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Abstract

Experimental and computational investigations ok tflame phenomenology in
mesoscale tubes were performed. Particular engphaas given to oscillating flames, a
phenomenon in which a flame front undergoes a gerieaycle of upstream propagation,
extinction, and downstream re-ignition. Fuel-ritlethane-oxygen mixtures and straight quartz
ducts with one end open to the atmosphere were uBke flame behavior was determined as a
function of equivalence ratio and Reynolds number order to produce maps of the
phenomenology and identify the boundaries betwedratioral regimes. Rich propane-oxygen
mixtures and multiple tube lengths were also stlidie order to examine the impact of fuel
selection and geometry on the regime boundariegared thermometry was utilized in order to
determine the wall temperature distributions fdfedent flame phenomenologies and to test the
hypothesis that the moving nature of an oscillafiagne will more uniformly distribute enthalpy
throughout the duct. Both quartz and steel tube®wtudied during IR experiments in order to
investigate the effects of material properties lom esulting temperature distribution and flame
phenomenology. Analysis of the exhaust gases wdsrmed in order to measure fuel leakage
and incomplete combustion that may occur due togdygs in combustion that exist in the
oscillation cycle. Oscillating flames were fouradhave fuel leakage and pollutant emission no
greater than conventional stationary flames, angreoluce a nearly uniform temperature in the
tube wall, aspects that make them highly suitataesinall-scale power generation.

The results of the experiments were used in efflardevelop a high-level computational
model that could predict the flame phenomenologlge experimental results strongly suggested
a thermal driving mechanism underlying oscillati@msl revealed the interwoven nature of the

wall temperature distribution and the flame phenoohegy. The computational model



succeeded in qualitatively reproducing all obserflache phenomenologies. However, it was
also determined that more complex mechanisms adedgein order to accurately replicate the

experimentally observed boundaries between behaviegimes.
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Chapter 1

Introduction

1.1 Motivation

Over the past few decades, miniaturization of ckwihas attracted growing research
interest. Studies of small-scale combustion angad of this trend, including fundamental
examinations of miniature combustion and flame pheena and applied efforts to develop
usable systems on these scales. The high powsitylef hydrocarbon fuels as compared to
alternatives such as electrochemical batteries snl@m an attractive option to supply energy
or thrust to microdevices and miniature vehicles [Macroscale experience with combustion
has shown the basic mechanism of combustion torbples and reliable — useful traits for a
small system.

However, development of miniature combustion systéas proven to be a formidable
task [1]. Attempts to shrink existing systems hawet with great difficulty. Miniaturized
engines using conventional designs may not workllator at best have very low efficiency.
Reducing the size increases the surface to volatie, exacerbating heat losses and changing
the flow regime. Simply manufacturing the devicedroublesome, as the complex parts and
mechanisms needed are very difficult to producsroall scales. Further complicating the issue,
even our understanding of combustion itself hasmbd®llenged by observations of unusual
phenomena and the defiance of concepts such gsiémehing diameter.

Success in miniaturized power generation can balgttained through an understanding

of the different rules and novel phenomena uniguiése scales. New generation systems must



be developed with an eye toward simplicity andatality. Development and improvement of

miniature engines may be greatly aided by embrathiegunusual characteristics of meso- and
micro- scale combustion and harnessing the potemitithe novel phenomena unique to these
small scales. One such a phenomenon is the dsajlidame, in which a flame front propagates
upstream through a mesoscale duct, extinguishelstheam re-ignites downstream in a periodic
fashion. The moving nature of oscillating flamesymmore effectively distribute heat

throughout a duct, which could be beneficial fochteiques such as thermoelectric power
generation. This thesis attempts to investigagentiture of oscillating flames and evaluate their

potential for small-scale power generation.

1.2 Combustion in the Meso- and Micro-scale
The classical concept of the quenching distancequenching diameter is

regularly analyzed in combustion texts [2, 3], wehiris generally described as the gap distance
beyond which flame propagation is not possible uexcessive loss of heat and radicals to the
walls. This quenching distance is estimated tomé¢he order of the flame thickness, and is the
concept underlying the design of such devices ashfhrrestors and flame holders. However,
significant experimental and computational workl1fgl-has demonstrated that flames can exist
at scales below the quenching diameter. The @useof quenching is not geometry, but rather
thermal and radical losses [6, 14]. Thermal quemgican be mitigated by limiting the heat
losses from the flame, through methods such asathgy the wall temperature [6], heat
recirculation [15, 16], and external heating [13Radical quenching can be limited through

methods such as catalytic combustion [11, 12]. hSoeethods allow combustion to be



established; however these small scales have ftecthe fluid mechanics, heat transfer, and
chemistry that present challenges to the designioiature systems.
With regards to fluid mechanics, small-scale Boare almost invariably laminar [1].

The controlling parameter is the Reynolds number:

Re="—— (1.1)

Here Re is the Reynolds numberjs the fluid densityV is the fluid velocity,D is the duct
diameter, angu is the viscosity. In ducts, turbulent flow is ebged for approximately Re >
2300. Turbulence has some advantages such as fongnmixing. This can be a useful
consideration, especially given that fuels and izei are generally stored separately for
reasons of safety. However, decreasing diameteep IRe low, essentially limiting micro-
systems to laminar flow unless unusually high pressor densities are involved.

Heat losses in small systems are generally muale aabverse than in conventional large-
scale applications [1]. The reason for this ig theat generation in the flame is a function of
volume, whereas heat losses to the environmené duaction of surface area. Reducing the
system size increases the surface area to volutie maagnifying the proportion of energy lost
as heat. However, there are also thermal advastaghe reduction in scale. As a result of the
smaller volume, hardware can be heated to its @pgrdemperature more quickly, and
potentially more uniformly. This can be benefidialequipment such as fuel cells, which require
certain operating temperatures (SOFCs work at@QOand thermoelectrics, which are often
efficient only in narrow temperature ranges. Saeradizes also make heat recirculation easier to
implement. Heat recirculation can boost efficiefigy reducing heat losses [17], but in large
systems requires additional equipment and incretdsessystem complexity. In small-scale

systems, some upstream propagation of heat is tedbemutomatic, and can be promoted



through methods such as arrays of burners, or amearrangement as simple as two parallel
opposed flames [18]. Heat recirculation in thelsvhhs been shown to promote stabilization of
flames in small channels and improve resistancextmction [19, 20]. The magnitude of heat
losses to the walls affects the reaction zone tiask and the extinction limits [10], but upstream
heat transfer can also promote stability and im@rpewer density [9], and can even allow
unusual phenomena such as superadiabatic comb{i&tib8, 21].

In conventional, large-scale systems, residenceeditend to be much longer than
reaction times, ensuring reactions run to comphetid.arge dimensions relative to the flame
thickness also minimize the impact of hardware loe ¢combustion process. In small scales,
however, this is not necessarily the case. Srpaltes limit residence times, and the reduction
of turbulence hinders mixing, further slowing reans and potentially reducing combustion
efficiency [1]. Heat losses, noted above to be gomconcern on these scales, also slow
reactions by limiting the system temperature. Ro@&nt on the same scale as the flame
thickness produces the potential for geometry fectfreactions through mechanisms such as
radical quenching. These issues can drasticalgi@ombustion efficiency from the high levels
expected in conventional applications, increasingstey and pollution. Even so, there are
potential benefits for catalysis, as a small spaakes it easier to bring more of the reacting fluid

into contact with catalytic material.

1.3 Micropower Generation
Theoretical analysis has demonstrated that evdntiagt increasing heat losses associated
with reduced size, practical microcombustion hegfirees can be developed with length scales

on the order of 1mm, if not smaller [22]. Attempdsdevelop small-scale combustion systems



for power generation have followed two general apphes: the miniaturization of existing
systems, and the development of novel designs.

Several projects have taken the approach of raduexisting systems to small scales
[23-27]. This approach has advantages, as sudeedekiave proven operation and significant
background of research and optimization that hadetd a good understanding of the devices
and relatively high efficiencies, albeit at largerales. However, they also share common
challenges [1]. The manufacture of such equiprmergmall scales is very difficult, for several
reasons. Machinery for conventional systems isnoftomplex, requiring numerous moving
parts of varying sizes. Producing the requiredspan a small scale in general is difficult, and
made more so by the tolerances needed for partgitésface. Even with satisfactory
components, assembling these devices in the mieiatsa challenge in itself. Problems
continue after assembly. Current materials, ajrgasshed to the limit in conventional large-
scale systems, may be unable to withstand the #lemnd material stresses of operation with
reduced size and thickness. In addition, convaatialesigns are greatly hindered by the
differences of the micro-scale discussed aboveuatemhs in turbulence hinder mixing, and
residence times that are sufficient on a largeesoady no longer be adequate. As a result of
these issues, such devices generally suffer from déficiencies or an inability to produce
positive power. Some promising projects in thikegary are as follows.

Efforts to develop a miniature gas turbine havenbenderway at MIT by Epstein and
associates [23, 24]. The device has a volume 6f867 and operates at over 1 million rpm.
While the project demonstrates the great potenfidlEMS design and fabrication techniques,
there has been great difficulty in producing pesifpower from the device. Fernandez-Pello and

associates at UC Berkeley have worked on the dpwedat of miniature Wankel engines [25].



Two sizes are under development, one with a 10 ator and 30W output, and a smaller micro-
rotor with a 3 mm rotor and output in the mW rangklachining has proven to be a great
challenge for these devices, in particular achig\yproper seals to prevent fuel leakage, though
the larger size has demonstrated positive powepubut The efficiency is only ~0.2%, low
because of a relatively low compression ratio amel feakage issues. Piston-engine systems
have been pursued at Georgia Institute of Techiyd@g] and the University of Michigan [27].
The Georgia Tech model employs a piston oscillaiimga magnetic field with 13.4 nim
displacement. Positive power has been generatedgh with low efficiency, again due to
sealing issues. The Michigan project intends ® aswing engine with a rotating piston, in
order to form multiple combustion chambers withie thousing for a relatively simple design.
However, it remains unproven.

Other researchers have pursued the alternateagpod developing novel designs, rather
than attempting to shrink existing ones. This &dgantages in that the unique characteristics of
combustion on small scales can be embraced andie¢l However this approach involves
developing new systems from scratch, without theebts of knowledge, experience, and
optimization that go along with the use of existimydware. Rather than trying to develop an
entire system at once, projects using this apprbacie tended to focus on the development of
effective burners, which can then be coupled wi#athengines or possibly with alternative
methods of energy production that could be simplemore efficient, such as fuel cells and
thermoelectrics. Some promising efforts in thisegary are as follows.

At the University of Southern California, efforty Ronney and associates to develop
miniature Swiss-roll combustors have shown gredemt@l [28-31]. Originally proposed by

Lloyd and Weinberg [17], Swiss-roll designs helpeairculate heat from the flame and exhaust



to the unburned reactants, which can offer a sobataboost to efficiency [32]. This is
especially beneficial on these small scales aslgshto counteract the heat losses inherent to the
meso- and micro-scale. The burner has been deratetstwith an external combustion heat
engine [29] and with fuel cells [30]. The thermakput of the burner can keep the fuel cell at its
operating temperature, and versions of the combustduding a solid oxide fuel cell and
burning propane-oxygen mixtures have demonstraseepdensities of up to 420 mW/éi30].
The addition of catalytic material allows the burt@ operate at much lower temperatures and
Reynolds numbers [31]. The Swiss-roll combustaetlgped at USC is three dimensional, but a
smaller, two-dimensional burner using the Swiss-tohcept with catalytic materials has also
been developed at Princeton [33]. When coupletl tiermoelectric modules, this burner has
demonstrated positive power output, albeit witbwa éfficiency of ~0.5%.

Other projects have focused on the use of catalgiethods to improve
performance, with the downside of requiring scaned expensive precious metals. Researchers
at Yale developed a 16 énmesoscale catalytic reactor combining fuel elagrays with
stacked catalytic grids [34]. The combination agjhhdispersion and catalytic reaction allows
even longer-chain hydrocarbons such as dodecangeaifidel to be burned with combustion
efficiencies of ~97%. A larger (400 &mnmodel coupled with a Stirling engine exhibited an
overall conversion efficiency of fuel chemical emeto electricity equal to 22%, which is the
largest of the combustion-based micro-engines megao far [35].

The development of technologies capable of usingencomplex fuels is an important
step in the path toward miniature power generatsrnthe fuels envisioned for practical devices
are liquids such as methanol and ethanol, ratleer shmple gaseous fuels such as the hydrogen

and methane most commonly used in research. Cdinbsiven catalytic reformers that can



be coupled with fuel cells or other equipment ardar development at MIT [36, 37] and Pacific
Northwest National Laboratory [38]. Such systemes\aell suited to use with fuel cells, as the
reformer can provide the fuel cell with both hydeaggas and the heat needed to reach operating
temperature.

It is still too early to tell what strategy willltimately prove most effective in the
development of small-scale energy systems. Innteantime, there is still great need for
fundamental research to promote a better undeiisigod combustion in the meso- and micro-
scales. Novel designs that seek to work within rérictions imposed by small scales have
shown the best results so far. Where possiblesetltesigns may be improved through the
exploitation of phenomena specific to these sndles. Oscillating flames may offer such an

opportunity.

1.4 Oscillating Flames

As noted previously, an oscillating flame is a mpdmenon in which a flame front
undergoes a periodic cycle of upstream propagagatinction, and downstream re-ignition.
Figure 1.1 shows an example of an oscillating flama curved duct. Understanding of them is
limited, as oscillating flames in small ducts araezently observed phenomenon. To our
knowledge, this is the first doctoral dissertattorbe devoted to the topic. The first reports of
oscillations were made in 2005 by Richecoeur andt&ig [39] and independently by Maruta et
al. [40]. Data from both experimental studies weised for the theoretical/computational
analysis of [41]. In both cases, the oscillaticosisisted of a flame front within a mesoscale
guartz tube that would propagate upstream, extaigluand re-ignite downstream in a periodic

fashion. These oscillations demonstrated a new fof unsteady yet stable combustion that
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Figure 1.1. Sample images of an oscillating fldhat) and a stationary flame front (right) [39].

could be maintained indefinitely. Interestingljzettwo groups produced this phenomenon
through very different techniques. Maruta et 4Q][employed lean mixtures of methane-air and
propane-air in a quartz duct that was given a teatpee gradient by means of an external heat
source. Oscillations were found to occur with bbbl types. Richecoeur and Kyritsis [39]
made use of rich mixtures of methane-oxygen, anddahat both a rich mixture and undiluted
oxygen as the oxidizer were essential in ordesstal#dish oscillations. However, the oscillations
produced by this method were self-sustaining, equiring the external heating of [40]. Both
curved and straight ducts were examined, and tlo¢ gieometry was found to influence the
stability of the flames. Multiple modes of osditam were observed, including varying
propagation distances as well as stable flame dravithin the tube and at the open end.
Thermoacoustic sound emissions were present foy imscillatory modes.

