﬂh e, .
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fo fr Frequency H2) fo  fr Frequency H2)

Figure 6.2. Frequency spectra of the transverse fiae location, &, at x/R=5.13 for the
Uo=0.4m/s case for the unforced (left) and forced at 38z (right) configurations. Vertical arrows
indicate the forcing frequency,ft, and the buoyant instability frequency fo.
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Moving into the combustor section, the fuel andtalres terminate into a 3@/
long cylindrical quartz tube of inner radi&® = 3.75cmand 2.0nmwall thickness, that
provides confinement and minimizes the influencarmbient disturbances on the flame,
whilst allowing optical access from all sides. Tdwmbustion products then flow into an
exhaust section, which consists of an@léng tube of inner radiu’y= 4.cmand 5.0nm
wall thickness. Connected perpendicular to thisaesh 0.46 above the termination of
the combustor section, are two antipodal 8h%ong tubes of inner radius 1.6t and
3.55mm wall thickness, which are attached to loudspeak&hese loudspeakers are
driven by a harmonic function generator and amglifin order to obtain desired forcing

amplitudes, i.e.£=0,/U,, values, between 0.05-0.3. In general, this forcing

configuration excites both axial (i.e., one-dimemsil) acoustic disturbances and
transverse, multidimensional duct modes. Howevee, 10-1081z forcing frequency
range used for this study is well below the ~493¢ut-off frequency, defined by

f.=0.58c /R,, of the exhaust section [4]. Consequently, muliehsional disturbances

are evanescent and decay quickly in the axial timecAs such, the acoustic excitation

source utilized here is essentially one-dimensidrai reference, the first transverse duct
mode decays asxp[—«lmznz—( kRV)ZRXJ [4], wherek =+ | ¢%, so that its value is less

than 1.4x16 % of its original value once it reaches the comtnuséction.

The primary experimental diagnostics consisted igh hspeed, line of sight
integrated, imaging of flame luminosity, and highesd particle image velocimetry
(PIV), see Figure 6.1. High speed imaging was peréal with a Photron SA5 camera,
operating at a 106 frame rate, with 0ras exposure time, and 1024 x 1024 pixel
resolution. The camera was outfitted with a f/2185mm lens, such that a physical
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window of 90nm x 90nm region of the test section was imaged. This imggegion
spanned from the burner lip to R5downstream. The flame was imaged through a
bandpass optical filter, centered at BRY with greater than 93% transmission between
517mand 53nm A total of 10,918 images were acquired in each Rigure 6.3 shows
two representative luminosity images of the foroem-premixed flame, along with an
image of a forced premixed flame for comparisontidéothe clear presence of wrinkles
along the flame surface. However, the premixed dladevelops a prominent cusp
downstream, a manifestation of flame propagatiohiciv is absent in non-premixed

flames.

Figure 6.3. Schlieren image of a conical methanerdfiorced premixed flame at 150Hz (left)
(reproduced from Ducruix et al. [145]) along with line of sight luminosity imagesf forced methane-
air non-premixed flames at 3¢z (middle) and 5z (right) forcing frequency.

Mie scattering images for high speed PIV were als@ined. A dual-flow seeder
was utilized to independently seed both the fuel air flows with 0.3-im Al.O3

particles, chosen due to their durability in reagtilows and their high refractive index
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[146]. This particle size was chosen due to thatiredly low flow velocities used in this
testing, so that the particles could accuratelgkithe flow at the frequencies of interest.
For reference, the Stokes number, representing aracteristic non-dimensional

frequency of the particle response, for the largestitation frequency considered
(100H2) is Sk=0.004, from the definitionSk= dvw/v [146], utilizing a nominal

particle size of OAm and a viscosity ob=1.72 x 1&n¥/s, calculated at 298K. The
Stokes number is 4 times small8k=0.001, when calculated at the approximate product
temperature, 1800 K. The seed was dried in an dveman excess of 24 hours, then
placed into the two separate vertical seed holdarang operation, the fuel and air flows
passed thru supercritical orifices, directly belinve seed holders, before passing through
the seed. A pneumatic shaker was attached adjacebtth seed holders, to ensure
continued seed pickup.

The particle-laden flow then passed through thepeetsve passages to the
combustor, where they were illuminated with a deyfmllsed Nd:YAG laser, with
wavelength of 532m, pulse duration of 10% and 4nJpulse energy. Each of the two
lasers in the double-pulsed system is operate@@i% The laser beams were expanded
with a -50nm cylindrical lens into an expanding sheet, whichs\waen shaped with a
750mm cylindrical lens. The time-delay between the tWoninating laser pulses of a
given pair was ths chosen such that for our intended flow velocégge, seed particles
would move roughly 1/4 of the PIV (final pass) interrogation window (te Hiscussed
next). This is a significant enough spatial chatgensure good velocity calculations,
while reducing loss of pairs. The measurement plaa located through the concentric

central axis of the fuel and oxidizer ports, asvainby Figure 6.3. Defocusing introduces
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challenges due to the high curvature of the nompeed flame sheet as will be discussed
later in the experimental results.

Data was obtained over a parametric grid of expamiad input variables,
specifically flow velocity, forcing frequency, arfdrcing amplitude, all of which have
been shown to be dynamically significant factonsrfon-premixed (as well as premixed

flames). These conditions are summarized in Taldle 6

Table 6.1. Range of experimental input parameters*” indicates forcing frequency data sets
where only limited flow velocity and forcing amplitude combinations were obtainable.

Input parameter Value set
Fuel/Air flow velocity, Uo des(MV/S) 0.1,0.2,0.4,0.7
Forcing Frequencys (H2) 10, 20, 30, 40, 50, 70*, 100*
Forcing Amplitudeg 0.05, 0.15

6.3  Data Analysis

The two key experimental observables are the itet@ous flame position, and
instantaneous velocity field at the flame. The pesing methods for extracting these
data are described in this section. A represemtdtiminosity/Mie image of a wrinkled
non-premixed flame, obtained from the experimes&tlp, is shown in Figure 6.4(a).
These images are used to characterize the spaeayimamics of the flame sheet, which

requires determining the instantaneous flame edge.
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(a) (b) (c) (d)
Figure 6.4. (a) Raw luminosity image of a forced mepremixed flame (b) bilateral filtered

image (c) inverse Abel transformed image (d) and e# detected image.

To reduce noise without blurring edges, a bilatéh&r was used. Implementing
this spatially varying nonlinear filter, the intéysvalue at each spatial location was
replaced by a weighted average of the intensityeslfrom nearby locations. The
weights, based on a Gaussian distribution, arerdbgm upon both spatial orientation as
well as quantitative intensity differences. Systeoadly looping through each location
and modifying the weights accordingly makes thigcpdure edge preserving, as can be
seen from Figure 6.4(b). An inverse Abel transfamas then used on the left and right
halves of the images, independently (being a symengperator), in order to estimate an
intensity slice from the line-of-sight integratedhage. The combination of these
procedures is shown in Figure 6.4(c). The flameeedigfined as the instantaneous

transverse location of the calculated edge andtddrd(x,t), was then determined from
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the intensity peak, shown in Figure 6.4(d). Notat tin edge is calculated separately for
the left and right transformed images — these taifnes would coincide if the images
were perfectly axisymmetric, and for our resultgytigenerally agree to within 5%

(comparisons are shown later; see Figure 6.13).Ftheier transform of the fluctuating
componentii(x,t), denotedfl(x), then quantifies the wrinkle amplitude and phasgieh(

respect to its value at the left flame branch base function of axial location.

We next describe the velocity calculations, obtdifrem the PIV measurements.
Velocity vectors were computed from the Mie scattgrimage pairs using a Ccross-
correlation algorithm [147] with a multi-pass appcb [148] and two-dimensional
Gaussian sub-pixel interpolation [147]. Image poepssing was implemented with a
particle intensity normalization of 3 pixels. Theaultipass analysis consisted of two
preliminary passes with 64 x 64 pixel interrogatiwimdows and 75% overlap between
interrogation windows, followed by 2 passes with®224 pixel interrogation windows
and 50% overlap between the interrogation windowesulting in velocity vectors
calculated at 0f@m x 0.8nmspatial intervals. Post-processing algorithms wesed to
discard a small number of spurious vectors, defiaggoints with 1.7 times the root
mean square (rms) values of the neighbors. In iaddita local validation method
discarded neighboring vectors whose ratio of dififiece-to-average velocity magnitude
was greater than 1.9 times the rms of the nearegihbbors. These post-processing
techniques resulted in less than 1% of the totabciy vectors being discarded.
Discarded values were replaced with the instantamawerage of neighboring vectors.

The PIV measurement was calibrated by imaging akb&nodized aluminum

calibration plate with a laser etched pattern, Wwhitas located in-plane with the laser
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light sheet. The laser etched pattern consisted oégularly spaced grid of crosses,
composed of 0r8mthick lines, with spacing ofrBmand with positional uncertainty of
0.004%. The spatial coordinates of the Mie scatteiinages and resultant velocity fields
were mapped to this grid. The worst-case calibnaéoor was estimated to be 1 pixel
over the large 160 mm calibration plate.

Near the flame tip, the highly curved flame def@sushe cameras view of the
Mie particles, sometimes blurring them. When conmmutad with the luminosity
emissions that partially saturate the signal amdéatip, these effects lead to highly
spurious results. An example image displaying éfffisct is shown in Figure 6.5, showing

the spurious velocity data near the upper portich@image.
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Figure 6.5. Representative PIV data showing spuriairesult near upper edge of image due
to intensity saturation and flame curvature distorion (a). The void filling procedure is also depicte
by the axial velocity gradient, dJxo/dx at a representative axial location below the \d, xret (b), along
with transverse (c) and axial (d) cuts of the raw &locity data (thin lines) and extrapolated data (tick
lines). The line styles correspond to the variousaverses show in top left image.

¥Ry

In these regions, the velocity is extrapolated fropstream locations of good
data. This is done by looking at the axial velogjmadient, i.e.dUxo/dx at an axial
location upstream (below the void), where validadakists, denoted.r. A Gaussian
curve is fit to this gradient profile, shown in Hig¢ 6.5, and the downstream velocity
values are then extrapolated at locatinrsxer. Representative transverse and axial cuts
are also shown in Figure 6.5, showing both theaad extrapolated data. The calculation

results shown later will indicate the regions diuat and extrapolated data.
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6.4  Experimental Results

Having the ability to track the instantaneous flagage, characteristics of the
experimental flame wrinkle dynamics can be inveddd. We will refer to four

representative conditions throughout the restisfghper, shown in Table 6.2.

Table 6.2. Representative operational condition sgt

Case Set Uo des (M/S) ft (H2) £

Case A 0.1 50 0.15
Case B 0.2 20 0.05
Case C 0.4 30 0.05
Case D 0.4 40 0.05

Representative results showing the instantaneoasakplependence @f(x,t) at
different time instances over a forcing period l®wn in Figure 6.6. Notice the clear
downstream axial convection of the flame wrinklests with time, a result predicted by

the waveform portion of the various explicit eqoas. Flame wrinkle convection can
also be directly inferred from the phasefcéf(, f = f;). Note that a wrinkle convecting
axially at a constant speedg, leads to a linear phase-axial location dependenitk a
slope given by:

_| 2rrf, |
U =l—
©|o0é(x f = f,)/0x

(6.1)

Figure 6.6 also plots the axial dependencéJeftcalculated using this formula,
overlaid upon measured steady velocity resultsgal@rious three axial profiles through
the domain. Note the very close correspondencheoWwrinkle velocity to the mean flow
velocity. This result is consistent with prior aytadal work that used simpler model

velocity profiles, and showed that to leading orohePe Uc = Uxo. Note that this is not
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the case in premixed flames, where the flame weiiskleed is the vector superposition of

the flow velocity and flame speed projected nortodhe flame front.
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Figure 6.6. (top-left) Instantaneous flame positios at various time instances over a forcing
period (left; black and blue lines indicate raw andsmoothed experimental data, respectively, while
arrows indicate increasing time), (top-right) steag flow velocity cuts, at the centerline y=0], burner
lip [y=R{], and mean flame position y=¢&(x)], and wrinkle convection speed (right) results foCase C,
and (bottom) representative axial evolution of thevrinkle crests for Case C, where the line indicates

a convective velocity of 0.6n/s.

The fluctuating flame positiori(x,t) is calculated as the transverse distance of

the instantaneous flame position from the averaige;, Zi(x,)=&(X,1)-%(x). The

fluctuating response can then be extracted fromRberier transform at the forcing
frequency,?(x, f = f;). Representative results for the magnitude andepbhthe flame

wrinkle are shown in Figure 6.7 for Case C.
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Figure 6.7. Representative experimental flame wrinle amplitude (left) and phase (right)
results for Case C.

Note the nearly stationary behavior of the flamthatbase near the burner lip, i.e.
gel(X"' 0,f = f; )~ 0, indicative of flame attachment — these resules @nsistent with

prior theoretical results developed for non-predifi@ames in the fast chemistrige>>1
limit, see Chapter 4. Additionally in this near basgion, the response magnitude grows
with downstream distance. This characteristic hasnbpreviously attributed to the
amplification of the disturbances in the convedtivenstable shear layer [127]. Further
downstream the magnitude of flame wrinkling peaks/B: = 6 and oscillates. This
behavior is suggestive of an interference phenomeaond is consistent with the
predictions of prior calculations of forced nonipired flames from previous Chapters.
Similar interference results have been observedafaally forced premixed flame
systems [149]. The phase rolls off nearly lineasiyh axial distance, for the reasons
discussed earlier in the context of Figure 6.6. iAdidal flame wrinkle results will be
shown in Section 6.6 where we compare results mideling predictions.

We next show representative velocity results. Tihe taveraged axidlxo and

radial Urp velocity component fields are shown in Figure B the same conditions
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shown in Figure 6.5 thru Figure 6.7. The time agetacenterline of the flame, extracted
from the procedure outlined in Figure 6.4 and destrated instantaneously in Figure
6.6, is also indicated. The figure clearly shows #xial flow acceleration. In addition,
the radial velocity result shows the induced ragiaxpanding (both inflowing and
outflowing) velocities inside and outside the flgmespectively, an expected result based

on the gas expansion occurring on both sides didhge sheet.
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Figure 6.8. Representative experimental velocity éids (using corrections described in the
context of Figure 6.5) showing the time averaged &, Uxo (left), and radial, Uro (right; positive
direction being radially outward), velocity fields for Case C, along with overlaid steady flame
position (line). Fuel port walls are shown in blackand the colorbars show velocity imm/s.

Figure 6.9 shows the axial and radial magnitude @rake values of the velocity
fluctuations at®(x) for Case C. The phase of the radial velocitywlisince shows clear
signs of downstream convection (the phase slopeesponds to a value of ~0rf/s),
suggesting that it is dominated by vortical disamtes. Being convectively unstable in
its own right [150], harmonic excitation causes shear layer to roll up into vortices at
the frequency of excitation [151]. The axial vetgcphase is more complex, but its
general flatness with respect to axial distancaage suggestive of it being dominated by
an acoustic standing wave. Also, the complex aligturbance magnitude distribution is
perhaps due to the influence of the flame denaityy upon the acoustic field.

196

www.manaraa.com



Ux,1
— Ur1

— Ux1

0, & f=1) ]

0 2 4 6 8 10 0 2 4 6 8 10
X/Rf X/Rf

Figure 6.9. Representative experimental axiali,;, and radial, U, ,, disturbance velocity
magnitude (left) and phase (right) curves extractedlong the mean flame for Case C.

This data can also be interpreted through the fiagant progress variable field,
as shown by Figure 6.10, which indicates the sgatiporal likelihood of the
instantaneously tracked flame edge existing througthe domain. Shown is the variable
field for Case C, along with fields obtained uiilig analytical results both in tHee>w
limit and Pe>>1 limit (Eq.(4.18)) for similar conditions for ogparison of nodal

locations. The experimental flame brush is alsokethr

Experimentally Measured Pe> Pe>>1
20

X | Rs

10

09 2
v/ Ry y IR

Figure 6.10. Joint progress variable field for (lef) experimentally measured instantaneous
flame edges for Case C with marked flame brush andright) analytical mixture fraction field

solutions for Pe=10,f;=30Hz, and Z_, = 0.055.
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6.5 Modeling

This section presents the flame dynamics modelpgyaach, which utilizes the
experimentally measured mean and fluctuating veldoelds as inputs to the mixture
fraction equation. The predicted space-time dynarofcthe reaction sheet are extracted
from these calculations and compared to the acheasured flame positions for various

flow velocities and forcing frequencies.

6.5.1 Equation Formulation

This section presents the background equationscarmésponding assumptions
fundamental to this analysis. The key assumptidrthis analysis are (1) infinitely fast
chemistry, wherein the flame sheet collapses testhiehiometric surface of the mixture
fraction field, Z5, (2) all species have equal diffusivities, (3) ligigle radiative heat
loss effects, (4) small perturbation amplitudeshsd the products of disturbances can be
neglected, (5) unity Lewis number, and (6) locaffudivity is only a function of
temperature and determined from the HirschfeldedSipotz equation [152].

Unique to this analysis, the velocity and diffusi@oefficient terms are
completely general and vary in space and time. Nuwdé prior analytical treatments of
this problem have prescribed these profiles, gdlgeusing relatively simple spatial
profiles to enable analytical tractability. As tieiguation is solved computationally in this
study, no such assumption is necessary.

Following assumptions (1) and (4), and working ylirdrical coordinates, the

resulting steady and fluctuating mixture fractiegld governing equations are:
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Thus, provided adequate inputs, such as prescdiféagsion coefficient and velocity
fields over theentire computational domain, along with boundary condiothe steady
and fluctuating mixture fraction fields can be sa\for over the domain of interest.