Since these initial observations, expanded ingastins of both methods of producing
oscillations have been conducted. Evans and Kyid&] continued experimental studies of the
self-sustaining oscillations from [39]. They vesd the existence of self-sustaining oscillations
for propane-oxygen flames and compared them to anetloxygen flames by mapping out the

flame behavior for a range of equivalence ratiod Reynolds numbers. Multiple tube lengths



and materials were also studied. Similar behalr@gimes were seen for both fuels, though the
layout of the boundaries between them differed tireaOscillations were less stable and more
difficult to produce in longer tubes, and it wassetved that only ducts made of materials with
low thermal conductivity, such as quartz, were b&égpaof producing oscillations. The
experimental and analytical results of this studgported a thermal driving mechanism. These
experiments are described in detail in chapter 3.

Similar behavioral maps of flame behavior for learethane-air flames have been
produced by Fan et al. [43] in quartz channels veixtternal heating — the same method of
producing oscillations employed in [40]. With anstant fuel flow rate, increasing the air flow
rate caused the flame to exhibit first blowout ntlescillations, then quenching within a narrow
range of air flow rates, then stationary flame tspthen blowout again. This pattern is the same
as what was observed in [42] for rich flames, whle addition of a narrow quenching band
between the oscillation and stationary flame fromgimes. Multiple channel widths were
studied, and the range of stable flame condititmark with smaller channel size. Only in the
smallest channel was the narrow quenching banddagtwhe oscillation and stationary flame
front regimes observed. Since reducing channel isiereases the surface to volume ratio and
with it the effective heat loss, these results gigont to a thermal driving mechanism.
Subsequent computational and experimental invegiiga of propane-air mixtures have
produced splitting flames, in which two propagatftagne fronts exist [44, 45]. Ignition occurs
due to heating from the wall, after which the flaseparates into two fronts. One flame front
propagates upstream, while a weaker second flanypapgates downstream until both extinguish

and the process repeats.
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Several computational investigations and simutegtibave also been performed [41, 46-
50]. Jackson et al. [41] developed a theoreticadleh capable of capturing flame oscillations of
the type seen experimentally using a solely thermatlel. Other simulations [46, 47] with
methane-air mixtures for stoichiometric and leamxtares support the idea of a thermal driving
mechanism, primarily an interaction with the headedt walls. In particular, the results of [46,
51] emphasize the importance of the wall tempeeagradient to the evolution of the flame
behavior. A computational model by Pizza et al8,[49] has succeeded in producing
oscillations in lean hydrogen-air flames in micrachels of various sizes. Further work with
this model has indicated that the addition of algét coating to the channel walls suppresses
the activity of unsteady combustion modes suchsaslations [50].

As studies of mesoscale combustion have exparstedave observations of oscillating
flames and other phenomena that contain elementsafiation. Kim et al. [52] observed
oscillations in Swiss-roll burners. Continuoustppagating flames have been observed in radial
microchannels [53, 54]. Like oscillations, thekarfes are stable but not stationary. Oscillation-
like flame cells of repetitive ignition and extiran events have also been observed in alumina
channels [55]. These too produced thermoacoustiodsemissions.

The findings of the studies above suggest thaillasons are driven by thermal
interactions with the duct walls. Oscillations riselves appear to be a series of repetitive
flashbacks, in which a flame front propagates @asir until it reaches an area for which the wall
temperature is too low to sustain a flame, heasdssbecome excessive, and the flame
extinguishes. The mixture will re-ignite whenetiches a hotter portion of the tube that transfers
enough heat to the reactants to initiate combustibims process is quite different from what is

expected in a conventional macroscale burner.ohventional burners the ducts are quite large
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compared to the flame, and are generally made ¢émaks with high thermal conductivity such
as metals. In such a case, the duct wall actshestasink. In mesoscale ducts, however, a low
conductivity material such as quartz can more gdske and hold an elevated temperature,
allowing it to act not just as a heat sink, butads a heat source to reactant gases. A duct
temperature high enough to re-ignite the mixture ba achieved through a diffusion flame
burning excess fuel at the duct exit, as in [3Hlternately, a temperature gradient can be
imposed on the duct through external heating, §40h External heating can allow oscillations

to occur in near-stoichiometric mixtures [56].

1.5 Research Objectives and Structure of the Thesis

The work described above has made great progosssrd understanding oscillating
flames and mesoscale combustion, but has alsalraiaay questions and left much unexplored.
Gaps in the research and efforts that were undartakaddress them are as follows:

Initial investigations of oscillating flames [39jere limited to studies of rich methane-
oxygen mixtures in quartz ducts. The early resaftgshese studies revealed multiple flame
behaviors, and suggested the importance of sutbréaas equivalence ratio, Reynolds number,
and the system geometry in determining the flambaber and the characteristics of
oscillations. However, these factors were notistlich depth. Additionally, Maruta’s work [40]
demonstrated oscillatory behaviors in propane a age methane for tubes with externally
imposed thermal gradients, but it was not knownseff-sustaining oscillations could be
established for propane flames.

These questions were addressed by examining appingathe flame phenomenology in

mesoscale ducts. This involved experimental charaation of methane and propane flame
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behavior over a range of equivalence ratios anch®dg numbers. Multiple tube lengths were
examined, and several tube materials were testeetezmine whether oscillations are possible
only in materials of low thermal conductivity. Teeefforts are discussed in chapter 3.

One of the most interesting aspects of oscillaflames is that they are stable, yet not
stationary. A moving flame has the potential tteetively distribute heat throughout a system,
which may be useful for some types of power gemaratuch as thermoelectrics. However,
previous studies have not examined whether thisnpiat is actually realized within the system —
that is, whether an oscillating flame does in faeat the duct more than a stationary flame.
Examination of the extent to which oscillationstdimite heat through a tube is essential to
evaluating their potential for small-scale powengpation. In addition, it has been proposed that
re-ignition of the flame front after extinction ass due to heat input from a high-temperature
region near the tube exit, however this has noh ex@erimentally verified. These issues were
addressed through the use of infrared thermographpalyze the temperature distribution of the
tube wall. These efforts are described in chapter

Self-sustaining oscillations have been produceg ontich mixtures. A consequence of
this is that complete combustion cannot occur withie propagating flame front, leading to the
production of many pollutant species. Generalig éxcess fuel supports a diffusion flame at
the tube exit that helps to complete the combuspotess and eliminate these pollutants.
However, high-speed videos have indicated that wherpropagating flame front extinguishes,
so does the diffusion flame at the exit [42]. Bleling occurs soon after, but it is possible that a
gap in the combustion exists during which fuel ombustion intermediates may leak out.
Alternately, the diffusion flame at the exit maytn@nish completely, but may enter a non-

luminous state instead. These issues were addrégseerforming chemical analysis of the
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combustion products using Gas Chromatography argsaectrometry in order to quantify the
percentage of fuel consumed and remaining. Thiéseseare described in chapter 5.
Experimental observations of the phenomenologptpdd the importance of developing
theories of the driving mechanisms underlying thené behaviors, and suggests the influence of
factors not easily controlled experimentally, mostably the thermal properties of the duct. A
computational model would aid understanding of tbederlying physics and allow
phenomenology maps to be produced for system amatigns that cannot be produced in the
lab (e.g. for tubes with arbitrary thermal conduty). Previous computational work [41, 46-50]
focused on low-level modeling that is very compiotally intensive and not suited to perform
the thousands of time-varying simulations necessamyenerate behavioral maps. Here “low-
level” modeling is used to mean computations thatu$ on detailed modeling of more
fundamental aspects of the system, including slethents as detailed chemistry, solution of the
full Navier-Stokes equations, etc. The use of lewel mechanisms, while essential to
accurately model such aspects as the shape aha fiant, introduce a level of complexity that
may be unnecessary to model higher level concegts as the flame behavior and can obscure
simpler mechanisms that would achieve the samdtsesilihese issues were addressed through
the development of a simple, high-level computatianodel. Multiple iterations of the model
were developed. The initial version employed fixethperature distributions for the wall and
reactants. The second version allowed for dynamar@tion to the reactant temperatures and
included the ability to model the effects of reattareheating on the flame properties. The final
version allowed dynamic variation of the wall temgiare distribution and modeled the heat
transfer within the wall and between the wall andiemnment. The development of the model is

discussed in chapter 2, while the computationallteare discussed in chapter 6.
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In summary, the following objectives were pursuedider to address perceived gaps in the

research.

» To determine whether oscillations are producedsakely thermal mechanisms, or if
fluid mechanics is also a factor.

* To explore the range of oscillatory behaviors tbah be produced, and examine the
variations in flame phenomenology that occur wiilamges to key parameters.

» To examine the wall temperature distributions posdliby oscillations and other flame
behaviors, search for evidence of a high tempezatagion near the tube exit that
provides heat for re-ignition, and examine whetheoscillating flame provides a more
uniform distribution of enthalpy along the duct.

* To determine whether the extinction-ignition cyoeoscillations leads to gaps in the
combustion, and if this leads to leakage of fuet@nbustion intermediates.

* To develop a computational model to predict thenBgphenomenology using high-level

mechanisms.

Addressing these questions required a variety xgfeemental and computational
techniques that are described in chapter 2. ligagins of the flame phenomenology and
parametric studies of the effects of tube lengtt dact material are described in chapter 3.
Infrared thermometry measurements of the wall teatpee distributions are described in
chapter 4. Analysis of the emissions and fuel gomion are discussed in chapter 5. The
development of the computational model is descrihathapter 2, and the results of simulations
are discussed in chapter 6. Finally, a summarthefmajor findings and suggestions for the

direction of future research are contained in ofapt

15



Chapter 2

Experimental and Computational Methodology

2.1 Flame Phenomenology Studies
The apparatus, depicted in Fig. 2.1,
consisted of a straight quartz tube mounted Tube

vertically on a brass plate and copper block,

with one end open to the atmosphere.

Premixed fuel and oxygen flowed through a |
Brass

channel in the copper block and into the tube, plate

where combustion occurred.  Combustion Copper

Controller Controller
block

products exited the tube through the open end. CHyin O, in

Figure 2.1. Apparatus for phenomenology studies.
Three tube lengths were studied: 35 mm, 7!
mm, and 210 mm, each with an inner diameter of 4 amoh outer diameter of 6 mm, giving a
wall thickness of 1 mm. Several additional tulbese made from different materials (glass,
guartz, stainless steel, brass, and copper) inrdcdexamine the effects of the duct material
properties. For each material, the tube dimenswere the same: 70 mm length, 4 mm inner
diameter, and 6 mm outer diameter. The duct wagipoed vertically, with the top end open to
the atmosphere and the bottom end attached tosa plate (1 in. x 1.5 in., 0.25 in. thick). The
tube-plate assembly was mounted on a copper blbok & 1.25 in. x 1 in.) containing a 0.25 in

NPT connection and internal ducts to deliver gathéobase of the tube. Two fuel mixtures were

studied: methane-oxygen and propane-oxygen. F®mththane-oxygen case, methane flow
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control was established using an Omega FMA5510 rflass controller and oxygen flow
control with an Omega FVL-2617A flow controller.oiihe propane-oxygen case, propane flow
control was established using an Omega FVL-2610& ftontroller and oxygen flow control
with a Cole-Parmer PMR1-010270 rotameter. The &r&l oxygen gas streams were mixed
together in a T-intersection, then delivered todbpper block and tube.

The experimental procedure was as follows: a quate of the desired length was
installed in the apparatus, and a steady flow ef &i the desired rate was established, initially
with no oxygen input. The fuel was ignited at tdpen end of the tube so that a diffusion flame
was initially formed. Oxygen was then slowly irdteed into the flow until a change in the
phenomenology was observed. With the flow ratéuef held constant, the oxygen flow rate
was incrementally increased and the flame phenolognoobserved at each step until
combustion terminated due to flashback and exbncti At each oxygen flow rate, the flame
behavior was monitored and allowed to develop uh&lobserved behavior remained consistent
for at least 60 seconds, at which point the belmavas categorized and recorded. This process
was repeated for both fuels with all three tubgtes. The effect of tube material on oscillations
was explored qualitatively for five materials (glagjuartz, steel, brass, and copper) using a

methane-oxygen mixture and similar technique.

2.2 Infrared Thermometry Studies

This study employed a setup similar to that useithé phenomenology studies. Ducts of
two different materials, steel and quartz, wereduse this experiment. In both cases the tube
length was 70 mm, and the reactant mixture was osewb of methane-oxygen. The only

significant modification was the connection of fduf1l in. diameter K-type thermocouples to
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the tube at various locations along the length,oider to provide reference temperature
measurements.

Infrared images were captured using an Electrapby®Vv320-L2 camera positioned 20.5
in from the tube and equipped with a 50 mm gernraniwmoadband lens (F1.0) transparent to
wavelengths in the 2—14m range. The gas mixture consisted of premixedhamet and oxygen,
controlled in same manner as in the flame phenotogpstudies.

The experiments were performed with two ducts naddéfferent materials. In one case
the duct was made of stainless steel, and in ther @ase the duct was made of quartz. For the
steel duct, the four thermocouples were weldethéoouter surface of the tube 2 mm, 17 mm, 34
mm, and 57 mm down from the duct exit. For therguiaube, attachment of the thermocouples
at the surface was not feasible; as an alterndtivies were drilled into the wall of the tube and
the thermocouples were inserted into these. Thesheere 0.5 mm deep (penetrating halfway
through the wall thickness), and had diameters @waipe to the thermocouple beads, allowing
the thermocouples to fit snugly inside. For thartp tube, the thermocouples were located 2
mm, 15 mm, 31 mm, and 55 mm down from the duct exit

A major aim of this study was to compare the dechperature profiles for different
flame phenomenologies with the same chemical enemyt. To accomplish this, the fuel flow
rate was kept constant throughout an experimedt{taoxygen flow rate was varied in order to
make mixtures with different equivalence ratios atitereby produce different flame
phenomenologies. In each experiment, a fixed filelh rate was established, and the
equivalence ratio was varied by adjusting the oryfli@w rate. For each mixture, the flow was
established and the flame was ignited at the tuligtBen the system was allowed 5 minutes to

achieve steady state. |If steady state was notewaethi within this time (as evidenced, for
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example, by significant changes in the thermocougéelings over several seconds), additional 5

minute periods were allowed as necessary untidgtstate was achieved. In nearly all cases,

steady state was achieved within the initial 5 rtenperiod, and even in the cases slowest to

reach steady state, it was achieved within 30 mBuOnce steady state was achieved, the flame
phenomenology was noted, the temperatures of grenticouples were recorded, and images of

the infrared signal were captured.