Part of these necessary inputs, i.e. the prescsbeatly and fluctuating velocity
fields, were experimentally obtained and preseme8ection 6.4, while others, such as
the boundary conditions, will be discussed in tlegtrsubsection. The sole remaining
guantity of concern is the spatially variant diftus coefficient, which can be re-written
using the chain rule as:

0 _0o 0.7 02
ox 0.7 02 0%

(6.4)

The specification ob<s /0.7, following assumption (6), was calculated via the
Hirschfelder-Bird-Spotz equation, with empiricalregation coefficients developed by

Fuller specifically for methane air systems as [153
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where P, M, andV are the absolute pressure in atmospheres, motesgights, and
atomic diffusion volumes [154] of the various s@scii.e. methane and air. The pressure
is assumed to be ambient along with the refereatees for the molecular weights and
diffusion volumes. Similarlyd.7~ /02 is determined using assumption (5) of unity

Lewis number, where the temperature dependencéeaalated to the mixture fraction

by:
T -
Z <2y 7 (2)= /(a—Z/)f (2-2,)+7,
St
R (6.6)
257 f(g):“)/a T (2-2)+7
(1_Zst)

6.5.2 Boundary Conditions and Inflow Mixture Fraction Specification

There are a number of complications in comparingeermental and numerical
data for the non-premixed problem, which are nesent in the premixed flame problem.
In prior related studies for premixed flame dynasnigl modeling inputs can be directly
obtained from measurements — these are the vekidyat the flame (i.e., the mean and
fluctuating velocity field upstream over the entegperimental domain is not required, as
it is for the non-premixed problem) and the timeraged position of the flame [128]. In
contrast, due to the elliptic nature of the mixtfreection equations, it is not sufficient to

only specify the time averaged flame position dndtéiating velocity field at the flame.
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Rather, as shown by th& -equation, the mixture fraction field, its gradieand the
fluctuating velocity field in the whole domain mus¢ specified. This section describes
the boundary conditions and approach used to gpiafvelocity field in regions outside
of the measurement window, as well as the timeaaezt mixture fraction field, which
was not measured.

A physical window of 9fm x 90mm region of the test section was imaged,
oriented symmetrically above the fuel port, spagnfrom the burner lip to 1
downstream, with PIV velocity data available as dar1R: downstream. Figure 6.11
shows these various regions schematically. Adrdmesverse extent of the PIV camera
capture region, ~7B, was smaller than the total experimental regidfdR; the velocity
field in the exterior radial region, i.e>7.5R, was determined by extrapolation of the
measurements in the viewing window. Figure 6.5 shdww these values become
constant far into the oxidizer domain, and thlaéx,r>Ry) was set equal tto(x,r=7.5R),
for both the axial and radial components, respebtivl he radial velocity was also set to
zero at the wallsUo(x>0,r=Rx)=0. Similarly, the velocity field was extrapolated
downstream, i.e>12Ry, utilizing the procedure previously described gct$n 6.3 and
Figure 6.5. Finally, the velocity in the fuel angidizer inflow regionsx<0, were set
equal to their value at the inlet plane (the veiodield in this region was used to
compute the inflow mixture fraction profile, dedm@d next); i.eUxo(X<0,r) = Uxo(x=0,r)
was utilized, with no radial component. No pen&ratooundary conditions were once
again utilized at the fuel and oxidizer port wallg, U o(x<0,r=Rf)=0. Figure 6.11 also

shows the various regions of actual (textured) exidapolated (blank space) velocity
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data. The same extrapolation procedure was utilaedhe corresponding fluctuating

velocity fields, which are also used as model input

Qgigi(z)er i a;;;rozo %\\\\\\\\\\\\\\i Extrapolated Data

3z /or=U, =0

Figure 6.11. Schematic of the computational/experiental domain and the regions of various
data types, boundary conditions, and inflow conditins. The white, diagonal texture, and cross-
hatched textured regions indicate areas of no datdyoth luminosity and PIV, and only luminosity,
respectively.

Consistent with the procedure followed in Sectio® 4he mixture fraction inlet
profiles, and corresponding field, were determilgdassuming pure, i.e. transversely
uniform, fuel (Z =1) and oxidizer £ =0) reservoirs, also shown in Figure 6.11, far
upstream of the inflow (we usee-50Ry). The mixture fraction inflow profile at=0 was
not specified, but rather computed as part of tiedlpm, and extracted from the resulting
computed mixture fraction field solutions, Eq.(6a2)d (6.3). Figure 6.12 shows various
computed time-averaged inflow mixture fraction jlesf extracted for a representative
Uo,desSpan. An alternative, more analytically tractadodel less computationally expensive

approach, is to simply assume that at>he inlet plane,z =1 for r <R, and .z =0 for
r >R, . However, axial diffusion of fuel and oxidizer mfes these results near the tube

outlet, which was shown to have several dynamicsigyificant effects in Chapter 4.

Consequently, this computational approach was usédch smoothes the mixture
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fraction profile atx=0, an effect which decreases with increasiiages i.e., increasingre
value. Dirichlet boundary conditions were utilizadthe upstream reservoir location as,

Z =1 forr<R, and Z =0 for r >R, , while Neumann boundary conditions were

utilized at the various port and side walls &8,/ dr =0, as well as far downstream,

0z 10x=0.
1 . )
— Uﬁ.dcs =01 m/s
ail _Un.des =02m/s|
I i =
nc{r;easmg — UU, des = 0.4 m/s
T 0,des
T 0sf
o 0
Il
&
Tl
02t
0 : ' ' , ;
0 05 1 15 2 25 3

f’;‘er

Figure 6.12. Computational time-averaged inflow miture fraction profiles extracted for
various experimental cases withJo gesvalues of 0.1m/s, 0.2m/s, and 0.4m/s and fi = 30Hz

6.5.3 Computational Approach

Solutions of Eq.(6.2) and (6.3) were obtained Miitite element methods, using
the Comsol Multiphysics solver due to its balandecomputational freedom and
efficiency. The multifrontal massively parallel spa direct solver, denoted MUMPS,
was utilized with a convergence criterion set t& &40d relative tolerance of 0.001. This
direct solver is based on LU decomposition andtake advantage of all processor cores
for increased computational speed. Also, sincepoevious studies revealed large spatial
gradients in the near burner lip region, a mappsttangular mesh was employed,

containing increased grid resolution closer to filid port lip. The maximum element
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size, occurring near the exit plane xal8R: was on the order oRf /10, while the
minimum element size, occurring near the fuel fiprtwas on the order d& / 1. Grid
sensitivity studies were performed which showed #ganiform increase in mesh density
by 9, yielded less than 2% modification in fielddasontour results.

As the inflow was experimentally designed and aalgd to be non-swirling and
laminar, the mean and fluctuating azimuthal veloesitas set to zero, resulting in a

simplified steady field equation:

. N 2 2
{Uro_awo}%{uxo_a@o}%_@ 162 022 azz' -0 (6.7)
’ or | or ‘ oX | ox r ar or 154

while the fluctuating equation, Eq.(6.3), can bstgato spectral space as:

3 > ; > 2 2
{U,,o—a;f"}aﬁ{Ux,o—a‘%}a—Zl . {102 02, az}

or oXx | oXx ror 0(2 K2
(6.8)
R - 2 2
=iwé+{—u,1+a@1}%+{—uﬂ+a@1}%+\» 10z,,0°%,, 0°2,
or |or X | ox ror o? &2

6.5.4 Time-averaged Flame Shapes and Model Comparisons

Once EQq.(6.7) and (6.8) are solved, igocontours can be extracted from the
resulting steady and forced field solutions whifdilowing assumption (1), are utilized

to denote the flame sheet position. Figure 6.13vsheepresentative results of i
fields, where the time averaged flame position|s® andicated. If thez, field were

calculated perfectly, the measured flame shape dvtiel on the 2, = Z, = 0.055

contour. Clearly it does not — rather, in the nmd $ar-field, i.ex/ Ri>3, the flame more
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closely follows theZ, = 2" = 0.11 contour, while near the burner lip it follows avier

valued iso-contour, dependent upon the specifie.ch®te how the case on the left
shows much better near-field agreement with thesexgental results than the case on

the right. This difference in near field characteristics ieely a result of errors in the

computedz, (x = 0,r) inflow profile. Additionally, the nature of the wture fraction

boundary condition contributes to this discrepameguiring the computed flame sheet to
attach normally to the fuel port wall, thru usetbé no penetration mixture fraction

condition, i.e.0Z2(x<0,r=R;)/0r=0. In reality attachment occurs at some finite

angle, hence lengthening the steady flame shapepashing the location of maximum
width downstream. Nozzle heating has been showgigtaficantly influence the nozzle
exit region [155], while body force and gravitataneffects have been shown to

influence the entire mixture fraction field andukmg flame shape [156].

0.055

Measured
——-Computed, % =Z

Y/ Ry
o
Y/ Ry

e e
-

> o 2 a4 s s 2 o 2 4 & 8 w0 n
x/Ry x/Ry
Figure 6.13. Experimental and modeled steady stattame position for two representative
results for (left) Case B and (right) Case C. Alsplotted are various computed iso-mixture fraction
contours (thin lines) for iso-Z values of 0.055, 0.11, 0.15, 0.3, and 0.8. Note tifference inx-axis
between figures.
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Further downstream, the fact that the flame do¢di@mon the &, = 2, line may

reflect some of the other model assumptions; egglecting radiation effects (which
would influence temperature distributions and, ¢feme the assumed diffusion
coefficient field), and differential diffusion effes. Other studies have also shown
occasional significant differences in mean flamapghbetween experimental results and
computationally extracted iso-contour methods [1%38]. A comprehensive study
further investigating the various influencing fast@n the steady flame shape is deferred
to, and presented in Appendix J.

Again, as mentioned in the opening comments ofi@e&. 3, these issues do not
create challenges for prediction of premixed flammankle dynamics, as one can simply
specify the time averaged flame shape, which issorea. Given these issues, we

adopted the following approach for prediction oé thuctuating flame position — a
modified flame identifying mixture fraction valuée. Z = 2", was utilized for the

temperature-diffusion coefficient-mixture fractioelationship, needed for Eq.(6.6). The
steady, 4, , and fluctuating,Z, , mixture fraction fields were then calculated \&ay,(6.7)
and Eq.(6.8), with the use of the spatially varydifjusion coefficient, Eq.(6.5). Then
the mixture fraction properties were determinedngldhe &, =2 iso-contour. Of
particular interest, which can be seen from Eq3Rahd will be discussed in the next
section, is the value @1z, / dy needed to relate, and¢i:. By following this procedure,
we use a consistent approach for calculatfjgand Z, , and relating mixture fraction,
temperature, and diffusivity. Given the lack of geal near-field agreement between the

measured flame slope, deno®@d, / dx, and that of theZ, = Z iso-contour shown in
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Figure 6.13 neax=0, we can anticipate discrepancies in the comparisf flame

dynamics neax=0, an issue we will return to in the next section.

6.6 Space-time Dynamic Result Comparisons
This section presents comparisons of the meastlaet fresponse characteristics
to those predicted from the mixture fraction equatising the measured velocity field as

model inputs. While these previously discussed @&sgons, or computational fields, for

4 and z provide solutions for the mixture fraction valueger the entire domain, we

are particularly interested in the reaction sheettion, which is still given by the

implicit equation z(x,&(xt)) = Z,- Following the discussion in Section 6.5.4, anlioiip
expression for the time averaged flame sheet posif,(X), can be determined from the

coordinates wheré (x,&(X)) =2 . Following the procedure outlined in earlier cleapt

in the limit of small disturbances, an explicit esgsion for fluctuating flame position can

be obtained, given by Eq.(2.33), whefeis measured in the radial direction, as indicated

in Figure 6.4. Utilizing this expression, flame mkie magnitude and phase results can be
obtained utilizing the modeled mixture fractionldie and can be compared to the
experimental results for both the left and rigtdanie branches. Some representative
comparisons are shown in Figure 6.14 for varioaw fand forcing conditions, given in
Table 6.2, representative of the range of operatiparameters. Additional results are
provided in Appendix K, for additional operatior@nditions, listed in Table 6.1. Note
results are only shown for axial extents where membdata existand the experimental

flame was located, hence the shorter axial exterthe lower flow velocity cases.
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Figure 6.14. Representative space-time dynamic maigede (left column) and phase (right
column) comparisons between experimental (measuredind modeling (computed) results for a
representative set of data for varioudJogesand fr values. Note: axial velocity extrapolation occurs

downstream of presented results, i.e / Rf > 12.
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Figure 6.14 continued.

First, note the qualitative similarities betweea #xperimental and computational
results. Specifically, both results predict theeripeaking and then falloff (possibly
accompanied by some modulation) of the amplitudee Values of the peak wrinkle
amplitudes are always in good agreement with trgliptions. Additionally, the phase
results also show the near linear rolloff with &datance, with extremely comparable
slopes. However, while the modeled result alwaystwas the general trend of the
wrinkle amplitude, the predicted slope of the aditnagnitude rise, along with the axial
location of the first peaks, does not always cormpell to the experiments; for example,
in Figure 6.14, Case B compares much better thase @ in terms of both initial
amplitude rise and peak locations. We will consitihés deviation in more detail at the
end of this section.

Further downstream, the amplitude shows a maxinmaimai pattern caused by
wrinkle interference, between flame sheet wrinldeserated at the=0 boundary and
disturbances excited locally. The spatial lengthlesof these maxima depend upon the

forcing frequency, with more modulations occurriimg higher forcing frequencies, as
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both expected from the physics and predicted byctHieulations. With regards to the
phase, the calculated curves tend to have mordimearity than the purely experimental
curves, with similar qualitative trends.

The difference in near field dependenceldfyponx could be expected from the
discussion in Section 6.5.4, where it was noted tihea predicted and measured flame
shape also differed nesr0. Referring back to Eq.(4.6) (derived for a msahpler, bulk
velocity field), note that this equation can be anxgled aboux in the near field, and to

leading order ifPeresults in:

M = £sing, (x) (6.9)
dx

x~0
Note how this equation directly shows the relatiopsetween the slope afi

andsing, (x) for smallx. Figure 6.15 shows how this flame angle quantias wefined,

capturing a representative value for the near bagmn, x~0, rather than simply the

attachment location (which would resultsmg, (min(x)) ~ 1 for all computational cases

via normal attachment). In order to evaluate tHeotfof these near field flame position

prediction errors, we define a discrepancy paranzte

A% ™= (expparametgf ~( comp paramgfer (6.10)

x~0
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Figure 6.15. Zoomed view of boxed region of Figurg.13, for Case C, explicitly denoting the
x~0 computed and experimentally measured flame slope

Figure 6.16 plots the difference in the experimergad computed wrinkle
amplitude rise in the near-base regipn®” <™ (|&, /R, [)/dx|, as a function of the
difference in the experimentally extracted and coteg time-averaged flame slope,
| ASH ™sing, (x) |, for the majority of the experimental cases notedlrable 6.1.

Notice, how for the cases where the initial flanh@ps is captured more accurately
computationally, the resulting amplitude slope isoamore accurate. The two cases
previously utilized in Figure 6.13 and Figure 6dré explicitly noted on Figure 6.16 for
reference. This result shows the importance inwap the true near-field mixture
fraction field characteristics, and how they argeesial to accurately predicting the flame

dynamics.
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Figure 6.16. Plot showing the relation between thdifference in the near-base experimental
and computed (denoted utilizing A" ™) flame slope, i.esing, (x), and wrinkle amplitude slope,

ie. d(|$l /'R |)/dx, for all edge tractable experimental cases (see fla 6.1). Cases from Table 6.2

are explicitly marked.

6.7 Revised Analytical Model — AcceleratingJo

As the above PIV results have shown, the steadg staal velocity can vary
greatly in the non-premixed system, in contrasth® analytical models presented in
Chapters 3 and 4, which utilized a constant, sipatiavariant steady axial flow velocity.
Thus, this final section addresses that issue imyestigating the dynamics, exposed to
an axially varying steady flow velocity. The rewdsg -equation can be represented as:

%+u(x,t)ﬂ]2(x,t)=D[ﬂ@DZ(x,t)) (6.11)

Once again utilizing the simplified case of a twmensional system in the absence of
axial diffusion, a form of the steady state mixtin&ction field, governed by Eq.(3.3),
with axially varying steady flow velocity, i.dJo(X), can be solved for utilizing the
familiar step inlet boundary condition and no-wdiffusive flux condition. The resulting

solution is given by:
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o x/ R 2
z :%+;niﬂsin(@@)co{@@%} ex% .([ ;z”//)dz//} (6.12)

Notice howPe still retains the previous definition, given by.E25), however is now a
function of axial location due to the varying stgaitbw velocity. Insight into this
modified axial dependence term can be gained bkingoat various approximations for

the axial dependence Bb(x), i.e.Pgx), several of which are shown in Table 6.3.

Table 6.3. Example axial dependencies of the steadyxture fraction solution

o]
Pe( ¥ = Pe exp{—yﬁf P;(R }

Pe( X) = Pe+ Pe [Pe+ Ee%ﬂﬂz,se

_ B _ A’ S1 E_X
Pe( X) = Pe+ Pek exp{ mtan L\/:e R H

The corresponding axially forced solution is alsotamnable, however, it is

dependent upon the definition of the fluctuatiorgmtude,e. For example, if this term is

a function of the axial location downstream as wiedl 0, ,(x) = £U,( ¥, the solution is

different from if the term is a constant, iﬁ;zl(x) = &U,. Although for physical systems

the latter is more realistic, both solutions can dmnsidered simultaneously by
considering the fluctuating mixture fraction fieddjuation, similar to Eq.(3.4), in non-

dimensional form as:
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~27iPe(n) St + Pén)aﬁ—ﬁ=— P&) £_0% (6.13)

an  ag? u(n) on
where
#(n) = EUGO (7) (6.14)
x,1

Utilizing this representation, no further restricts need to be made on the form of

0,,(X). The Leibniz integration rule must be utilized thie right hand side of Eq.(6.13)

due to the differentiation af,, which contains an integral with variable bountbe

corresponding fluctuating mixture fraction fieldwoon can be obtained as:

4= g_%%;jn% )Co{s/g] %] ex{ ZziSt?;} GXFI [ ;‘2;)] dpl}rf % dﬂzjl (6.15)

Similarly, utilizing Eq.(2.33), an explicit equatidor the flame wrinkle can be obtained

as:

i’” = esing, (x)Pe(17) exd misx;][

f

}% qa} exp-iv]  (6.16)
0 2

Comparing this expression with the corresponding fam the steady mean axial
flow solution, Eq.(3.15), reveals similar featureébhe familiar flame angle term
dependence is evident, along with the magnitudev/dass filter characteristic, which is
now built into the integrated quantity. The majaffedence comes with the waveform

term, which is altered by the spatially varyingwloselocity, resulting in a modified

oscillatory mixture fraction interference pattern.
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CHAPTER 7
Conclusions and Future Work
This chapter summarizes the results of this thesikillustrates the key contributions of
this work on the combustion research communitgteel industries, and the world. Then,
several suggestions are made for future work, rasmifg as both continuation studies,
building upon results presented here, as well astopics of investigation, discovered to
be relevant based on results and lessons learoead this work. These investigations
would continue to further our understanding of feaslynamics and lead to enhanced

predictive capabilities.