As the camera was unable to capture the full teatpee range observed over the
experiment (from 25°C to 700°C and higher) with amygle configuration, two images were
taken for each case, each with different gain awdllsettings. One configuration captured the
lower portion of the temperature range, while thigeo configuration captured the upper portion
of the range, with some overlap. For quartz, theer portion of the temperature range was
captured with level 52 and gain 71, while the uppertion of the temperature range was
captured with level 15 and gain 12. Typically,rthes an exponential dependence of luminous
gain to the gain setting of intensified cameras,tbis was not confirmed by the manufacturer of
the particular imager. For all quartz images, rasgwvity of 1 and gain parameter of 51 were
used, and the iris was set in a fixed positionhat lheginning of the experiment such that the
maximum temperature produced in the quartz duct *Z8 produced an intensity below
saturation with the “high temperature” settingvélel5, gain 12). For steel, the lower portion of
the temperature range was captured with level @4gain 76, while the upper portion of the
temperature range was captured with level 21 amdigh For all steel images, a sensitivity of 1
and gain parameter of 50 were used, and the irsssgain a fixed position at the beginning of
the experiment such that the maximum temperatucelymed in the steel duct (~550°C)

produced an intensity below saturation with theythiemperature” settings (level 21, gain 19).
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Trials were conducted for several fuel flow ra{e8.7, 46.6, 64.6, 75.3, 86.1, 96.9, and
107.6 mL/min), allowing a range of mixture flow gols and Reynolds numbers to be studied.
For each trial, the oxygen flow rate was first ¢égufed to produce a mixture equivalence ratio
of 4.0. After taking data, the oxygen flow wasrgesed in order to reduce the equivalence ratio
to the next data point. Data were taken for edenae ratios in increments of 0.5, to an
equivalence ratio of 2.5. For the remaining daiats, the equivalence ratio was then reduced
in increments of 0.1, continuing until extinctiococorred. The process and mixtures studied
were identical for both the steel and quartz tultke, only difference being that extinction
sometimes occurred at slightly lower equivalendesafor the quartz duct, producing a few

additional data points.

2.3 Emissions Studies

This experiment employed a reactor setup similar the ones used for the
phenomenological observations and the infraredntbgraphy measurements, with additional
equipment for gas sampling and speciation. Therabps is depicted in Fig 2.2. A 70mm long
quartz duct was used in the burner, and the reactaxture was composed of premixed
methane-oxygen. Samples of the exhaust gasestalr with a 1mm ID, 2mm OD quartz
probe positioned vertically over the axis of thetduMeasurements of the exhaust species were
performed with an Agilent 6890N Gas Chromatogra@C) and 5973N Mass Spectrometer
(MS). A Robinair CoolTech 4 CFM two stage vacuuomp provided suction to the probe,
allowing gas samples to be drawn through the pestieinto the GC/MS. A cylindrical sleeve

of pyrex glass with 75 mm diameter and 4.5 inclglkerwas positioned around the flame front in
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Figure 2.2. Apparatus for emissions studies.

order to shield the flame from air currents whilidl allowing air to reach the flame at the tube
exit. The lower edge of this sleeve was positioB@anm below the exit of the tube.

The GC/MS was configured to use an Agilent HP-PLKddleseive column, allowing
separation of methane, oxygen, and carbon monoXiaeensure proper vacuum in the MS, a
0.1 mm ID, 0.25 mm OD fused silica restrictor coturwas connected in series with the
Moleseive column. Sample gases flowed continuodrslgn the probe and through a 1 mL
sampling loop before being expelled through theuuat pump. This sampling loop was
maintained at 100°C to prevent condensation of waikt the start of each experiment, the
contents of the sampling loop were redirected th® GC inlet via a pneumatic valve. Each
analysis was performed with a constant gas flod.5fmL/min through the column, and an oven
temperature cycle as follows. The oven temperat@® maintained at 60°C for 3 minutes, then
increased at a rate of 20°C/min to 150°C. At the ef each analysis, the oven was heated to the
column conditioning temperature of 300°C for 5 mé@suin order to flush the column and
remove potential contaminants. The total time pest was 16.5 minutes, not including

cooldown time between runs.
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The experimental procedure was similar to thalofedéd in the IR thermometry
experiments. Four fuel flow rates were studied6464.6, 75.3, and 96.9 mL/min. Multiple
equivalence ratios were studied for each fuel flate, starting at 2.5 and decreasing in
increments of 0.1 until the extinction limit wasaoked. The oxygen flow rate was adjusted in
order to produce different equivalence ratios whaleowing the fuel flow rate to remain
constant. A major aim of this study was to compte fuel leakage for different flame
phenomenologies, so for each combination of fuml ftate and equivalence ratio, samples were
taken at the same probe position for both a burmind non-burning mixture, to allow the
percentage consumption of fuel to be determinedhe Pprobe was positioned slightly
downstream of the luminous region of the flame kegt in this position for both the reacting
and non-reacting cases. For each experimentetutant flow rates were established, the probe
was positioned, and the system was allowed 5 nsnittereach a steady or periodic state (an
amount of time found to be sufficient in the IR ihemetry studies). Once steady state was
achieved, the vacuum pump was turned on and 5 easnere allowed for the gases to reach the
sampling loop. At that time, the GC/MS analysigusnce described above was activated and

the sample was analyzed.

2.4 Computational Studies
2.4.1 Initial Version of the Model

A model was implemented that tracked the movenwnthe flame front in one
dimension, along the axis of the tube. Nomenadtatar this section is described in Appendix A.
Fluid flow through the tube was modeled as plugvflorhe model employed a marching scheme

that used the flame front as the point of referegmo@ followed it in each time step. Time was

22



discretized, and a constant time step size was faseghch simulation. Heat transfer between
the tube wall and flame front was assumed to owdgtlr a constant Nusselt number of 4.36,
which corresponds to laminar flow [57].

Simple one-step chemistry was employed within ti@del, with reactants changing
immediately to products at the flame front. Howewke adiabatic flame temperature and speed
for each equivalence ratio were calculated for gunldrium state in CHEMKIN using the GRI
3.0 mechanism, allowing us to more accurately mduaelthermal properties of the system and
the movement of the flame front.

The model environment consists of three main iestithe tube, the inlet flow, and the
flame front. The tube defines the system geomeiny, has a specified length, inner diameter,
and temperature distribution along its length. Tihlet flow defines the unburned mixture
properties, and has a specified equivalence ritiov, speed, and gaseous properties as needed.
The tube and inlet flow characteristics remain tamsthroughout the simulation. The flame
front properties are determined dynamically at estelp, and include the position, temperature,
speed, and gaseous mixture properties. Heat asd exzhange with the surroundings was not

modeled. Figure 2.3 provides an illustration & domputational space.

Axis of symmetry

/ \ Tube wal

| Flame front

\ Inlet flow/

fluid region

/

Isometric Cross sectic

Figure 2.3. Geometry and components of the contipnt space.
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2.4.1.1 Theoretical Description of the Model

Three phenomena are required for an oscillatiamé: propagation, extinction, and re-
ignition. These three components were modeled|&sifs.

Propagation. For the case of a flame front in a duct with constaactant flow rates,
the reactant mixture will flow downstream as a hestiits momentum, while the reacting flame
front will move upstream as it propagates intouhburned reactants. This creates a competition
between the momentum of the flow, which will pubk flame front downstream, and the speed
of the deflagration, which will move the flame ftampstream. In the code, the net velocity of
flame propagation (with respect to the stationargtpis calculated as the net difference between
the flow speed and the flame speed. At each tiee the flame front moves a distance equal to
the product of this net difference and the time siee.

Az=(U, - f)At 2.1)

Extinction. Extinction of the flame front can occur via two rhanisms in our model.
The first is thermal quenching due to volumetriathlwss. This is evaluated using a method
described in the text by Law [58]:

The upstream heat loss in the preheat zone caalba@ated as:

f
L = Py q
k (2.2)
Where the heat loss flux is given by:
q = h(Tu _Twall) (2.3)

Downstream heat loss in the cooling zone is similar
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K (2.4)
With:

a’ =h(T, ~T,) (2.5)

Heat loss from the reaction zone is neglected dues tsmall thickness. For modeling purposes,
constantNup heat transfer for laminar flow was assumed, basethe experimentally observed
laminar nature of the flow. This produced theduling relation for the heat transfer coefficient,

with Nup = 4.36 [57]:

D (2.6)

The volumetric heat loss terms are non-dimensiredlusing the following relation:

[ F — K ¥
-2 2 £2
p Cp‘gad fadchu (27)
Whereg,q is calculated with the relations:
T2
‘gad = T'?‘d
T, (2.8)
-5
R, (2.9)
Temperature is non-dimensionalized as follows:
-'I: - (CpT)
(a.Y,) (2.10)

The non-dimensional volumetric heat loss termscambined into an aggregate heat loss:

L =L +L (2.11)

This can be used to find the non-dimensional flapeed via the relation
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_ _7F2 2
L, = 2In(F?) (2.12)
For the flame to remain stablé; must fall in the rangd < I:V <e™, limiting f to the range
e2< f <1, Using the[v value calculated above, Eqgn. 15 was solved forusing the

bisection method. Iff falls outside the stable range, extinction occu@therwise, the non-

adiabatic flame speed and temperature of the sfidolee can then be found from the non-

dimensional flame speedl as follows:

Fo b
Fas (2.13)

Fz

(2.14)
In this manner, the mechanism is used not onlywtluate stability, but also to determine the
non-adiabatic temperature and speed of stable ffeonés at each time step.

Extinction of the flame front will also occur ihe flame reaches the base of the tube.
This is based on observations from the physicalesys which beyond the base of the tube
becomes a much narrower duct through a copper blddks acts as a heat sink and remains
much cooler than the tube, causing the flame ftonfjuench upon reaching the base for
essentially all stable configurations.

Re-ignition. The flame front exists at the interface betweenl#agling (downstream)
edge of the reactant mixture and the trailing («gash) edge of the product mixture. After the
flame front is extinguished, this interface congéauto move through the tube at the flow
velocity. As warmer areas of the tube are encaadtand the reactant gases heat up, the first
and most likely place at which re-ignition can aciuthis interface, at the leading edge of the

reactant mixture. This portion of the reactantvfig the first to encounter warmer regions of the
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tube as it flows downstream and may also carry soeeelual thermal energy from the now-
extinguished flame front. It has the same loca#isrthe former flame front, so when extinction
occurs this location continues to be tracked bycibde as it propagates downstream at the inlet
flow speed. Upon extinction of the flame fronte temperature of the leading edge of the inlet
flow is set to the local wall temperature as aniahzation. As it moves toward the exit, the
change in temperature of this location as a resuthermal interaction with the duct walls is

evaluated using the reactant specific heats anbehaetransfer from the walls with the following

equation:
ATf — / Qwall At \
Vedge«ypc p )methane+ (pr P )oxygen) (2.15)
Where the heat transfer between the leading eddj¢hanwall is
Qwall = h'%dge(Tf _Twall) (216)
The area and volume of the leading edge are defined
Vysge = 2 D2, 7
4 (2.17)
A\edge = mtubeAZ (218)
Combining produces:
ATf = [ 4h(Tf _Twall )At \
Dtube((ymp )methane+ (y’d:p )oxygen) (219)

This shows that the temperature change is indepérafethe leading edge thickness. If the
temperature of this leading edge exceeds the agntemperature of the mixture, the extinction
mechanism is run to determine whether a stableeflaan be established or if the flame front

will fail to ignite due to excessive heat loss.
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Domain limits. The computational domain is limited to the tube Ivaald the fluid
region it contains. The movement of the flame frignrestricted so that it remains within the
area of the tube. If the flame front passes beybadube base, this consists of extinguishing the
flame and setting its position to the tube baskit moves beyond the tube exit, the flame is
anchored at the tube exit. If the flame is extisged and the leading edge of the inlet flow

passes beyond the tube exit, the simulation canbed, as re-ignition will not occur.

2.4.1.2 Characterization

Characterization of the behavior of the flame frigsmalso performed within the code. At
the end of each time step it is noted whether aitiayn or extinction event has occurred as well
as the position of the occurrence. At the endhefsimulation, the event history and current state
of the flame are examined, and the flame behasiolassified as follows:

Extinction: the flame front has extinguished, and the leadidge of the inlet mixture
has propagated to the exit of the tube or beyonidout re-igniting.

Blowout: the flame front is currently active, and seatetha tube exit, and did not move
from this position during the last time step.

Stationary flame front: the flame front is currently active and positidneithin the
tube, and did not move from this position during kst time step.

Oscillation covering the full tube length the flame front has consistently been igniting
at the tube exit and extinguishing at the tubetinlg is not necessary for it to have done this
throughout the entire simulation, but the patteustexist by the end.

Oscillation covering part of the tube length the flame front has been igniting at a

consistent position and extinguishing at a consisp@sition. The ignition must not be at the
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tube exit and/or the extinction must not be attthee inlet. As before, this pattern does not need
to exist throughout the simulation, but must bespng by the end.

These regimes are shown schematically in sectidn Bhere the phenomenology is
discussed in detail. In the case of the statioflarge front and both oscillatory classifications,
which require the flame front to occupy identicakpiions at successive times, slight variation in
the exact location is permitted, as discretizatiod other issues make it unlikely that the flame
front will indeed occupy exactly the same positiommerically even though a macroscopic
perspective would consider the locations to be résdly the same. Successive
ignition/quenching locations were considered taHsesame location if they differed by less than
1mm. Flame fronts were considered to be statioifidhey had an effective velocity of less than

0.1mm/s.

2.4.1.3 Program Execution

The flame front is initialized to a specified Itica within the tube, in either a burning or
extinguished state. If burning, initial non-adiabdlame temperature and speed are determined
using the mechanism from [58]. If extinguished gosition is noted as the leading edge of the
flame front.

The main program loop is as follows. First, timeadvanced by one step. The flame
front, or the leading edge of the inlet flow if tflame is extinguished, is moved to a new
position according to Eqn. 2.1. The new positienthen verified as being within the tube
boundaries, or else corrective action is takenessrnbed previously. Next, if a flame front is
present, the extinction mechanism from [58] is edlvto determine whether the flame

extinguishes given the wall temperature at the loeation, and to solve for the new temperature
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and speed if it remains stable. Alternately, grthis no flame front present, the heat transfer
between the leading edge of the reactant flow dved wall is determined, and the new
temperature of the leading edge is calculated usogs. 2.16-2.19. If this meets or exceeds the
ignition temperature, the extinction mechanismoilsed to determine if a stable flame front can
be established, and the properties if a stabledl@possible. If a stable flame can exist, the
flame front re-ignites; otherwise it remains unlithe time step is then complete, and the loop
begins again.

If enough time steps are processed, the systehewvahtually reach either a steady state
or a stable periodic cycle. When the simulatiocampleted, characterization is performed as

outlined above.

2.4.1.4 Procedure for Studies with Initial Version
Plots of the phenomenology were produced by pemftgg multiple simulations for
equivalence ratios from 1-3.5 and Reynolds numbdersn 0-250. 1024 evenly spaced

combinations of equivalence ratio and Reynolds rerbere selected from these ranges to

outles Temperature (K) generate a map of the flame behavior for each
A 4§00 1000
| configuration. All simulations were run for
E 5000 time steps with a step size of 0.001
LI 1B < 35
=2 seconds. The tube was given a length of
o
o
A 70mm and an inner diameter of 4mm, as in
0
I
inlet our physical setup. We specified a wall
Figure 2.4. Tube geometry and wall temperature _
distribution for computational studies. temperature profile for the tube that decreased

linearly with axial position from 1000 K at the
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tip (exit) to 300 K at the base (inlet). This pl®fwas chosen in order to have a tip that was hot
enough to ignite the mixture, making oscillationssgible, and to have a general shape that
approximates the expected profile of the physigatesn. The temperature profile of the tube
remained constant throughout each simulation. urkig2.4 illustrates this geometry and

temperature profile.

2.4.2 Version 2 of the Model: Inclusion of ReactarPreheating

A major limitation of the first version of the mddeas that the adiabatic flame
temperature and speed were calculated as a furaftiequivalence ratio only. In the real world,
the temperature of the unburned gases also hadfeat en these properties. This may be
important in the actual system: the reactants ghtetube at ambient temperature, but encounter
warmer tube walls as they flow through the tubeeatHransfer between the incoming gases and
the tube wall causes the reactants to be prehbatede entering the flame, potentially boosting
the flame temperature and speed. The second menithe model sought to account for this
phenomenon.

Several additions to the model were necessaryctouamt for the effects of reactant
preheating on the flame properties, including &retement meshes of the wall and fluid region,
routines to calculate the temperatures in the ftaglon at each time step, and expanded data for
the flame temperature and speed taken as a funofidsoth the equivalence ratio and the

unburned gas temperature.
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2.4.2.1 Changes to the Model
2.4.2.1.1 Finite Element Meshes

Finite element meshes are necessary in ordeattt the temperature distribution in the
fluid region. Figure 2.5 illustrates the divisiai the computational domain into the finite
element arrays. Two finite element meshes ardenteane for the fluid region, and one for the
tube wall surrounding it. Each of the two FE mesk&as designed to be individually one-
dimensional: divisions are made between elementiseiraxial direction (the z-dimension, along
the tube axis), but not in the radial directionheTFE array of the fluid region occupies the
central space along the tube axis, and the FE afrdlye tube wall surrounds it in the radial
direction. The number of elements in the fluidioagis given as an input to the program, and
during initialization the fluid region is dividechto the requested number of equally sized
elements. The tube wall is divided into the sam@lper of elements, ensuring that the cells line

up for heat transfer calculations.

Axis of symmetry

Fluid Wall
/ \ Wall Array Array

________ -

Isometric Cross sectic
Original System 2D Model FE Divisions

Figure 2.5. Formation of the computational domain.
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In addition to position and geometry data, eachmeint in the FE arrays tracks
temperature values for three locations in the efgntbe top surface, the bottom surface, and the
interior. The bottom (upstream) surface is thenelet inlet, and the temperature at this surface
corresponds to the temperature of the fluid asnters the element. The top (downstream)
surface is the element outlet, and the temperatutieis surface corresponds to the temperature
of the fluid as it leaves the element. The inteabthe element is the region between these two
surfaces, and is modeled as having a uniform temtyoer throughout. This interior temperature

is equal to the average of the temperatures dbfhand bottom surfaces.

2.4.2.1.2 Heat Transfer and Element Temperature Callations

The temperature distribution of the tube wall gedfied at the beginning of the
simulation and remains fixed throughout. Howevee, temperatures of the fluid elements can
change due to heat transfer with the tube walliatetaction with the flame front. At each time
step, the temperatures of the fluid elements aheedoas follows. Figure 2.6 provides an
illustration of the standard solution proceduredach element.

The program begins solving temperatures as theradf the tube and works its way up
through the elements of the array. Solving statrthe bottommost element, located at the tube
inlet. The bottom surface of this element is assija temperature equal to the specified
temperature of the inlet flow. The time neededthar fluid to traverse the element is calculated
from the element height and flow speed. Using time value, the temperature change of the
fluid after traversal is calculated using Eqn 2.48d the new temperature is assigned to the top
surface of the element. The internal temperatéitbeoelement is then calculated as the average

of the top and bottom surface temperatures. Thestoface temperature is then used as the
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Figure 2.6. Standard method used to solve thedemyres of each fluid element. Simplified equatiare used
for illustration.

bottom surface temperature for the element abowe salution of that element’s temperatures is
handled in the same way. In this manner, the pradiclimbs” from the bottom to the top of the

FE array, solving the element temperatures asa$.g@ slight variation on this procedure occurs
for an element that contains a flame front. Ifaafe front is present in the element, then the top

surface temperature is set to the temperatureediame front, and Eqn 2.19 is not used.

2.4.2.1.3 Determination of Adiabatic Flame Propergs
The inclusion of reactant preheating allows theabdiic flame temperature and speed to

be calculated as a function of both the equivalerat® and the unburned gas temperature.
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These properties were calculated in CHEMKIN usihg GRI3.0 mechanism for a range of
equivalence ratios and unburned gas temperatuiasian to create lookup tables.

Although the equivalence ratio remains constanoughout the simulation, the
temperature of the unburned gases entering theeffaomt can vary from moment to moment.
Because of this, new adiabatic flame propertiesevagatermined at each time step as follows.
First, the position of the flame front is used &eatmine what fluid element it currently occupies.
The temperature of the bottom (upstream) surfacthatf element is used as the unburned gas
temperature. If the flame has blown out of theetub will be seated at the tube exit and not
within any fluid element; in this case, the tempema of the top surface of the topmost fluid
element is used as the unburned gas temperaturth thg equivalence ratio and unburned gas
temperatures known, the adiabatic flame temperandespeed are determined from the lookup

tables via bilinear interpolation of the surrourglpoints.

2.4.2.2 Procedure
Phenomenology maps were determined using the saoeedure employed for the
previous version of the code, described in se@idnl.4. For the finite element meshes, 70 fluid

and 70 wall elements were used, giving a 1 mm lepgt element.

2.4.3 Version 3 of the Model: Dynamic Calculation oWall Temperature
2.4.3.1 Changes to the Model

The flame behavior and the temperature distrilbutibthe tube wall are strongly linked,
a phenomenon discussed in depth in chapter 4. eTtaers are interwoven: the flame heats the

wall to produce local temperature elevations, dredlocal wall temperature affects the heat loss
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from the flame and provides heat recirculationte teactants, thereby influencing the flame
speed, temperature, and stability. To improventioelel’s ability to accurately capture the flame
behavior, it is necessary to model this flame-wladirmal interaction and dynamically calculate
the temperature distribution in the tube wall.

The finite element mesh necessary to model th@deamture distribution in the wall was
implemented in the previous version of the modekaiibed in section 2.4.2. Modeling the
changes in the wall temperature distribution rezpliicalculating the heat transfer and enthalpy
change experienced by each element at each tipe $tee modes of heat transfer experienced
by a typical wall element are illustrated in FigZ,2and were calculated as follows:

Conduction. Conduction occurs between adjacent solid celidypical element in the
solid array will experience conduction with onemsét above and one element below. As noted
above, the wall array is one-dimensional, and lnsidns only along the tube axis. Because of
this, conductive heat transfer occurs only in tRmladirection, and not in the radial direction.
The conductive heat transfer with each adjacemete is calculated using Fourier’'s Law:

AT
Qconduction = kAontactE (2 . 20)

Here the thermal conductivityhas a value based on the tube material Aapg.:is the contact
area between adjacent solid elements, equal tortiss sectional area of the tube wallT is the
temperature difference between the two elemenits,Aanis the distance between their center
points (also equal to the length of one element).

Convection: inner surface The inside surface of the tube wall is subjectdrced

convection with the fluid flowing through the ducthe convective heat transfer is then:

Qconvection = hA%urfacuAT (2 . 2 1)
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Figure 2.7. Heat transfer modes experienced Ppiadl solid element.

As noted above, this heat transfer is modeled asrong with the constant Nusselt number for
laminar flow through a tubeNu = 4.36) [57], allowingh to be calculated using Eqn. 2.6. The
areaAsurface IS the area of the inside surface of the solidnelat, andAT is the temperature
difference between the wall and fluid at this ayiasition.

Convection: outer surface The outer surface of the wall experiences frevection
with the ambient air. Equation 2.21 is also usadtliis calculation, but with slightly different
values:h is the free convection heat transfer coefficidgt.ceiS the area of the outside surface
of the solid element, andT is the temperature difference between the wall eténand the
ambient air. For our simulations, a general valfi@0 W/nf-K was used as the heat transfer
coefficient for free convection.

Radiation. The outer surface of the tube wall experieneekative heat losses to the

environment, calculated using the following equatio

Qradiation = gJAsurface(Tvaall _Tstrroundirgs) (222)
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Heree is the material emissivityy is the Stefan-Boltzmann constalt,taceiS the area of the
outside surface of the solid elemenfa is the temperature of the wall element, dQGoundingsiS
the temperature of the surroundings.

The magnitude and direction of each componentat transfer are computed separately.
Once all heat transfer components have been ctddlhe components are aggregated and the

temperature change of the element is determinddth following equation:

AT =29
PVC,

(2.23)

Here AT is the temperature change of the elemeit,the time step siz&Q is the sum of the
heat transfer componentg,is the material densityy is the element volume, an@, is the
material specific heat. Where the duct materiapprties were needed in the above equations,
the properties of quartz were used by default:ntlaérconductivity 1.38 W/m-K, density 2220
kg/m®, specific heat 745 J/kg-K, and emissivity 0.75.

There are two special cases for which the heasfea calculations are slightly different:
the bottom surface of the bottommost element, aedtdp surface of the topmost element. In
the actual system, the bottom surface of the talie contact with a brass plate and large copper
block that may be assumed to generally have the $amperature as the surrounding air. To
approximate this, the heat transfer at the bottorfase of the bottommost element is modeled as
conduction with an element with a fixed temperaengeal to the ambient, using Eqn. 2.20. The
topmost element is more complicated. It will exgece heat transfer with the diffusion flame if
one is present, or the ambient otherwise. Heastea from the diffusion flame to the tip of the
tube is likely to involve substantial transfer dration, however this is not a simple thing to
calculate; modeling the radiative heat transfemfra flame could itself constitute a doctoral

thesis. Instead, a simple, flexible method of niodethe heat transfer from the diffusion flame
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to the tube was devised. This heat transfer wagetad as a combination of free convection and
radiation. The convection and radiation componevese calculated using equations with the
form of Eqns. 2.21 and 2.22, with user-defined galtor the convection coefficiehtand the
emissivitye. A convection coefficient of 10 W/rand an emissivity of 0.4 were found to give
satisfactory temperature elevations to the tip\aace used as the defaults for simulation. In the
situation when no diffusion flame is present, heahsfer to the ambient at the top surface is
modeled as occurring via free convection and ramhiain the same manner as for the outer
surface of the tube, using Eqns 2.21 and 2.22. t&€hwerature of the diffusion flame was
calculated in CHEMKIN using the GRI 3.0 mechanigemperatures were calculated for an
equilibrium state, with an initial mixture consiggi of the rich inlet methane-oxygen mixture

combined with enough air to bring the equivalerateorto 1.

2.4.3.2 Procedure

The method of computing phenomenology maps forfithed version of the code was
similar to that used for previous versions, desatibn section 2.4.1.4. However, some
modifications to this procedure were necessaryrdeoto deal with the greater complexity and
computational intensity of dynamically calculatithge wall temperature distributions.

The first change was an increase to the simuldiioa. To allow the system to evolve
from the starting conditions to a final steady eripdic state, simulations were run for 5 virtual
minutes, rather than the 5 virtual seconds usgaremious versions. The 5 minute figure was
derived from the IR thermometry tests, in whiclstivias found to be a sufficient time to reach a

final state. The time step size kept a constalutevaf 0.001 s, as in previous versions.
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The second change was a decrease in the resolatidghe phenomenology maps.
Previous versions used 32 divisions of equivaleati® and 32 divisions of Reynolds number,
for a total of 1024 computational cases per mape dreater computational intensity and time
requirements of the final version necessitateddaaton in the total number of cases per map.
16 divisions of equivalence ratio and 8 divisiorisReynolds number were used, for a total of
128 cases per map. More distinct equivalence gatiere tested on the basis of experimental
data suggesting that this is the primary factot tetermines the phenomenology, discussed in
chapter 3.

It was quickly observed that the initial wall catnmhs affected the final solutions for this
version of the model, so for each computationakecawo different initial wall temperature
distributions were used. In one case, the wall watsally given the linear temperature
distribution of Fig. 2.4, with the temperature desing linearly from 1000 K at the tip to 300 K
at the base. The purpose of this distribution twemmulate a preheated tube. In the other case,
the initial wall temperature was set to the ambtentperature of 300 K throughout, in order to

simulate a cold tube.
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Chapter 3

Flame Phenomenology Studies

3.1 Flame Stabilization Phenomenology

For the case of a premixed laminar flame with tamisequivalence ratio in a non-
adiabatic, large-scale duct, three modes of behar® commonly observed. (By “large” here,
we mean of large diameter in comparison to the dlaimckness.) The exhibited behavior is
determined by the relative values of the flow véipand the laminar flame speed. At a critical
flow speed that equals the flame speed, a stablgrsary flame front will exist within the duct.

If the flow speed is below this critical value, thame speed exceeds the flow speed and the
flame front propagates upstream in a flashbackefflow speed is above the critical value, it

exceeds the flame speed and the flame blows outa&ed on a conical shape at the duct exit.

In “mesoscale” ducts, i.e. ducts with diametertba order of the flame thickness, an
additional oscillatory mode is observed in the lssthat are reported here. These oscillating
flames were first observed in our group [39], aastehpreviously been subjected only to limited
study. To our knowledge, no other theses to datee been devoted to this phenomenon.
During oscillations, a flame front propagates ugetn, while at the same time the excess fuel
maintains a diffusion flame at the tube exit. Afpeopagating some distance, the moving flame
front extinguishes. High-speed visualization hagenled that when this happens, the diffusion
flame at the exit extinguishes at roughly the saimee, for at least some cases. Shortly
afterward, the flame reignites at the tube exit #rel process repeats. Since these oscillatory
phenomena appear to be repetitive flashback, @ximcand re-ignition events, it would be

expected that oscillations can occur only when ftoe speed is less than the flame speed.
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Figure 3.1 shows the characteristic flame behawwbrthe
‘ A mesoscale regime. There, five behavioral regimes a
introduced and indicated with Roman numerals (I-V).

They will be used extensively in the discussion tioé

results that will follow. The observed mesoscd@Emke

(»

I phenomenologies are the same ones described ihifrie

section 2.4.1.2:

I) Blowout. In this case, the flame front remains seated at

the tube exit. No propagation into the tube occurs

) II) Oscillations covering part of the tube length

Oscillations occur in which a flame front propagateto

the tube, but extinguishes prior to reaching theebaf the
A tube. Re-ignition occurs at the tube exit, prodga stable

V) periodic cycle.