7.1  Concluding Remarks

Overall, this thesis focuses on the spatiotempdyalamics of flame response,
comparing the relatively unexplored topic of noespixed flames to the well-established
set of premixed flame results. Utilizing the resbar trifecta, analytical,
numerical/computational, and experimental analysese employed to study the
excitation, convection, and dissipation of wrinkl@s the flame front. These analyses
identified key controlling physics, many of whicbud be identified explicitly, along
with key dimensionless parameters and investigat®eciiniques, providing insight into
the complex topic of flame dynamics. Chapter 2odticed the arsenal of exploratory
tools utilized throughout, while new findings wepeesented from Chapter 3 through

Chapter 6.
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Chapter 3 presented results demonstrating the foed&l dynamics for the
flame sheet motion and unsteady heat release o&rmdmically forced isothermal
diffusion flame. Significantly, amxplicit expression for the space-time dynamics of the
flame sheet was developed, along with an expresionthe heat release transfer
function, for bulk forced non-premixed systems.sT&xpression demonstrated the role of
axial convection in propagating flame wrinkles detveam, leading to nodes and anti-
nodes in the flame response, similar to premixadchds. Additionally, the controlling
nature of velocity fluctuations normal to the meffame was demonstrated through
influencing factors, such as forcing direction, fio@ment, and differential diffusion
effects; the latter two of which altered the mekmk shape, and hence the unsteady
dynamics. While the space-time dynamics were shonre similar to premixed flames,
their heat release dynamics were revealed to be dlifferent, premixed flames being
dominated by area fluctuations and non-premixednds by mass burning rate
fluctuations. Their gain sensitivities both tend/éods unity at lowStvalues, but the non-
premixed flame response is larger than premixaddaforSt+0(1).

Chapter 4 built upon these results, introducingaravanced system physics and
configurations, and as a result, dynamical featusesne physical effects, such as system
dimensionality and anisotropic diffusion, were shaw influence wrinkle dynamics only
through modifications in the steady flame positi@thers, such as multi-dimensional
forcing and finite axial diffusion effects, reswltén more entwined modifications of the
dynamics.

Swirl was shown to influence three-dimensional udifbn flames differently

depending upon the forcing configuration. Only uiefhtial on the flame dynamics when
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the forcing was non-axisymmetric, such as trangvérgk and helical disturbances, the
effect of swirl influenced the flame spatial wrimld and heat release fluctuations
differently. Whereas these two quantities are eelathey exhibit different sensitivities to
frequency, dimensionless swirl number, and otrené parameters. Starting with flame
wrinkling characteristics, the simultaneous azimlidind axial propagation of wrinkles
by the flow greatly altered the wrinkle structureaagiven azimuthal location. For an
axisymmetric flame, the helical modes in the flattog flow field generated an identical
azimuthal dependence in the flame wrinkling behavio addition, it was shown that a
given helical modems, dominated the amplitude of flame wrinkling, whosdue was a
function of swirl number, flow velocity, forcingdguency, and disturbance phase speed.
In general it was shown that this mode was nonyaxisetric and could be either co- or
counter- rotating relative to the mean swirl. Canrto this rich modal behavior, for the
unsteady heat release, only the axisymmetric dunrttan of the flame wrinkling
behavior,i.e. the m=0 mode, contributed to the global heat releasetifhtions of these
axisymmetric flames, a result in accordance witbnpred flame results. Although the
non-axisymmetric modes produce local heat releasdlations, the contributions on
opposite sides of the flame cancel, due to thp&iodicity of these modes, leading to no
global heat release fluctuations.

Numerical computations revealed that axial diffasemoothed out the flame
wrinkles as they moved downstream, eliminating isfigtinvariant nodes that occurred
in the Pe>owo limit. This effect was verified analytically, algnwith a dispersive
convecting nature, when P¢!) and OPe?) terms were included, respectively, at large

yet finite Pe values for simplified mixture fraction field solabs. The inlet boundary
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condition was also discussed. Although several@pprate forms exist in the literature,
it was shown that in general, the distributionstlod inlet boundary profile, must be
determined computationally by simultaneously sajviar the flow in thex<O andx>0

domains. In addition the influence of axial diffoisi on both the steady state and
instantaneous flame positions was discussed. Itabagrved that with this additional

physics, the instantaneous flame attachment poast avfunction of botlPe and 2, as

opposed to remaining fixed at the fuel port lip.

Chapter 5 focused more on the unsteady heat retBamsenics of non-premixed
flames, utilizing various asymptotic analyses tolage and identify general results and
limiting roll-off values. Preliminary results perfoed in thePe>o limit showed that the
transfer function curves exhibit&f andSt? dependencies in the low and higtlimits
respectively, while axial diffusion effects wereosm to smooth the transfer function
curves. Ann-z model was obtained for the 108t asymptotics of the heat release transfer
functions, while finite axial diffusion effects weeshown to alter the corresponding high
Stasymptotics, producing an additior&troll off region of 15tat large values, due to
the smoothing action of the mixture fraction gradiat the fuel port lip. Significantly,
these high Strouhal number solution characteristiese shown to be controlled by the
gradients in the fuel/oxidizer composition at tharer outlet. While &5t2 behavior
occurred for the step function exit profiles, a sthomixture fraction at the base of the
flame was demonstrated to cause the non-premixedeflto exhibit a Bt asymptotic
behavior that one would expect of the integral vaithon-singular kernel, and no points

of stationary phase.
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Lastly, Chapter 6 discusses the non-isothermaluslish flame analysis and
corresponding experimental efforts associated thith work. A vertical coflowing non-
premixed flame facility was developed with axialdimg capabilities. Various diagnostic
techniques, such as luminosity and PIV were utllize experimentally investigate and
characterize the spatiotemporal dynamics of theefbinon-premixed flame. Utilizing the
experimentally measured spatially variant velodigyd, along with computed spatially
variant diffusion coefficient as model inputs, avised model was developed for
predicting the space-time dynamics of forced difios flames. Good qualitative
agreement was demonstrated between the experinsmtahodeled results with regards
to flame wrinkle magnitude and phase. Near-basekiriamplitude growth, followed by
downstream modulatory interference patterns, waptured along with general far-field
trends and phase rolloff values. However, not m@&aguhe mixture fraction field as a
model input resulted in some computational limita, specifically in the near-base
region, where the largest differences occurreceims of the axial dependence df ||
Arising from discrepancies between the modeled experimental time-averaged flame
position, these results emphasize the importanceapfuring the appropriate physics
essential to the development of a spatio-temporadigurate mixture fraction field, if
predictive dynamics are desired. These resultsdcbelfurther enhanced with additional
experimentation by broadening the operational usla@ange, as the results presented
here were primarily axial convection dominated,eexiing the axial extent containing
PIV data, and with better mitigation of the sheayelr through sub-inlet velocity

uniformity and matching.
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7.2  Summary of Key Contributions

This thesis describes local and global responseactaistics of non-premixed
flames subject to harmonic velocity disturbancese Bnalyses were approached from
various directions and utilized multiple techniqueach containing distinct strengths,
limitations, and enabling a unique perspective it flame dynamics. The problems
investigated followed a logical progression, eadke building upon the previous, with
either increasing complexity, additional includdaygics, or enhanced accuracy. When
tractable, separation of variables was utilizegrimvide analytical mixture fraction field
solutions, enabling the (implicit via its own aagpmvestigation of non-premixed flame
dynamics. For problems where analytical approashe® shown to be inadequate in
consistently and completely capturing the desirégsjes, computational approaches
were implemented for field solutions. Furthermoesgperimental investigations were
undertaken to reveal the various dynamical feafusé obscured by mathematical
simplifications. Additionally, measurements wer#ized to validate, as well as, improve
established models. These solution techniquesgabth asymptotic analyses, provide
comprehensive insights to the dynamics of non-precthilames.

The first key finding is the establishment of ahigique for obtaining explicit
solutions for unsteady non-premixed flame dynamabjems. Beneficial to both space-
time and heat release dynamics, the non-premiegdeflrealm is an inherently different
problem from the premixed case, being controllediifferent fundamental physics, and
as such, obtaining explicit equations is not amalsgor straightforward. Linearization
techniques, along with intricate parametric and hmatatical manipulation had to be

implemented.
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The second key finding is identifying and explagihe fundamental relationship
between the velocity excitation and the flame respo Various elements of the
dynamics were observable explicitly, such as tepass filter characteristic, controlling
nature of locally normal velocity fluctuations, atitte waveform interference behavior.
Some problem conditions (boundary or assumptiotieyea the wrinkle interference
effects and introduced new physics to the problhile others modified the dynamics
through altering the mean flame location. The inguore of accurately capturing the
core physics of the problem was reinforced withegkpental efforts.