[II) Stationary flame front in the tube. A flame front

propagates some distance into the tube, comestoard

A then remains at that location.

V)
~—] IV) Oscillations covering the full length of the twe.

Oscillations occur in which a flame front propagateto

Figure 3.1. Inverted color photographs
and sketches of characteristic flame
behaviors. 1) blowout; 1) oscillations ] o L )
covering part of the tube length; 1l) €xtinguishing. Re-ignition occurs at the tube exit
stationary flame front in the tube; IV)

oscillations covering the full length of wroducing a stable periodic cycle. Quenching ef ftame
the tube; V) flashback and extinction

(sketch only;

the tube and travels all the way to the tube bagferb
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at the base is nearly certain, because below the bfathe tube the fluid passage changes to a
narrow duct through the copper block. This gemgrattinguishes flame fronts that propagate to

the base of the tube.

V) Flashback and extinction A flame front propagates some distance intdube, after which
both the propagating flame front and the exit diifun flame extinguish, and re-ignition does not

occur.

In all oscillating cases, a diffusion flame is ntained at the tube exit as a result of the
excess fuel. It is recognized that, in princigenilar oscillatory phenomena can be induced in
larger scale ducts, e.g. with an appropriate maaijom of the wall boundary conditions.
Indeed, the results of [41] that theoretically didsed such oscillations are expressed in terms of
non-dimensional geometric parameters. Howeverf vghanique about the mesoscale regime is
that the necessary temperature gradients on tleeviah occur spontaneously without the need

to be imposed externally as e.g. in [40].

3.2 Fuel Effects (Methane vs. Propane)

Methane and propane flames were found to diffeseweral key areas. Propane flames
require much more oxygen on a molar (volume) basikmol of fuel than methane flames — 2.5
times as much for stoichiometric combustion. Math& a lighter fuel, with lower density and
higher diffusivity than propane. Methane is lightiean oxygen, while propane is heavier. As
the flames studied here are fuel-rich and oxygenitdid, this means that for the methane case the
limiting reactant is the heavier one, while for paoe the limiting reactant is the lighter one.

This affects the Lewis number for the mixture, defl by Eqn 3.1.
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(3.1)

HereLe s the Lewis numbem is the diffusion coefficients is the thermal diffusivityp is the
density, C,, is the specific heat, ankl is the thermal conductivity (all properties are the
aggregate mixture). A comparison of the Lewis namlfor each fuel at various equivalence
ratios is presented in Table 3.1. Diffusion caéints were calculated using the method

described in [59], with the following equation:

) 2 3/2
p = 000266 (3.2)
PMABO-ABQD

Mixture-averaged thermal conductivities were cadted using a relation from [60]:

k=23 Xk, + (3.3)
2 n=1 ZL
K

n=1 n

These relations are described in detail in théaviant texts. As shown in Table 3Lk is
roughly 1 for the methane-oxygen case, but mone tiwece as high for propane-oxygen.
Increasing the equivalence ratio also increasdsr both fuels, though the effect is marginal in

the methane-oxygen case and much more pronouncedojpane-oxygen.

Table 3.1. Lewis numbers for methane-oxygen anggmme-oxygen mixtures at various equivalence
ratios. Values are calculated for a “cold” mixtate300 K and atmospheric pressure.

Equivalence Le Le

Ratio Methane-oxygen Propane-oxygen
1 1.02 2.41

15 1.03 2.57

2 1.03 2.72

2.5 1.03 2.84

3 1.04 2.96

3.5 1.04 3.06
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Figures 3.2 a-f depict the relationship betweenvedence ratio, Reynolds number, and
flame behavior for methane and propane flames. Réynolds number was calculated using the
tube diameter and cold flow properties and used asans of non-dimensionalizing the flow
velocity and to facilitate comparison of the di#fat fuels, without assuming that it is the
controlling parameter of the flow. The flow coriteos used in these experiments have an error
of £1.5%, which produces some uncertainty in thasneed equivalence ratios. This uncertainty
ranges from +0.066/-0.064 for the case with thellestaflow rates to +0.059/-0.058 for the case
with the largest flow rates.

A general trend can be seen in the behavior of bwthane and propane flames. For a
fixed Re a sufficiently rich mixture will produce blowoand generate a diffusion flame at the
tube exit. As the mixture is made gradually leamegcillations and stationary flames will be
observed within the tube, with propagation depttreasing as the equivalence ratio decreases.
When the mixture becomes close enough to stoichiméashback and extinction will occur.
This oscillatory pattern makes sense from a thepeedpective. As the flame penetrates into the
duct, it loses heat to the non-adiabatic wall alithately extinguishes. At the same time the
diffusion flame at the tube exit keeps the tiplod tube hot enough to re-ignite the mixture after
the moving flame front is extinguished. It had®stressed that the diffusion flame at the tube
exit extinguishes simultaneously with the propagatilame front, so the heat for re-ignition
must be supplied by the tube wall. This assert@m be supported by careful measurements of
wall temperature (based on IR thermometry, as tedan chapter 4) but our focus here will
remain on the description of phenomenology, leadetiled measurements of temperature and

flow fields as a possibility for future study.
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A mixture that is too rich cannot produce a sebtaining flame front, and will blow out
to form a diffusion flame. On the other hand, atonie that is close to stoichiometric can sustain
flame propagation, but since both reactants areostindepleted at the flame, the partially
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Figure 3.2. Flame behavior plotted against Re@fad methane and propane with multiple tube
lengths. Behavioral regimes are labeled with Romamerals as follows. I: blowout; II:
oscillations covering part of the tube length; Btationary flame front in the tube/oscillations
covering part of the tube length; IV: oscillatioce®vering the full length of the tube; V: flashback
and extinction. Lines mark experimentally obserbedindaries between regimes. a) methane,
35 mm tube; b) methane, 70 mm tube; c) methane,n@hCtube; d) propane, 35 mm tube; e)
propane, 70 mm tube; f) propane, 210 mm tube.
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premixed flame at the tube exit does not burn gely and does not generate enough heat to
warm the tip of the tube enough for re-ignitionawcur. So, only at intermediate equivalence
ratios can stable oscillations be sustained.

For the methane case, boundaries between opelategiames are defined almost solely
by equivalence ratio, a trend that suggests thatlatery phenomena are thermally driven for
this case. Only the flashback/extinction limiaf$ected byRe and then only for the shorter tube
lengths. Redoes appear to determine at what point statioimaiybe flame fronts can exist; only
for Reynolds numbers greater than approximatelyw4@e stationary flame fronts observed
within the ducts. The shape of the flashback/extm limit boundary is noteworthy. For low
Re the line is essentially vertical, but Bgincreases the limit shifts and stable oscillatioas
exist for mixtures closer to stoichiometric. Thepkanation for this is thermal: for a fixed
equivalence ratio, highé&emeans fuel is being burned at a greater rateesponding to greater
heat release. This warms the tube more quicklytaralhigher overall temperature, increasing
the likelihood that the tube will be warm enouglthe tip to re-ignite the flame after it flashes
back to the base of the tube and extinguishes s-filllitube oscillations can be supported for
mixtures closer to stoichiometric. The fact thas ttrend in the flashback/extinction limit is not
seen for the 210mm tube, which has the greateataré therefore the most demanding energy
requirements for heating, supports this explanatidfor the shortest tube at higke the
flashback/extinction limit moves back toward thehrside. It was observed that at this point the
flame front actually becomes seated at the basieeafube, which suggests that the tube became
hot enough along its length that re-ignition cootdur closer to the base and not only at the tip,

as in other cases.
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Similar behavior and oscillatory phenomena were epled for propane flames.
However, as Figs. 3.2 d-f show, the boundaries éetwegimes were highly dependent on
Reynolds number as well as equivalence ratio. $hggests that fluid mechanical factors may
play a much greater role in determining the behawigropane as opposed to methane flames.
Oscillations were also observed at more fuel riod &igherRe conditions than for methane
flames. The range for which oscillations covetting entire tube length could be established was
smaller for propane flames, indicating that thesallations are less stable.

Figures 3.3 a-f show the behavioral regimes plo#gdinst mean flow velocity and the
calculated adiabatic flame speed. Flame speeds adetermined computationally in CHEMKIN
4.1.1 using the GRI 3.0 mechanism and the measemed/alence ratios. The disagreement
between the theoretical macroscale predictionglamé@xperimental results highlights the unique
nature of the mesoscale regime. All of the studisgthane mixtures have predicted flame
speeds that exceed the flow velocity and would keeeted to flash back, which allows
oscillations to occur when a sufficient thermaldieat is present and the flammability limit is
not exceeded. However, stationary flame frontéiwithe ducts were also observed, contrary to
what would be expected in a non-adiabatic anabyisesn that the predicted flame speeds exceed
the flow speeds. Propane flames exhibit betteeeagent with computational predictions, with
the slopes of the curves approximately following time of equality between flame speed and
flow speed. However, the computed flame speedgifopane are less than the flow speeds,
which should make flashback, and thus oscillatiompossible. Conceivably, there is heat input
from the warm tube to the flame that increasesfldmae speed, although this point deserves

further, possibly computational, investigation.

48



3

30 - 40
W : I
E 25 ; ¥ 1
=R N 230
= h [} =
2 20 ‘ ,{ v %5 .,
& S &
E 15 ,"J E 20 4 Increasing \‘ . v
% wd S i % 15 { propagation -
? K ? 10 J depth :,*
T 5] ) . T .
3 i Inczreaszing propagation depth I 5 et -
0¥ . . — . 1 EA — . .
I 20 40 E0 a0 100 120 ] 5 10 15 0 25 30 35
Computed Laminar Flame Speed [cmis] Computed Laminar Flame Speed [cmis]
b
20 - 40
w ‘ r
E 25 ; E¥ y
=] . o
= ; me =¥
o 20 1 ; T .,
T o 25 4
& S n &
S 15 1 ,"J z 2 1 Increasing \‘
E wd [} E 15 { propagation
? K ? 10 4 depth :,*
ERIE ) ) T e
I i Inreasing propagation depth I 5 Lt
I:l 4 T T T T T I:l = . T T T T T T
1] 20 41 ED an 100 120 i} g 0 15 ] 25 a0 35
Computed Laminar Flame Speed [cmis] Computed Laminar Flame Speed [cmis]
« fl
20 - 40
w ‘ r
E 25 ; E¥ y
=] . o
= ; jf n 2 a0 4
o 20 4 ; I 25 -,
& ‘ I v & N
E 15 1 J-J E 20 4 Increasing
Swd s i i 15 o propagation .
? K ? 10 4 depth L
R : . 5 I
I i Increasing propagation depth I 5 e
f —_— e
I:l T T T T T I:l T T T T T T
1] 20 41 ED an 100 120 i} g 0 15 ] 25 a0 35

Computed Laminar Flame Speed [cmis]

Computed Laminar Flame Speed [cmis]

Figure 3.3. Flame behavior plotted against the smesl mean flow speed and Chemkin-
calculated theoretical flame speed for propane amdhane with multiple tube lengths.
Behavioral regimes are labeled as in Fig. 4. Limask experimentally observed boundaries
between regimes. Plots include a dashed y = xftinavhich the flow speed and flame speed
are equal. a) methane, 35 mm tube; b) methaneriiGube; ¢) methane, 210 mm tube; d)
propane, 35 mm tube; e) propane, 70 mm tube; Pare, 210 mm tube.
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3.3 Effect of Tube Length

Changing the length of the duct affects the acodstguency, as well as the area for heat
exchange between the flame front and the dudhelimal effects are important and a warm tube
is necessary for oscillations, a longer tube madybih stable oscillations since more energy is
required to heat the tube and to maintain an etevEmperature. As Figs. 3.2 a-c show, this is
exactly what was observed in the methane studiesthe tube length increases, the least fuel-
rich section of the stable oscillation regime sksinand for the 210 mm tube it vanishes
completely, giving a flashback/extinction limit tha nearly vertical. Moreover, no oscillations
that propagated over the full length of the tubald¢de established for the 210 mm methane
case. Little variation was seen in the rich bouiedaof the oscillation and stable flame front
regimes, which depend only on a thermal gradieat tiee tip of the tube.

This same trend is apparent for propane in Figs.d3e as the tube length is increased
from 35 mm to 70 mm. The flashback/extinction timioves more toward the rich side, and the
conditions for which stable full-tube oscillationan be established are drastically reduced. The
effect of increasing the tube length from 70 mn210 mm is less clear. Although no stable full-
tube oscillations can be established for the 210 nofpe, Fig. 3.2 f shows that the
flashback/extinction limit appears to stretch ifess rich mixtures in the 210 mm case.
Stationary flame fronts within the tube were obedronly for the 210 mm case. This is a
notable departure from the behavior of methanedgnor which stationary flame fronts could
be established for all three tube lengths. Thésm@mena suggest that fluid mechanics plays a

greater role in the oscillatory behavior of propflames.
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3.4 Effect of Tube Material

Table 3.2 compares the thermal properties of teedematerials and whether each is
capable of sustaining oscillations. No oscillatiorould be established for the materials of
highest thermal conductivity and thermal diffusyvit Apparently, for highly conductive
materials the notion of quenching diameter apphkdsije for materials of lower conductivity,
novel, oscillatory behaviors are observed. Tubeslemof low conductivity material have two
important properties. First, they have the abiitynaintain steep temperature gradients in their
walls. The behavior of the tubes in this situai®analogous to that of a fin: a high temperature
is produced at one end of the duct by a diffuslamé&, and convective heat dissipation occurs
along the length. The degree to which temperatbemges with position along the fin can then

be expressed in terms of the fin paramgter Sis calculated with the following relation:

=— (3.4)

Hereh is the convection heat transfer coefficidatis the perimeter of the firk is the thermal
conductivity, andA. is the cross-sectional area of the fin. Higheugalfor the fin parameter
indicate greater influence of convective losses, arsharper gradient in temperature along the
length of the fin.

Second, tubes of low thermal conductivity followmigerature fluctuations in their
boundary with significant time delay, quantifiedaasmall Fourier number.

Fo=2't (3.5)

L2

HereFo is the Fourier number is the thermal diffusivityt is the characteristic time, amdis

the length of the tube.
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Table 3.2. Comparison of thermal properties anmhciy to maintain stable oscillations
for tested tube materialk is the thermal conductivityy is the thermal diffusivityfL is
the fin parameterandFo is the Fourier number.