The last key finding is the development of resut@nsistent in form although
different in acquisition, which allowed for the elat comparison between established
premixed and unexplored non-premixed flame dynantiagas revealed how the overall
space-time dynamics are similar, having the sampamcally relevant features.
However, the heat release characteristics are foadtlly different, being dominated by
different physics and having different asymptotients. Significantly, the resulting tri-
zonal asymptotic structure demonstrates the faat tlon-premixed flames are more
sensitive to velocity fluctuations than premixeahfles at most disturbance frequencies of
relevance.

The results and findings presented here have anaitge of beneficiaries. To the
research and academic realm, this work has idedtdnd begun to fill a void present in
the intellectual domain, regarding non-premixedngadynamics; one which had become
extremely lopsided in favor of premixed flame dymesnTo the combustion harnessing
industries, a better understanding of fundamentahdé dynamics allows for better

products, systems, and, procedures. Enhanced twedicapabilities, instability
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screening procedures, proactive hardware life exben and increased efficiency are all
feasible outcomes, saving time and money. To thddwthese results can help make
devices, big and small, which help people achieaskd, goals, and dreams safely,

efficiently, eco-friendly, and cost-effectively.

7.3 Reflections

The earliest non-premixed flame response dynanessilts presented in this
thesis were derived from a rather substantialdfshassumptions, desiring mathematical
simplicity and analytical tractability. Throughothis work, these restrictions were
systematically alleviated, making the results pné=g more inclusive and complete,
amid discussing the manner in which specific assiome modified the system physics
and flame dynamics. However, due to mathematie&kdbility of this physical system,
some assumptions could not be lifted. It is impurtdeat we reflect back on some of
these key assumptions and mention how they wotutehgially alter the results.

Central to the interpretation of flames, especiallyathematically and
computationally, the infinitely fast chemistry, .i.thin flamelet, assumption imposed
provided a compact and complete definition of thatisl flame location. In reality, finite
chemistry and rate effects exist, which muddle théinition [159]. Previous studies
have found that finite rate effect have little meffect on the natural flickering dynamics
of non-premixed flames [160]. Thus, the wrinkle dgmc characteristics presented here,
i.e. convection, dissipation, dispersion, are sipected to hold. However, it is known
that the internal structure of the flame front sgly depends on the flame thickness,

which as is discussed in Appendix L, is dependeonithe imposed forcing. Thus, slight
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alterations in wrinkle magnitude and convectioroegl could be anticipated since as the
flame thickness becomes finite, the gradients ixtuné fraction are expected to diminish.

Radiation and heat loss effects were also excludiexious studies have assessed
these effects, for both steady and unsteady namipeel flames, and observed that the
effect of radiation on the flame response and ektin becomes important only for
weakly strained diffusion flames, characterized lésge thicknesses (coupling in the
above discussion) [161, 162]. Resulting from thegetition between the mechanisms of
reactant leakage and radiative loss with reducitrgirs rate, this effect could be
potentially large near the dynamically significaildme base and flame tip. These
radiative effects have also been shown to triggaerlinear diffusion flame oscillation
evolution. Nonlinear effects have been studied oth premixed and non-premixed
flames, potentially introducing additional wrinkdestruction processes [62, 92].

Lastly, the results presented here have utilizachd base attachment conditions,
both analytically and numerically. Even though &xperimental results show this to be
gualitatively true, this near base region is sdimewhat ambiguous, potentially being
lifted by multiple flame thicknesses. In turn, souliscrepancy between the near base
experimental flame angle and the imposed normdl goe attachment due to the no-
penetration boundary condition, discussed in Sec6d® and Figure 6.16, could be
altered by near base/port heat loss effects amdeflextinction [47]. Additionally, the
configuration of the flame attaching here could foedamentally different, adopting
more a triple flame or edge flame structure [163}]1This would alter the entire flame

shape, and impact both the space-time dynamicthegsare a function of the steady
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flame location, as well as the heat release dyrmmbich revealed the significance of

the near-base region.

7.4 Recommendations for Future Work

Firstly, there needs to be a stronger link betwgen mathematical tools and
solutions available to the combustion systems tdr@st. A plethora of mathematical
solutions exist, however, linking ones correspoieein a physical system or problem of
interest and relevance (simplified or not) is whémee progress is made. Accurate
capturing of the mixture fraction field was showrbe of key importance throughout this
thesis. Thus, a modified form of the mixture fraotiequation, or even a new conserved
scalar and corresponding governing equation, meddveloped, one which includes a
larger set of essential physics to the general premixed system. For example, an
expression capable of providing analytical solugidar multi-dimensional anisotropic
problems, completely and consistently, with bodygéoeffects, is needed..

Of similar accord, additional studies related te general dynamics of surfaces
should be pursued. A key contribution of this wevks dealing with how to extract
meaningful and explicit iso-surface dynamics fromldf equations. Being vastly
applicable to various academic and industrial @ggibns, enhanced understanding of
these general dynamics would be helpful.

The next suggestion is to follow the logical flowtbe results presented here, and
to take some of these studies a step or two furtfar example, an explicit expression
was presented for the second order fluctuating dlagsponse in terms of the mixture
fraction fields, however, these were not transfatnmo interpretable explicit analytical

expressions from which response characteristickldmiextracted.
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Additionally, made feasible through the variousl$oand techniques established
here, other new and challenging problems can noenfigzarked upon. The non-premixed
jet-in-crossflow problem, being one of extreme valece, should be tackled with similar
mixture fraction equations and analyses. Furtheemturbulence should be introduced
into the non-premixed flame problem, through theettgpment of an ensemble averaged
Z -equation, in order to get insight as to the efeat turbulence on the iso-surface
dynamics, wrinkle evolution characteristics, aneéathrelease. Additionally, through
proper merging with premixed flame dynamics, a gowg equation for partially
premixed combustion dynamics should be investigated

Lastly, a comprehensive investigation of forced -poemixed flame dynamics
through computational fluid dynamic would be a \alle study. With the ability to
omnipotently control various features of the systgohysics and boundary conditions,
various ambiguous response characteristics couldirbk@d to controlling system
features. Additionally, more complex geometriesy, and forcing configurations could

be investigated.
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Appendix A

The general fluctuating mixture fraction field swdun, Eq.(3.46), presented in
Section 3.2 analyzed an unconfined non-premixethdlaexposed to bulk axial flow
oscillations, with the inclusion of axial diffusioifhe variables utilized in this solution

are defined here:

.o PE-VPE+aPE
2

(A.1)
srpestmR)| e
W © o c+2miPeSt
d= L__Pée . (A.2)
~2gh +h |
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pe? I:)€\/Pe2 +4V\7+\/{ Pé-;4 v%} +{ &7 Pedt

g= > (A.3)
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Additionally, the highPe series expansions of these variables are alsodeav
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Appendix B

Here we present the explicit fuel and oxidizer mugtfraction field solutions for

the example problem in Section 3.4 of the reactmging layer. The steady state and

fluctuating field solutions are provided below, wiesubscript f” indicates quantities
evaluated at the flame sheet:

-

40y,
ZyoxW) = 24 (B.1)
4y,

X

4¢).
Zr W) =1+(2,-1)

(B.2)
{erf (wf 42} ]+1}

- UO ‘SUO
st .
4nci,, \w
%Ox = =

Zzex i U°\ }(1— ex{i—wxD (B.3)
U X X 409, U,
o)

Ox
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Appendix C

Returning to the assumption made in Section 4.2.Aeagligible azimuthal
diffusion for the convecting helical disturbanceluson, Figure CO0.1 shows the
magnitudes of the various diffusion terms alongirsstantaneous flame branch for a
representativé value, for a moderate level of swirl. The contindaminance of radial

and axial diffusion along the length of the flarnempared to that of azimuthal diffusion,

is evident.

T
Radial Diffusion
Axial Diffusion
Azimuthal Diffusion

| 22/ d(r,6.%)? |

15 2 25 3 35
X / PeF;

Figure CO0.1. Representative plots of the instantamels comparisons of the diffusion terms
along the flame sheet for an axial convecting hebt disturbance for parameters m= -1,6=0.1, k=20,

Pe=10, St=0.001,6=0.01,5=0.25, and 2, =0.055.
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Appendix D

Regarding the various proposed inlet boundary ¢mmdi discussed in Section
4.3.1, an interesting question is whether, Eq.(4al (4.50) are recovered as leading
order corrections to EQ.(4.47) and (4.48) with arfal asymptotic expansion of the
boundary condition in Eq.(4.45) in powers oP&/ Utilizing the general inlet mixture

fraction solutions from Section 4.1, this conditcan be expressed as:

UoZ|_, =UoZd,__ —(:/)ff S A 2| cod ot Y | exp—X P& -/ Pé +4 P&4° »

X SR WP ? (D.2)
+b 9%

OX |40

Note that as the convergence is uniform, we caferéifitiate/integrate this infinite

summation term-by-term. Simplifying and evaluatihg integral and limiting bounds:

i e A 2 y 2PeR
Uo 2|,y =U Zore— o =
0 2ol =U oZores = 7 [;A{Rf] CO{A"R][PeZ—\/Pé‘+4 Péfﬁf”+ (D.2)

+b 9%
X

x=0
Finally expanding these terms in orders dPd/similar to Eq.(4.4), and rearranging

yields:

| _bR 0z
ox=0  pg gx

= Zore +;Anco{w%%]{ 1 Zhe - + O Pe* )} (0.3)

x=0

Notice how, to leading order, Eq.(4.49) and (4.8 not recovered due to the presence

of the last term, which is actually B larger!
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Appendix E