. k a Can establish stable
Material (W/m-K)  (m?s) (mﬂ'l) A Fo oscillations?
Glass 1.40 7.54e-07 158 11.06 1.54E-05 Yes
Quartz 1.38 8.34e-07 159 11.14 1.70E-05 Yes
Steel 15.1 3.91e-06 48 3.37 7.98E-05 Yes
Brass 110 3.39e-05 18 1.25 6.92E-04 No
Copper 401 1.17e-04 9 0.65 2.39E-03 No

Calculation of the fin parameter for each materg@lcomplicated by the fact that
convective losses occur from two surfaces: fromailer surface of the tube via free convection,
and from the inner surface via forced convectioA.modified version of Eqn. 3.4 was used to

account for this:

ﬁZ — houtsidepoutside+ I‘\nsidel:?nside (36)
kA,

Here the “outside” and “inside” subscripts dendte values for the outer and inner surfaces of
the duct. For the outer surface, a reasonablenati for the free convection heat transfer
coefficienthyusige Of 10 W/nf-K was used. The flow inside the tube may be carsid laminar
and fully developed, and assuming a uniform heaat Between the fluid and wall, a constant
Nusselt numbeNu of 4.36 can be used, similarly to the well-es&i®d relation for constant-

density flows [57]. Equation 3.7 can then be usedetermindinsige
Nu, =— (3.7)
HereD is the tube inner diameter.
As Table 3.2 shows, the fin parameter is smallestthe most thermally conductive

materials, and increases with decreasing thermradwdivity. A larger fin parameter indicates a

greater influence of convective heat losses, whlatuld result in a steeper temperature gradient.
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Examining the theoretical temperature distributadong the duct verifies this. In this specific
case, one end of the duct is heated by a diffuBaone, while the other end is attached to a
copper block that acts as an effective heat sifikctevely making the temperature at that end
equal to the ambient. With the fin parameter knothe non-dimensional temperature at each
point in the duct can then be calculated using difieal form of the equation for a fin with a
prescribed temperature at one end [61]:

0= sinhB(L —x)

sinhAL (38)

Here L is the duct lengthx is the axial position, and is the non-dimensional temperature,

defined as:

= o (3.8)

Where T is the temperature at a given poiilit, is the ambient temperature, and is the
temperature at the heated end of the duct. Thedrmture distribution for each material is
shown in Fig. 3.4. The highly conductive materiadse nearly linear temperature distributions
due to the predominance of conduction heat transfeile for the less conductive materials a
rapid decrease in temperature occurs near thecheate which departs significantly from the
linear profile predicted by a simple conductivensport. Because of these temperature patterns,
tubes with lower thermal conductivity have conveetiheat losses that are effectively
concentrated near the heated end.

It is pointed out that the results of Fig. 3.4 mreéerms of non-dimensional temperature,
with the temperature at the edge of the tube tosvénd diffusion flame remaining essentially
unknown. This unknown temperature is not consfantall materials. What is instead

essentially constant is the input of heat from difeusion flame, which must be balanced by
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Figure 3.4. Predicted non-dimensional temperatis&ibutions along the duct, based on the fin peter for
each material. The glass and quartz curves neaésiap.

losses elsewhere in the system. The linear termeralistribution of highly conductive
materials results in elevated temperatures, anéxbgnsion greater convective losses, farther
from the heated end, along with conductive losseethé copper block at the tube base (which
may be dominant). For less conductive materidbsyated temperatures occur only near the
heated end. To achieve the same convective losseghis smaller area, the temperature of the
duct in this region must be higher. As such, a&taotade of low thermal conductivity material
should produce not only a substantial temperatuadignt, but also a higher temperature near
the exit. Both are conducive to re-ignition ofl@e during oscillation.

Fo was calculated for each material by using the tahgth forL and the time between
oscillations fort; a reasonably fast oscillation frequency of 10 (Based on experimental
observations) was used, for a characteristic time0.4 s. Table 3.2 summarizes the
approximated-o values. For the particular configuration of adubat is heated at one end by a

diffusion flame and cooled at the other through taon with a copper block at ambient
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conditions, a high fin parameter leads to a sulisitalemperature gradient along the tube length
and a high temperature region near the tip thatdceupply heat to re-ignite an extinguished
mixture. At the same time, a low Fourier numbaeatigates that this hot region will be more
capable of holding its temperature after the flaargnguishes until fresh fuel and oxygen are
delivered, at which instance, re-ignition will occurhus for a flame that is oscillating at several
Hz, a stable situation can be established in a tultk low thermal conductivity that is
impossible for a highly conductive tube. As TaBl2 shows, the lower conductivity materials
have higher fin parameters and lower and fit this model more closely, enabling them to
support stable oscillations. The higher conduttimnaterials have much lower fin parameters
and higherFo, indicating that they maintain smaller temperatgradients and do not hold
temperatures well; as a result, they fail to mamtdable oscillations. For quartz and copper,
respectively the least conductive and most condeictiaterials, the difference in fin parameter
andFo is multiple orders of magnitude.

The arguments based on the fin parameterFamgoint to the importance of the wall
temperature distribution for combustion in smakdscducts. This was pursued experimentally

with infrared thermometry, as described in chagter
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Chapter 4

Infrared Thermometry Studies

4.1 Image Processing

The infrared camera described in chapter 2 caghtgrayscale images of the infrared
intensity along the tube. To construct distribns®f the tube wall temperature profiles from the
IR images, the image grayscale intensity valueslerté¢o be converted to temperatures. This
was done by correlating the thermocouple tempezatadings to the image grayscale intensities
at the thermocouple locations. As noted earlieg images were taken for each mixture
composition: one capturing the “low temperaturehga and another capturing the “high
temperature” range. As a result, two calibratiarves needed to be produced. Each was done
separately.

The “low temperature” images were used to prodhee“low temperature” calibration
curve. Each image was processed as follows. ,Rinst image background intensity was
measured and subtracted from all non-saturatedispixe the image. Next, making the
assumption of radial symmetry in the temperatucdilp; a single representative intensity value
was determined for each location on the tube aXisis was done by recording the intensity of
the brightest pixel in each row, beginning at tlwsv rcorresponding to the tube exit and
continuing line by line to the row correspondinghe tube base. This produced a profile of the
grayscale intensity along the length of the tul.single representative value for each row,
rather than the row average, was necessary becausel wear on the ducts resulted in the

development of regions of varying emissivity, inighthe pixel intensity varied despite the
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temperature being uniform. This phenomenon isstithted in Fig. 4.1. Seeking only the
brightest pixels on each row ensured that the ewitig@t each location had a consistent, high
value.

Once all images were processed and an intensfiigpwas established for each image,
the calibration curve was constructed. For eagbeement, the grayscale intensity at each
thermocouple location was taken from the intenpityfile and matched to the thermocouple
reading for that experiment, in order to producecarelation of grayscale intensity to
temperature. Data for which the thermocouple ioocahad a grayscale intensity of zero, or for
which it was saturated (intensity = 255), were ¢l All temperature-intensity data for a given
material across all experiments were aggregateti aathird order polynomial was fitted to the
data. This relation was then used to convert titensity profile for each image into a
temperature profile. After the “low temperature’tofdes were completed, the “high

temperature” images were processed in the same avagw correlation was determined, and

Figure 4.1. Sample pair of grayscale images offhgignal. The conditions of the duct are the sdon both

images. The left image captures the lower ponibiihe temperature range (“low temperature” imagédtter

areas show saturation. The right image captuessiper portion of the temperature range (“highpierature”
image). Cooler areas have intensity too low taéected. Variations in the emissivity resultingni normal

wear are visible in the right image.
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“high temperature” profiles were produced.

Because the two images taken for each case eatired only part of the temperature
range, the two partial temperature profiles wemalmioed in order to produce a full temperature
profile for the tube. Combining the profiles alsgps to reconcile differences in the temperature
measurements that can occur as a result of thedi¥ferent correlation equations. The
combination of the “high temperature” and “low tegngture” profiles into a single temperature
profile was done by applying the following ruleseatch axial position. When both the “high
temperature” and “low temperature” images had sitegs in the valid range (greater than zero
and less than saturation), the temperature valtwa the two profiles are averaged. The
differences between the two temperature valuesioh €ases was different for each material.
For steel, the average difference was ~7.5 K. difference was <20 K for over 97% of cases,
and <10 K for 72% of cases. Larger temperaturemihces were observed in the quartz case,
perhaps due to the larger temperature range argestéemperature gradients for this material
(discussed later in this chapter). For quartz,aWnerage difference was ~19 K. The difference
was <50 K for over 97% of cases, and <30 K for 8if%ases. When the “low temperature”
image is saturated, the temperature value fronihigh temperature” profile is used. Likewise,
when the “high temperature” image has zero intgnsite temperature value from the “low
temperature” profile is used. If the “low temperaf’ image has zero intensity, the minimum
temperature from the correlation equation is usedrésponding to either ambient temperature
or the minimum temperature that the camera canrebge In the event that the “high
temperature” image has maximum intensity (satunytithe maximum temperature from the
correlation equation is used (corresponding to mm&ximum temperature the camera can

observe).
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4.2 Flame Phenomenology

The observed flame phenomenologies in the tube® whkassified according to the
categories described in the phenomenology expetswdrchapter 3 and illustrated in Fig. 3.1:

(1) blown out flame at the duct exit,

(2) stationary flame front,

(3) oscillating flame propagating over part of thbe length,

(4) oscillating flame propagating over the fulhdggh of the tube, and

(5) extinction.

Maps of the flame phenomenologies for the quartk steel tubes are presented in Fig. 4.2. It
should be noted that because of the opaque nattihe steel tube, determining the penetration
depth of oscillating flame fronts was not feasibk®m no distinction was made between
oscillations that propagate over only part of thieet length and oscillations that propagate over
the full tube length.

The basic pattern of behavioral regimes for bhthdteel and quartz tubes is the same as
what was reported in [42]. Blown out flames ocatihigh equivalence ratio®)( oscillations
and stationary flame fronts occur whemrops below a certain threshold, and extinctiocues
when@is too low. Flame behavior appears to be detexchbyy equivalence ratio rather than Re.
Stationary flame fronts, however, are observed ahkufficiently high Re.

There are notable differences between the flanemginenology in the quartz and steel
tubes. The most significant difference is that fbe quartz tube, stable oscillations and
stationary flame fronts can be established for@gewrange ofp than in the steel tube. The onset
of oscillations and stationary flame fronts occatrgn equivalence ratio that is 0.1 higher for the

gquartz tube compared to the steel tube. This oyeeerally occurs at aroungl= 2.4 for the
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guartz tube and = 2.3 for the steel tube. The extinction limitalkso more generous for the
qguartz tube. For the Re = 40 to Re = 70 rangen&xin occurs at equivalence ratios 0.1 lower
in the quartz tube than in the steel tube, a netaidrease in the stable range. As a result of
these two effects, for most of the studied fuelfl@ates the stable oscillating/stationary flame
front regime covers a 0.2 broader rangg &r the quartz duct compared to the steel dudso A
noteworthy is that many more stationary flame froates are observed for the quartz tube. In

the steel tube, these same mixtures generally peodscillating flames instead.
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Figure 4.2. Flame phenomenology maps. Lines atineeperiments with equal fuel flow rates. Sinbe t
penetration depth of oscillations in the steel tabald not be observed, no attempt was made tingissh
between oscillations that propagated over parhefttibe length and oscillations that propagated the full
tube length.
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4.3 Effects of Equivalence Ratio/Flame Phenomenolp@n the Wall Temperature

Figures 4.3 and 4.4 show the temperature distabsitfor each duct material and fuel
flow rate. Within each plot, the fuel flow ratetise same for all curves. One point deserves
mention here. As an unavoidable effect of theed#iht emissivities of the two tube materials,
and the different camera settings used in each, ¢aseminimum temperature at which the
camera is capable of detecting the IR emissions fitee tube is different for quartz and steel.
As a result, the minimum plotted temperature (seethe point at which the temperature curve
becomes a vertical line) is higher for the steektu This is not indicative of a higher ambient
temperature in the steel experiments, and doesuggest that the actual minimum temperature
in a given steel case is necessarily higher tharathual minimum temperature of a given quartz
case.

In general, the temperature is highest at the axeand lowest at the tube base for all
flame behaviors. This is expected, as the tube lelds a diffusion flame and experiences
relatively low thermal losses compared to the tbbse, which is far from the flame and in
contact with a brass plate and copper block thaas@ heat sink. Another general trend is that
the cases with lower equivalence ratios, for whioh flame exhibits oscillatory or stationary
flame front behavior, have much higher temperattaether from the tube exit, while the exit

temperature is approximately unaffected.
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Figure 4.3. Temperature distributions for each doaterial and fuel flow rate. Each curve represém steady
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The highest equivalence ratios correspond to dasehich the flame is blown out of the
tube. Starting at the tube exit and moving dowmlyvtre temperature is initially at a maximum,
but decreases rapidly farther from the tube €kfiie temperature decrease is much sharper in the
guartz case, which is an expected consequencesdbiter thermal conductivity. Decreasing
the equivalence ratio effectively shifts the tengpare curve to the right, increasing the peak
temperature at the exit, the temperature throughioeitheated area, and the depth at which
elevated temperatures are observed. Howeverettast is far less pronounced than the impact
of changing from a blowout to an oscillatory modeoperation, or to a stationary flame front
within the tube.

When Re is high enough, equivalence ratios skgldlver than those for blowout
conditions will produce stationary flame fronts.helf'most notable aspect of the temperature
profile for this mode of operation is that two tezngiture peaks exist. One always lies the tube
exit, which hosts a diffusion flame. The otherlpeacurs at the location of the stationary flame
front. In some cases this flame front may resy vezar the tube exit, and the combined output
of these two flames causes massive elevation idoited wall temperature, for example in the
quartz tube in Fig 4.3.c) fap = 2.3. When the flame front is farther from thibe exit, one of
the two temperature maxima tends to be larger tharother. For the quartz tube, the higher
wall temperature is observed near the stationamydl front. For the steel tube, the higher wall
temperature is generally observed at the tube wexigre the diffusion flame exists. Moving
away from either flame front, the temperature dases.

The lowest equivalence ratios for which stable loostion was established produced
oscillating flames. It should be emphasized ththibagh the flame front moves within the tube

during oscillations, the temperature distributidritee duct wall remains constant at steady state.
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The wall temperature profile for an oscillatingrfla configuration can have multiple patterns.
The optical accessibility of the quartz tube alldwmes to determine that the shape of the
temperature profile is dependent on the depth oepation of the oscillating flame front. For
flame fronts that have a shallow penetration d€ptiopagating only near the tube exit), the
shape of the temperature profile is essentiallytidal to that produced by a blown out flame.
As the equivalence ratio will be lower than in avah out case, the temperature curve is shifted
to the right as noted above. This pattern canbdsemved in the quartz tube in Fig. 4.4.c) ¢or

2.3. When the flame front propagates farther thetube, but not all the way to the base, the
wall temperature profile resembles a piecewisetfanc Moving down from the tube exit, wall
temperature decreases gradually with distance thdildepth of penetration of the flame front.
Below this point, the temperature decreases muate mapidly with distance. This pattern can
be observed in the quartz tube in Fig. 4.4.cxfer2.2 and in the steel tube in Fig. 4.4.d) ¢or

2.2. When the flame front propagates over thetélde length, different patterns are observed in
the quartz and steel tube. In the quartz casdyptieewall achieves a nearly uniform temperature
for most of its length. Deviations are observethatends, with temperature sharply increasing
to a maximum at the tube exit and sharply decrgasim minimum at the base. This pattern can
be observed in the quartz tube in Fig. 4.3.e)gfer2. The region of uniform wall temperatures
was not observed in the steel tube, even for asicij flames that were believed to propagate
over the full length of the tube. What is obseruestead in the steel tube is a nearly constant
decrease in temperature with distance over the lerigth. Near the tube base, the temperature
may decrease more rapidly. This pattern can bereéd in Fig. 4.3.f) forp = 2.1. It is noted
that in a low conductivity material, flame osciltat is compatible with a constant temperature

along the tube wall, which is particularly attraetifor coupling with direct energy conversion
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modules, such as thermoelectrics or thermophotaieslt Such devices are often effective only
for narrow temperature ranges, and would benefihfa system that maintains a nearly uniform
temperature.

For non-oscillating cases, the higher thermal cetidity of the steel tube promotes more
uniform distribution of enthalpy along the duct, evbas the lower thermal conductivity of the
gquartz tube creates more localized high temperadneas. Even so, the same low thermal
conductivity of quartz, notably, promotes bettethatpy distribution and near-uniform wall
temperatures for oscillating cases. In additigduse the low thermal conductivity of quartz
promotes localized high temperature areas, iddntiame conditions will produce a higher
temperature at the duct exit for the quartz tubemared to the steel tube. A higher wall
temperature at the tube exit facilitates re-igmitiof the flame front, which promotes stable
oscillations. This explains why oscillating flamean occur at lowerp in the quartz tube
compared to the steel tube. This higher exit teatpee may also be the reason why oscillating
and stationary flame fronts are observed at higherthe quartz tube. High temperatures near
the exit will preheat the reactant gases priomt@reng the flame, potentially boosting the flame
speed high enough that upstream propagation iettuthe becomes possible. In this manner, the
more generoug limits on both sides of the oscillatory regimetlire quartz duct can potentially

be attributed to the lower thermal conductivitytiod material.

4.4 Comparison of the Effectiveness of the Flame Baviors for Duct Wall Heating
Table 4.1 summarizes the material properties o gact. The effectiveness with which
each flame behavior transfers energy to the dutbeaevaluated both in terms of the magnitude

of transferred energy, and in terms of the resgltifistribution of energy. Since the wall
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Table 4.1. Duct properties.

Energy transfer

; Duct needed to change
Material Cp K mass, m a average wall T, mC,
(kg/m®  (A/kgK)  (W/mK) (kg) (m?/s)  (JIK)
Quartz 2220 745 1.38 9.76e-3 8.34e-7 7.27
Steel 8055 480 15.1 3.54e-2 3.91e-6 17.01

temperature corresponds to its energy contentiellagive magnitude of the energy transfer can
be quantified in terms of the average temperatlggadon of the duct above the baseline
temperature of a cold tube at the beginning ofetkgeriment. This was calculated for each fuel
flow rate-equivalence ratio combination by compgtthe mean temperature of the distribution
and subtracting the baseline temperature for théenmah The uniformity of the energy
distribution can be quantified in terms of the stam deviation of temperature for each wall
temperature distribution. These data are sumnthfaeeach material and fuel flow rate in Fig.
4.5. As the energy input to the system is the sameach fuel flow rate, the effectiveness of the
energy transfer for different phenomenologies candmpared directly.

Blown out flames, which occur at high produce the smallest elevations in the average
temperatures, and are least effective at heatiagube. Since combustion begins at the tube
exit, much of the heat release occurs beyond the, tiving little opportunity for wall heating.
The standard deviation of wall temperature in scas$es is low, largely because the bulk of the
tube experiences little to no heating and has g¢eature near ambient. What heating does
occur is very nonuniform, being concentrated elytieg the tube exit, so while the standard
deviations are among the lowest observed in thgperignents, they are not very low in an
absolute sense. Decreasipgiill cause combustion to occur earlier and moweftame closer
to the tube, resulting in a slightly higher averdgmperature. The standard deviation also

increases by a similar amount.
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Figure 4.5. Average elevation of the wall tempamtabove the baseline and standard deviation d¢if wa
temperature for each experimental condition. Thené phenomenology at each point is indicated ugieg
symbols defined in Fig. 4.2. Lines connect coodii with identical fuel flow rates.

When ¢ becomes low enough, a flame can move fully int® tibe in the form of a
stationary or oscillating flame front (arouqd= 2.4). When this occurs, there is a substantial
increase in the average wall temperature elevasisrthe wall becomes much more exposed to
the energy release of combustion. Compared towrbbut flame, the average wall temperature
elevation can be as much as 4 times as high ieed &the, and more than 8 times as high in a
quartz tube. How much of an increase occurs dependhe maximum depth of the flame front:
if the flame front is deep within the tube, the povducts will have much more time to transfer
heat to the duct walls before exiting than if tleerfe front is very near the tube exit. As noted

previously, the maximum depth of the flame frontreases as f decreases, so the average wall
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temperature increases with decreasgngs well. Changing from a blown out flame to an
oscillating or stationary flame front is associateith an increase in the variance of the wall
temperature. This is an expected consequencecrdasing the heated area of the wall while
still primarily heating the exit. This trend camties asp decreases, but only to a point. When
the flame fronts travel far enough into the tuldes heating becomes more uniform and the
standard deviation of the wall temperature begmsdécrease with decreasing This is
especially apparent in Fig. 4.5.d).

Some differences are apparent in the trends &irostary and oscillating flame fronts.
The highest average wall temperatures occur waltiostary flame fronts, particularly those
residing deep within the tube. A stationary flaimoat should theoretically provide more heating
to the wall than an oscillating flame that penetsaip the location of the stationary flame front.
Since the stationary flame front always has theesdapth, all of its hot products will have the
same amount of time in contact with the walls beftrey exit the tube. In comparison, an
oscillating flame front reaches that depth only neararily, and will spend a large portion of the
time closer to the tube exit, which will give thetlproducts less time to transfer heat to the walls
before exiting. The standard deviation of tempertis generally very high for these deep
stationary flame fronts, and the temperature psfibr these cases, for example in quartz in Fig.
4.3.a) forgp= 2.1 andp= 2.2, show a very nonuniform distribution, wittost of the temperature
elevation occurring in a large peak at the statiprilame front. An exception to this trend is
seen in the steel tube in Fig. 4.3.b) gor 2.2, where the stationary flame front rests depth
that happens to produce a relatively low wall terapge variance. Oscillating flame fronts are
capable of producing average wall temperatureshynear high as stationary flames, and can

produce a much more uniform temperature distrilbutioThe lowest temperature standard
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deviations of all were observed for oscillatinghfkes that propagate over the full length or nearly
the full length of the tube, for example in quarn#ig. 4.3.e) fop = 2.

A few differences exist for the tube materialsn &verage, the mean wall temperature
elevation is similar for quartz and steel tubesie Tange is greater for the quartz tube however,
with both the highest and lowest average wall teadpee elevations occurring in this material.
For steel, the average wall temperature elevasosomewhat more consistent. The standard
deviation of wall temperature is generally simifar the two materials, although the lowest
observed variance is seen in the quartz tube gigral cases in thp= 2.0 — 2.1 range.

While temperature elevations are an effective imdétr comparing the effectiveness of
energy transfer for the different flame behavioespperature alone does not present a complete
picture of the duct energy content. The propertiethe duct are also a major factor, and as
noted in Table 1, the different density and spedikeat vales of the duct materials give rise to
very different energy requirements to raise thepemture of the duct by the same amount.
Expanding on the analysis above, the total enedglg@ to the duct in each case was calculated

using Eqgn. 4.1:
AH = pC VAT (4.1)
Here AH is the change in the enthalpy of the durts the material density;, is the material

specific heatyV is the duct volume, andT is the average temperature elevation of the entire
tube above the baseline measurement of a cold(tbbedata presented in Fig. 4.5 a) and b)).
Figure 4.6 shows the energy added to the tubesidn experimental condition and duct material.
The shapes of the curves are identical to whateen 9n the plots of average temperature
elevation in Figure 4.5 a) and b), but the magmtudre very different. In all cases, the energy

content of the steel tube is much greater. Foptwly-heating blowout cases, the energy added
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to the steel tube is generally 4 times greater thgnartz tube. For the oscillating and stationary
flame front cases, which provide better heating, ¢hnergy added to the steel tube is at least
double that of the quartz case.

a) quartz b) steel
1000 I I 1000 I T I
o
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Figure 4.6. Energy added to the tube for eachraxpatal condition. The flame phenomenology athepaint
is indicated using the symbols defined in Fig. 4.thes connect conditions with identical fuel floates.
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Chapter 5

Emissions Studies

5.1 Flame Phenomenology

The observed flame phenomenology for these expatsns shown in Fig. 5.1. The fuel
flow rates studied in this investigation are a stbsf those used in the IR thermometry
experiments of chapter 4. These flow rates wehlectasl based on their observed ability to
produce a variety of novel flame phenomena inclgdimumber of oscillating cases. Although
the mixture conditions were identical in this stuahd the IR thermometry experiments, slightly
different phenomenology was observed in some caskest notably, the three highest fuel flow
rates produced blown out flamesgat 2.4 in this study, whereas in the IR studiey fh@duced
stationary and oscillating flame fronts within thibe. This variation is likely due to different
tubes being used in each study. Unlike the tubth®flR experiments, the tube used for this
study appeared to have a slight constriction abffen end as a result of machining. This could
cause small changes in the fluid flow and thernlaion, which may produce the slight
boundary shifts observed here. Interference frbm probe is considered unlikely, as it was
positioned in the exhaust region beyond the lumsniagion of the flame at all times. Aside
from this minor variation, the phenomenology matcivaat was observed in the IR experiments
and is consistent with the patterns observed inptitenomenology studies of chapter 3: blown
out flames at the highest stationary and oscillating flames at lovggrand extinction whempis

too low.
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a) IR thermometry phenomenology (quartz)
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Figure 5.1. Flame phenomenology maps. Lines adrexperiments with equal fuel flow rates. Panedtoows
the phenomenology observed in the IR thermometpeements of chapter 4. The frame outlines thessubf
conditions used in the emissions studies. Panshb)vs the phenomenology observed in the emissiiases
described here.

5.2 Calibration

The areas of the chromatogram peaks were detedmisieag the integrator of the MS
analysis software. The area of each chromatogreak gorresponds to the abundance of a
particular species. Experiments involving comhbarsfiroducts sampling with similar equipment
have shown that this relationship is approximatelgar [62]. Assuming this holds true for

methane over the range measured in this experirttentuel consumption could be determined
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by taking a ratio of the methane peak area in etirgacase to the peak area in the corresponding
non-reacting case.

In order to verify this linearity assumption, anple experiment was conducted. A
connection was made between the GC inlet and rieethiat supplied the fuel-oxygen mixture to
the tube. This arrangement is shown in Fig. F.Ris allowed samples of the reactant mixture to
be taken into the GC directly, without using theol@w. A constant flow of oxygen was
established, and the methane flow rate was varredorder to produce mixtures with
chromatogram peak areas that covered the rangeveldsa the experiments. As the samples in
the experiments were taken in the exhaust regmnntethane concentrations were generally low
relative to other species, even in non-reactingeggslue to entrainment of air). Producing
similarly low methane concentrations for the lingatests required a very high flow rate of
oxygen relative to the methane. Suitable conceats of methane were produced with an
oxygen flow rate of 200 mL/min, while the methatenf rates were less than 12 mL/min.

The results of the linearity tests are shown ig. B.3. The methane peak area is very
closely linear with methane flow rate (with a reggien coefficient equal to 0.99964). Because
of this, good accuracy can be obtained by calagathe methane consumption as a ratio of the

chromatogram peak areas for a reacting and norirgamase.

Tube

—) To GC/MS
/ N 4— Fuel+02in
/
Bras: Copper
p|ate block

Figure 5.2. Modified apparatus used in linearists.
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Figure 5.3. Tests showing a linear relationshigwben the methane abundance and the area of the
chromatogram peak for methane.

5.3 Fuel Consumption and Leakage

The portions of fuel that are consumed and thatane after escaping combustion were
calculated for each of the cases of Fig. 5.1 utiegnethod described in the previous section, by
taking a ratio of the peak areas for a reacting ramutreacting case. It is emphasized that the
GC/MS analysis employed here is strictly an avedaggenpling technique, and does not provide
instantaneous data. Several minutes are requiredllect a gas sample, and analysis of the
sample takes an additional 20 minutes. By compayithe oscillating flames studied here had a
minimum oscillation frequency of several Hz. Tlhsults for each fuel flow rate are shown in
Fig. 5.4. Panel 5.4.d) merits special discussiBrperiments with the highest fuel flow rate of
96.9 mL/min, were conducted first, while the expental technique was under development
and not yet refined. Instead of repositioning phebe near the flame for each new equivalence
ratio, the probe was positioned high enough tonbihé exhaust region for afiland left in that

position throughout the experiments with this fleate. In addition, a slightly different GC/MS
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a) 46.6 mL methane/min b) 64.6 mL methane/min
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Figure 5.4. Percentage of methane consumed andinmg for each experimental condition. Each sabpl

shows the results for one fuel flow rate. The galwf the two curves sum to 100 at each point. m&la

phenomenology at each point is indicated usingytmebols defined in Fig. 5.1.
analysis program was used that did not includeitgdhe oven to the column conditioning
temperature for 5 minutes at the end of each ranagpect intended to help clear impurities).
The high variation in the results for this flow easuggest that the older procedure was sub-
optimal, however this did not become apparent w&itédr the data were analyzed and there was
not sufficient time to repeat the experiment. Asls the results in Fig 5.4.d) are considered to
be of limited validity, but are included for comfeaess.

Panels 5.4 a-c, which correspond to lower fuekftates of 46.6, 64.6, and 75.3 mL/min

show consistently high values for the fuel consuomptpercentage and low values for the
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percentage of fuel remaining after combustion.adxition, no measurable quantities of CO or
other combustion intermediates were detected. paitern holds throughout all experiments;
there is no strong evidence of variation with fleate or flame phenomenology. The combustion
reaction appears to cause depletion of the patesitrégardless of the flame behavior. (It is
noted that the flame phenomenology at each poiteistified using the symbols defined in Fig.
5.1.) Moreover, the absence of CO from the pra&liedds to the inescapable conclusion that
independent of phenomenology the combustion is ¢etelp This runs counter to intuitive
expectations.

As noted in chapter 3, high-speed video recordwfgsscillating flames have revealed
that when the propagating flame front extinguishies, diffusion flame goes out as well. This
would seem to create the possibility for unburngel fo escape from the tube before re-ignition
occurs. Even if the flame re-ignites at the veryrment when the fresh reactant mixture finally
reaches the tube exit, there will still be a gapambustion during which incomplete combustion
products of the propagating flame could escapee faht that these species are not observed in
any appreciable guantity suggests that even tims @i leakage does not occur, which raises the
qguestion of how the combustion reaction is broughtompletion. There are at least two
possible answers to this.