A series of analytic steady state mixture fractietd solutions can be obtained
for the extended inlet geometry discussed in Secdli® by replacing Eq.(4.42) with
Egs.(4.51) and (4.52) as an inlet boundary conditémd using it to solve Eq.(3.3), with

axial diffusion included l§=1), in the fuel/oxidizer portx€0) and combustion regions

(x>0). The new combustion region solution, valid for0 & 0<y< R, and denoted

Z, , can be obtained utilizing the same symmetry angenetration boundary conditions
as before, given by Eq.(3.2). Additionally, fueldanxidizer port solutions, valid for
x<0 & 0<y<R andx<0 & R, < y< R, respectively, and denotétf andzy* can
be obtained. Additional no penetration at the fuet wall, finite mixture fraction values,

and mixture fraction matching boundary conditiomsist be applied to get meaningful

solutions, given respectively:

620/6yx<01y:Rf =0 (E.1)
%, .., = Finite (E.2)

f — et ox —_ 7t
%o x=0,0sysR Olx0,x . R & %o *0,R< § B—ZO x0, K < R (E-3)

These mixture fraction solutions are shown beldang with Figure E0.1 which

shows the various solution domains:
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Oxidizer contours
-
D

Figure EO.1. lllustration of the extended inlet gemetry with the various solution domains
utilized for the modified inlet boundary condition case denoted. The fuel port, oxidizer port, and
original domains are enclosed by red, blue, and gem boundaries, respectively.
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Physically, the two new inlet boundary conditiexpressions state that the

mass flux associated with both convection and diffa at the inlet equals the value at

the reservoir, locally (i.e., at every station). Comparing these proposed inflow

conditions with EQq.(4.42) shows that Egs.(4.51) &d&b2) are correct as an integral

expression, but not locally, and in fact, utiliziteem leads to a discontinuity in local
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mass flux atx=0 at eacly location. This is shown in Figure EO.2 (top-lefthich plots
iso-Z, contours of this extended inlet domain. Note thege analytical solutions had to
be obtained for the fuel port, oxidizer port, aminbustion zone and solutions matched
between these domains utilizing continuous mixtuaetion values. Figure E0.2 (top-
right) shows the slope of a representative isoaanat the inlet for the various solutions.
Note the large discontinuity in solutions at thelfport lip, an artifact which is elucidated
in Figure E0.2 (bottom) which shows the valueddf, / dx for these solutions across the

inlet.

T s
Fos domain
Fuel darmain [] g
Oixi clamain

= FRight Domain
= Left Fuel

— Left Oxi

I

! ! !
4 i} 1 2 3 4 5 1 7 & El 10
w-coord yivl

y-coord
o

o 1 2 3 4 5 [ 7 g 9 10
¥l
Figure EO0.2. Extended inlet solutions utilizing preposed inlet boundary condition for (top
left) iso-contours of mixture fraction, (top right) iso-contour of slope at the inlet, and (bottom)
diffusive flux at the inlet.
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Appendix F

Presented are the details of the heat releasddrdnaction highStasymptotics,
mainly Eq.(5.3). This expression can be obtainedskmplifying Eq.(5.2), utilizing
various physical features present in Be>« and highStlimits. It is helpful to note that
Eq.(5.2) can be recast utilizing geometric relagidretween the flame angle and the

mixture fraction fields as:

_0Z(x4,)
- ax 974 (x&) . d°2(x<,)
g(xﬁzo)_ aZE)(X’Eo) ayz + dxdy (Fl)
oy

First, in the highPe limit, Figure 3.11 and the corresponding discusshowed
that Z(x) becomes nearly independentods the flame becomes infinitely flat and long,
and thus the flame position can be approximated,by) ~R: (1+O(1P¢) except at the

tip (a point which will be made irrelevant soon}ilidzing the unconfined®e>«~ mixture
fraction field solutions from Section 3.2 for anagl clarity (same results obtainable

from the confined solutions, requiring various mitie summation limit evaluations),

substitutingé,(X) = R into Eq.(F.1) and simplifying yields:

—exp 1 1+(m—1jex -t
(7o) i
P Pe
9(x&) = = - iRl P
3 4Pe\/7_TR2[ X ]
X _ 1 _ PeR
N;XR{PeR ex R 1
PeR
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Next, as was shown in Section 4.3 (specificallyti®ac4.3.4.1), in the higlst limit, the

global heat release is controlled by the featufeg(a, &,) nearx=0. Thus, expanding

Eq.(F.2) around small values xfyields:

9(x$,) = = &+ HOTs (F.3)

4Pe\/7_TR{ X

PeR

which can be rearranged to match the form of E8).(5.
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Appendix G

Presented are the details of the heat releasddranaction lowSt asymptotics.

Starting with an expansion & in thePe>«, low Stlimit:

iEStY 0.,
R dx

Z(x, y,t):—sx%exp(—iwt)— exf{—iat) + O Gf | (G.1)

Using Eq.(2.33) and the geometric relatiéang, = dé, /dx, it can be shown that in the

low Stlimit, the flame position fluctuation can be exgged in terms of the steady flame

position as:
&, = {1+ mStX:lsEI%D(EEXp(—iaI) +0 (St) (G.2)
! X
Noting that:

9 {azo(x, fO(X))} _ 02X E(R) , 60 0°Z(%E o 3) ©.3)

ox oy 0y dx 0y

And utilizing these expressions, Eq.(3.27) candweritten in the lowstlimit as:

¢ ) = - Lo i a‘ZO(Xlgo(X)) i77TStX .
(1+¢ox)2pf_%Ql(t) J.o Xax( ay J{H R }eexp( iwt)dx (G.4)

This integral can be simplified using integrationdarts, and results in:

o ()= [~ B0 o igryix+

(L+ Po)* P 0 oy ©.5)
+J-Lf,oi 277|StXa.ZO(x,fo(x))g(_jxp(_iwt)dX
0 R, oy

Notice how the leading order term resembles thadstestate heat releas@y, given by

Eq.(3.26). Thus putting this in terms of the trandéinction, i.e. Eq.(3.29):
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Appendix H

Presented is the steady state mixture fractiontisoldor an unconfined system,

that excludes axial diffusion (i.e. settibg0 in the governing equation given by Eq.(3.3)

), and utilizes the piecewise linear inlet boundasgdition shown in Figure 5.6.
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where non-dimensional coordinates are being utiliZer compactness and were

previously defined by Eq.(2.23).
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Appendix |

Presented are various additional views and imafebheoforced non-premixed

experimental facility.

Figure 10.1. Pictures of the experimental rig facity.
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Figure 10.1 continued.
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Appendix J

This appendix describes the computational fluidasgic (CFD) efforts taken in
order to broaden our understanding of non-premil@de dynamics. The results, both
analytical and numerical, from previous chaptereaded the importance of the steady
flame location on the unsteady flame dynamics. @rap revealed the extreme
sensitivity of accurate spatiotemporal dynamic mt&oshs/modeling on accurately
capturing the steady field and flame location, wh8ection 6.5.4 identified various
limitations and discrepancies of the mixture frastmodel approach and experimental
results. Thus, here we present a through investmatf the influencing factors on the
steady flame shape.

Additionally, the various results presented havéizetl varying degrees of
restrictive assumptions. These have been from ashbas ignoring the flames heat
release, to as reserved as the thin flamelet aggaimp. secondary objective of this work
extension is to examine the effects of these varassumptions on the flame dynamics.
Chapter 6 started on this endeavor by examiningerxgntal non-premixed flame
systems, however, due to the uncontrollability edlrlife systems, it was difficult to
isolate the various “realistic” effects, such asceus effects from flame heat release
effects, as everything was coupled within the tssoibtained. Thus, this study also seeks
to answer these questions by utilizing computatidlogd dynamics, and the ANSYS
Fluent solver, to methodically investigate theuefice of various restrictive assumptions

imposed.
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J.1 Overview

The key to obtaining meaningful results from CFD fmombustion related
applications is the use of an appropriate combustiodel within the solver. The choice
of a particular model should be based on the cépabif the model to capture the
essential and characteristic physics of the problnsidered. For example, the
characteristics of many industrially relevant flampeoblems involve lifted, swirl-
stabilized flames, and if the turbulent combustinoadel does not contain the physics
essential to capturing the flame lift-off, it wihot have any subsequent predictive
capability for features such as space-time dynarmorcgollutant emissions. In other
words, the basic physics and relevant tools mugighe. Fluent has proven to excel at
thermal fluid flow and heat transfer combustionlppems, containing advanced, flamelet-
based combustion models which have proven to ysldstantial improvements as
compared to default models available in other Céfbnsare packages.

Specifically, we will take advantage of Fluent’shnAgremixed combustion model,
which uses a modelling approach that solves trahsgoations for one or two conserved
scalars and the mixture fractions. Multiple cherhispecies, including radicals and
intermediate species, may be included in the proldefinition, and their concentrations
can be derived from the predicted mixture fractaistribution. Thus, combustion is
simplified to a mixing problem, and the difficuieassociated with closing non-linear
mean reaction rates are avoided. Once mixed, témiskry can be modeled as being in
chemical equilibrium with the equilibrium model, being near chemical equilibrium
with the steady laminar flamelet model. Additiogalio use this model, turbulence must

be enabled in the viscous model.
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J.2 Meshing

As for all computational solvers, the computatiodamain needs to be divided
into small finite volume elements, i.e. meshingilizk#d here is a mesh of structured
hexahedral elements, although other polyhedrals atsxyy be used, meaning that each
element connects to as many elements as it has &aw the mesh is arranged in an
orderly topological fashion. With eight verticescassary for a single block of mesh,
these points were defined for our various combuaséind port regions, and the interior
hexagonal mesh was built with OpenFOAMs blockmeity utilizing evenly spaced
elements, i.e. simple-grading. Specifically, domaixtents were divided into 0.01m
segments. Blockmesh was utilized due to its faégient, and easily dynamic mesh
construction excelling for simple geometries, speaily this inverse wedge flow. A
wire-frame view of the mesh domain is shown in Fegd0.1, consisting of 280,224 cells,
563563 faces, and 283340 nodes with minimum orthalgquality and max aspect ratio
of 0.99998 and 2.97, respectively. Inflow, wall,dapnutflow conditions were then
imposed on the respective faces. Lastly, note itte fthickness of the fuel port wall,

having a value of 0.001m at the far upstream “resigrlocation.
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Figure JO.1. Fluent axi-symmetric computational domain depicted by a (top) wire-frame
view and (bottom) schematically labeled side view.

J.3 Details of Schemes

The specific solver utilized was an axisymmetricethdimensional pressure-
based solver, with absolute velocity formulatiamgluding the energy equation, viscous
standard k-epsilon equation, and species non-peziriembustion model in Fluent, and
utilizing Chemical Equilibrium state relation andomadiabatic energy treatment.
Gravitational effects could be turned on and ofthe axial direction as pleased. When
studying steady-state problems, the SIMPLE (serphoit method for pressure-linked
equations) pressure-velocity coupling algorithm w#bkzed, as it was not necessary to
fully resolve the linear pressure-velocity couplirsince changes between consecutive
solutions were no longer small. The gradient waspmaed utilizing a least squares cell
based method, while second order spatial disctetizavas used for all species and

parameters, with second order upwind schemes.

245

www.manaraa.com



J.4 Equations and Solver Sets

A list of all the equations utilized throughoutdfstudy (in various combinations)
is provided, for reference throughout this appendix

E1l) user defined scalar (mixture fraction equationhwunity and nil inflow

boundary conditions at the fuel and oxidizer infltages, respectively

E2) flow equations with specified inflow velocitieadoutlet fluxes

E3) turbulence k-epsilon equations with set turbuéemttensity and viscosity

ratios to model laminar flow

E4) energy equation with set inflow reactant tempers

E5) species non-premixed combustion model with prodialdensity function

(PDF) mixture fraction model

E6) species transport model.

Preliminary axisymmetric results were validatedhwd similar configuration three-
dimensional cylindrical mesh, to ensure axisymmedalver validity.

One major advantage of using a solver such as Hsiéme flexibility to solve our
non-premixed flame system with various physicaimia characteristics included or
excluded. This allows for the comparison of theiauas analytical and computational
results presented throughout this work, with thpeexnental results. We will also be
able to isolate which assumptions were the mosbrtapt and impactful on the various
solution characteristics.

To do this requires various solver sets to be @dfinThe first, denotedZ”
(solving E1), solves over the solution domain for a consersedlar (with diffusive

properties similar to methane), with inflow conditg given similar to Eq.(4.34). This
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solver utilizes a prescribed steady flow velocihd aorrelates to the solvers previously
utilized throughout Chapter 4 and 5, utilized pniityefor validation and as a control. The
next solver, denotedZF” (solving E1 andE2), introduces viscous effects by solving the
flow equations, along with the conserved scalaragqo, thus modifying the velocity
fields. The next solver, denotedFS” (solving E1, E2, E3, E4, E6), introduces multi-
species transport effects to the previous solwesdiving the species transport equations
along with the flow and conserved scalar equatidrigs will allow for differential
diffusion effects to occur. The next solver, deddt8FR” (solving E1, E2, E3, E4, E5),
introduces heat release effects by solving for p@mixed reacting flow equations,
utilizing the described non-premixed combustion eiddather than the species transport
equations). These latter two solvers are also takenstep further by the inclusion of
body force and gravitational effects, and will bendted ZFSG” and “ZFRG”,

respectively.

J.5 Steady Results

Figure JO.2 shows various computationally extrastea@dy state flame position
solutions, utilizing these various solvers. Wheplapable, we track both stoichiometric
contours of the conserved scalar, as well as tbbffee CH, field. The conserved scalar
profiles are modified due to the impact of the oas species transport and reaction

equations on the flow fields, which in turn modifhe conserved scalar.
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Figure JO.2. Various fluent solution sets for the x@-symmetric non-premixed flame model
problem, for fuel and oxidizer inflow velocities of0.4m/s for a system consisting of pure methane and
air reservoirs for the fuel and oxidizer streams, espectively.
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Figure JO.2 continued.

Some key effects can be noted from Figure JO.2.iftlesion of viscous/flow
effects drastically reduces the overall flame langnd width, presumably due to
modifications to the inlet mixture fraction profileleat release effects, generating flow
expansion on both sides of the flame sheet, astden the flame position. Differential
diffusion acts to alter the shape slightly, howevers not until gravitational effects are
included, that the flame shape begins to resenwigiltle diffusion flames, such as
candles. Significant narrowing of the flame is evit] even with flame lift-off attachment
required. Previous studies have also observedighédisant influence of body forces on
the steady flame shape [156, 165-167]. For exanipyre JO.3 shows the effects of
gravity on the steady candle diffusion flame shépatice how the flame in microgravity

(absent of co-flow however) resembles many of tleady iso=z, contours from the

various analytical studies, while the flame in s Earth gravity resembles many of

the experimentally extracted edges!
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v

Figure JO.3. Images of a candle diffusion flame (i in microgravity and (right) normal
earth gravity [168].

A final subtlety of this study involves the variogmtential flame location
defining definitions. Previously restricted to isoxture fraction contours, we are now
able to investigate alternate mathematical defingj such as individual species or
maximum property contours. Figure J0.4 shows varialifferent flame position
definitions, compared to the experimentally measwaues for the diffusion flame rig,
discussed in Section 6.2, operated Wiqes0.4 m/s, in the absence of forcing.
Interestingly, the temperature and OH species coatshow the best agreement to the

experimentally observed shapes.
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Figure J0.4. Fluent solution sets for the axi-symntgac non-premixed flame model problem
showing the various steady flame position definitias, for fuel and oxidizer inflow velocities of 0.4n/s
and consisting of pure methane and air reservoirsof the fuel and oxidizer streams, respectively. For
the temperature and OH species curves, the thin les indicate 90% maximum iso-contours, while the
thick lines indicate the axial dependence of the &ansverse maximums.
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Appendix K

Presented are additional results, extending theuggson in Section 6.6 regarding
Figure 6.14, for additional operational conditiofisted in Table 6.1. Note results are
only shown for axial extents where measured datstsand the experimental flame was

located, hence the shorter axial extent for theetdilow velocity cases.
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Figure KO.1. Additional space-time dynamic magnitu@ (left column) and phase (right

column) comparisons between experimental (measurednd modeling (computed) results for an
expanded set of data forUoges = 0.1m/s and various fr values. Note: axial velocity extrapolation

occurs downstream of presented results, i.&./ R > 12.
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UO,des: OJm/S ff = 3MHz ¢=0.15
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UO,des: OJm/S ff =70MHz ¢=0.05
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Figure KO0.2. Additional space-time dynamic magnitu@ (left column) and phase (right
column) comparisons between experimental (measureddnd modeling (computed) results for an
expanded set of data forUpg4es = 0.2m/s and various fr values. Note: axial velocity extrapolation

occurs downstream of presented results, i.&./ Rf > 12.
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Figure KO0.3. Additional space-time dynamic magnitu@ (left column) and phase (right
column) comparisons between experimental (measureddnd modeling (computed) results for an
expanded set of data forUpgdes = 0.4M/s and various fr values. Note: axial velocity extrapolation
occurs downstream of presented results, i.&./ R > 12.
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Appendix L

Section 7.4 discussed the limitations of the indilyi fast chemistry assumption.
The modification of the flame thickness with vetgciluctuations was also discussed.
Here we show a representative experimentally etedaftuctuating flame thicknesss,
amplitude as a function of axial location for C&3€listed in Table 6.2). To obtain the
flame thickness, transverse cuts were taken frafiliered and transformed luminosity
images, described in Figure 6.4. For each flamadbrathe thickness was defined as the
distance between the 80% max-branch luminositysitg locations, as shown in the left
plot of Figure LO.1. Computed at each axial logaticesults describing the fluctuating
thickness amplitude as a function of axial locateme shown on the right. A clear
modulatory behavior can be observed, indicating treocity fluctuations do in fact
influence the flame thickness. Thus, the degrdaé rate effects, which are dependent

upon flame thickness, would also be altered.

1 . . . . : 0.025

08r

06-

04r

0.2+ 00051
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3 0 5 15 13
y /R X/ Re

Figure LO.1. Representative results for Case C, desbing (left) the experimental flame
thickness extraction technique at an axial locatiorof x / Re = 4, and (right) the fluctuating flame
thickness amplitude.
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