The first possibility is that, despite appearandég, diffusion flame does not truly
extinguish at all. When the propagating flame fremtinguishes, the diffusion flame may
simply become non-luminous (or of luminosity thauld not be detected with the particular
settings of the high-speed camera) while it bulres ihcomplete products left behind by the
propagating flame front. This state could lastldrmesh reactants reach the tube exit, at which

time normal combustion resumes and the flame rettants luminous state. The problem with
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such an explanation is that it is difficult to invag why the diffusion flame would behave
differently without a change in chemistry. Thetly-burned mixture that fuels the diffusion
flame should have essentially the same composiath while the propagating flame is present
and after it extinguishes. Even if unusual spetties could evoke such a change are produced
by the propagating flame at the moment of extimgtibowould still take time for them to travel

to the diffusion flame at the tube exit. Howewbe change in the diffusion flame — its apparent
extinction — occurs immediately upon extinction tbé propagating flame front; there is no
delay. This possibility therefore seems unlikely.

The second possibility is that the diffusion flaoh@es extinguish and allow incomplete
combustion products to leak out, but these prodaotsconsumed after the flame re-ignites.
Observations of the shape of the diffusion flamgpsut this possibility: when re-ignition occurs,
the diffusion flame is observed to leap above theef reaching a height much greater than what
is seen in any other condition. This is only a reatary occurrence, as the next extinction
occurs shortly after, but this brief extension he diffusion flame may represent a downstream
propagation of the flame front that consumes estapenbustion intermediates. In such a case,
incomplete products will indeed escape from thetudut will only exist until they are consumed
in the next re-ignition cycle. The net reactionukbthen be one of complete combustion. The
reason why the diffusion flame extinguishes alonthwhe propagating flame front remains
unknown. Perhaps the extinction of the propagdtarge front causes a sudden pressure change

and therefore an expansion that quenches the iiffdeme.

78



5.4 Products of the In-tube Flame

One additional test was performed in order to @ranwhat species are produced by the
rich-burning flame fronts that exist within the @buring stationary and oscillating flames. An
experiment was conducted to take a sample of teesga between the premixed flame front in
the tube and the diffusion flame at the exit. Atishary flame front condition was chosen for
the purpose, as the steady nature of this phendownallowed adequate time for the lengthy
sampling procedure. It is expected that the reszdh be generalized to oscillating flame fronts
as well. With methane and oxygen flow rates oB2hd 88 mL/min, respectively, a stationary
flame front was produced 4.5 cm below the tube. eXibe equivalence ratio for this condition
was 2.2. The quartz probe was inserted into the tbrough the open end; the probe inlet was
positioned 2 cm below the tube exit. The insertbthe probe produced no discernible effects
on the stationary flame front. The system was aldv® minutes to reach equilibrium, after
which a sample of the gas was taken and analyze@ssibed in section 2.3. For comparison
purposes, an additional sample of the gases apdisision was taken for a non-reacting mixture
with the same flow rates.

In the reacting case, the major detected speaes @, N,, CH,;, CO, ethane, ethylene,
and trace amounts of argon. The presence,0AN and unreacted Qs indicative of an air leak
in the sampling line, but this should have littigpact on the species profile as the sampled gases
are expected to be rapidly cooled while travelingptugh the quartz probe. CO was the most
abundant combustion species in the sample. Thieametwas measured to be 85.4% consumed
at the point of sampling, leaving 14.6% unreactegthane. A small fraction of ethane is
normally present in the methane supply. Compart$dhe ethane peaks in the non-reacting and

reacting samples shows a net consumption of ethdttbylene, on the other hand, was not
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detected in the non-reacting sample in any meakugantity, and may be assumed to be a
product of reaction.

Perhaps the most major finding of this experimeas the dominance of CO in the
products of the in-tube flame. The absence of $picies in the post-diffusion flame exhaust
confirms that complete combustion occurs for ahfe phenomenologies, even in the case of
oscillations. The presence of CO almost certammiljcates simultaneous generation of hydrogen
during the reaction. This has incredible poten@al both of these products can potentially be
used by fuel cells. Attempts to produce tHrough combustion of fuel-rich mixtures have been
previously attempted [63], with modest results. eT8tale here is much smaller than in the
previous experiments, which is less suitable fogdascale hydrogen production. However, it
may be ideal for point-of-use generation of smallmfities of these gases for use in a
micropower system. A rich stationary flame froikelthe one studied here could be coupled
with a solid oxide fuel cell (SOFC). The rich flarfront would provide in-system generation of
CO and H for the fuel cell to consume, as well as providing heat needed to keep the fuel cell

at operating temperature.
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Chapter 6

Computational Studies

Nomenclature for this chapter is described in Aglber.

6.1 Initial Version of the Model
The first version of the model employs fixed tengpere distributions for the tube wall

that remain constant throughout the simulation, alogs not model temperature changes

experienced by the fluid as it flows through thiegtu

6.1.1 Base Case

Figure 6.1 shows the phenomenology map for thedsta system depicted in Fig. 2.4.
Six main regions are apparent. The reader is eaged to compare with the phenomenological

regimes of Fig. 3.1. Such a comparison will bedssed in detail below.
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Figure 6.1. Phenomenology plot for a 70 mm lendthmm diameter tube with a wall temperature
decreasing linearly from 1000 K at the exit to 30@t the inlet. “Indeterminate” phenomenology ascu
for simulations that do not reach a steady or jpécistate within the time step limit.
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“Blowout” region (upper righ): In this region, the flow speed exceeds the flapeed,
so the flame front cannot propagate into the tubestead it will anchor at the tube exit in a
blowout configuration. This is a region of highuegalence ratios and Reynolds numbers.
Regardless of the equivalence ratio, blowout wikw when the flow speed exceeds the flame
speed. However, as equivalence ratio decreaseapndaches unity, the flame speed increases
substantially, so higher Reynolds numbers are reduor this to occur.

First “Extinction” region (lower right) In this region the Reynolds number is too low to
produce blowout, but the equivalence ratio is uwieck and so the heat generation at the flame
front is relatively low. Propagation into the tuilsepossible due to the low flow speed, but once
inside the flame cannot remain stable even whileoimact with the hottest parts of the tube. As
a result, the flame front extinguishes. Re-igmtis not possible, because even though the wall
temperature near the tube exit (where extinctiour®) is higher than the ignition temperature,
the heat losses to the wall are still too hightfi@r rich flames of this region to stabilize.

“Oscillation: partial tube length propagation” regin (lower left) When the equivalence
ratio drops below a value of ~2.25, the heat geimereof the flame becomes sufficient to
overcome the heat losses to the walls, at leadtanwvarmest portion of the tube. Below this
threshold value, stable propagation into the tbpassible. This allows the establishment of
oscillations that propagate over at least parthef length of the tube. The exact range of the
oscillation is determined by the relative locati@svhich extinction and re-ignition occur.

“Oscillation: full tube length propagation” region(middle left) In this region the
equivalence ratio is low enough that the flame tfian remain stable when in contact with walls
at 300 K, the lowest temperature in the tube. BHmwvs the flame front to propagate down the

entire length of the tube, causing extinction towat the tube base. The Reynolds number is at
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a critical value such that reactant gases travdtiom the inlet to the exit will receive sufficient
heat to ignite exactly as they reach the exit, ioguse-ignition to occur there. This combination
of an equivalence ratio below a threshold value anBeynolds number at a critical value
produces oscillations that propagate over theldaiyth of the tube, extinguishing at the inlet and
re-igniting at the exit.

Second “Extinction” region (upper left)n this region, the equivalence ratio is such tha
the initial flame front will propagate into the ®ilsome distance and then extinguish. However,
the Reynolds number is above even the critical evdiir which re-ignition occurs at the tube
exit. As a result, the flow speed is high enouwit the reactant gases reach the tube exit before
there has been enough heat transfer to bring tbhehetignition temperature, so they flow out of
the tube without re-igniting.

“Stationary flame front in tube” regionWhen the equivalence ratio is low enough, the
flame front is able to propagate some distancetimaube. As it does so, it comes into contact
with cooler walls that cause heat loss and rednedlame speed below its adiabatic value. If
this non-adiabatic flame speed equals the flow gpeee flame front will remain stationary but

stable, as seen in this region. As outlined inptéra2, the flame speed can have a value in the
range f,e ¥’ < f < f,,, depending on the local heat losses, while stdintaining a stable

flame. This flexibility allows a small range of Relds numbers to produce a stationary flame
front for each equivalence ratio.

“Indeterminate” region (bottom row)This region has a Reynolds number of O,
indicating that there is no flow through the tubln this case the flame will propagate some
distance into the tube and extinguish, after wimohmovement will occur. The software is not

able to properly identify this behavior, hence ‘timeleterminate” label.
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Figure 6.2. Computational and experimental magtafe phenomenology for methane-oxygen
combustion in a 70 mm long tube.

Figure 6.2 provides a side-by-side comparisonhef computational and experimental
results for this case. As it relates to the phesrosiogy observed experimentally and described
in chapter 3, the computational case succeedsddupmng all of the same behaviors as the
experimental case: blowout, stationary flame frootillations with propagation ranges up to
the entire length of the tube, and extinction. Blasic trend of blowouts at richer equivalence
ratios giving way to oscillations at lower equivate ratios is also consistent between the two
cases. Moreover, the depth of propagation forlatioins increases in the computations just as it
does in the experiments, the difference being tivatpoint of re-ignition is consistently at the
tube exit for the experimental case. Though neniital, the threshold equivalence ratio below
which oscillations occur is quite similar for bathses: ~2.25 in the computations and ~2.4 in the
experiments. The threshold for oscillations cawgrihe full tube is similarly close: ~2 for the
computations and ~2.1 for the experiments.

The differences in the experimental and computaticases are also quite apparent. A
major finding of our phenomenology studies was thatboundaries between behavioral regimes

are almost entirely a function of equivalence ratiod not of Reynolds number. This is not true
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for the computations. During oscillations, re-tgpn consistently occurred at the tube exit for
the experimental tests, not within the tube asames of the computations. The lower right
extinction region of the computational map was observed in experimental studies over
similar ranges. At least some of the discrepances be attributed to the different wall

temperature profiles in the experimental and coedputal cases. Here a linear wall temperature
distribution has been imposed on the wall and remaonstant throughout the simulation,
whereas in the actual system the wall temperatulectvange dynamically due to thermal

interaction with the flame front, and may ultimgtéle nonlinear, as noted in chapter 4.

6.1.2 Effects of Operational Parameters
6.1.2.1 Tube Diameter

In addition to the base case of a tube with diamémm, phenomenology maps were
also produced for tubes of 2 mm and 4 mm diame#dirother parameters were held constant.
As the diameter increases, the coefficient of hemtsfer decreases according to Eqn. 2.3,
reducing the both the heat losses experienced éyldame front and the heat transfer to the
reactant gases. Increasing the tube diameteithaneby reducing the heat transfer, should make
both extinction and re-ignition more difficult. dtire 6.3 shows the phenomenology maps for the
three tested cases.

One notable effect of a tube diameter increadieaisthe boundary between the lower left
oscillatory region and the lower right “Extinctiomégion shifts to the right, toward more rich
equivalence ratios. This is expected, as the deerk heat losses in a wider tube make it
possible for richer flames with less heat genenatm propagate into the tube for at least some

distance. It is also observed that as diametereases, the Reynolds number for which
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oscillations propagate over the full tube lengtlrdases, and with it the boundary above which
extinction will occur. Both of these effects arensistent with the expectations for diameter
variations. Heat transfer causes the extinctioth@fpropagating flame front, but is also required
to re-ignite it. Changes in the geometry can alterthermal situation and disrupt this delicate

balance, preventing oscillations from occurring.
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6.1.2.2 Tube Length

Symbols

Phenomenology plots for 4 mm

correspond to the behavioral regimes defined in

Figure 6.4.
Fig. 6.1.

gases to reach the ignition temperature before diameter tubes of three lengths.
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exiting the tube that might not have time to doirs@ shorter tube with a steeper temperature

gradient. The results demonstrate the importahteeowvall temperature gradient.

6.1.2.3 Wall Temperature Profile

For our final experiment with the initial versiah the model, we left the tube geometry
in the default setup of 70 mm length, 4 mm diameted varied the wall temperature profile. In
addition to the base case, three additional cordigpns were examined. For one, the
temperature of the tip was the same as the base 1880 K, but temperature gradient was twice
as steep, decreasing at a rate of 20 K/mm untilmrimmm temperature of 300 K was reached
after 35 mm, and maintaining a temperature of 30@rkhe lower half of the tube. A second
case used an elevated peak temperature of 1700tkKkebt the default temperature gradient, so
the temperature decreased at a rate of 10 K/mmmminum of 1000 K at the base. The third
case used both the elevated tip temperature of K7&@d the higher temperature gradient of 20
K/mm, so that the temperature reached 300 K atbthee. These temperature profiles are

illustrated in Fig. 6.5.
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Figure 6.5. lllustration of the four wall temperag profiles used in the studies of this parameter.
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Figure 6.6 shows the results of these simulatioifse phenomenology map for the 1000

K tip temperature, 20 K/mm gradient is nearly idesdtto the 35 mm case in the tube length

studies. This result is sensible, as the 100pK2D K/mm gradient case is essentially the same

as the 35 mm case with an extended region at 300H¢ere will be no change in the conditions

of a flame front or the reactant gases as they flmough this 300 K region, so it has no real

Here again it Gasden in the two 1000 K tip temperature plots

effect on the system behavior.

(the bottom two panels) that a steeper gradierdesaoscillations covering the full length of the

tube to occur at lower Re, for the same reasonerides in the tube length studies of section

1700K peak, 20K/mm gradient

1700K peak, 10K/mm gradient
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Phenomenology plots for 70 mm lengthmm diameter tubes with different exit

Figure 6.6.
temperatures and thermal gradients. Symbols qonesto the behavioral regimes defined in Fig. 6.1.
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6.1.2.2. Otherwise, things are the same. The K700 temperature plots (the top two panels),
on the other hand, show a marked departure fronbdéise case. The lower right “Extinction”
region is eliminated completely. The tube is nat énough that even extremely rich mixtures
can propagate into it some distance and remaitestabscillations covering the full tube length
and an extinction region for less rich mixtures al® eliminated from the plot, likely pushed
outside the plot range. So much of the tube hasn@erature above the ignition point, and the
much hotter walls transfer heat to the reactanegas quickly, that only an extremely high flow
velocity could carry the reactant gases to the eor beyond before ignition can occur. It
should still be possible to produce oscillationserong the full tube length as well as terminal
extinctions in the less rich regions, but only a fRell above the range of the plot. The
configuration with the steeper gradient should posdoscillations over the full tube length at a

lower Re than the configuration with the steepadgnt, as seen above.

6.2 Version 2 of the Model (Including Reactant Prebating)

As described in chapter 2, in the second versiothef software, the effects of heat
transfer on the fluid were modeled. As reactaluw through the tube from the inlet, they are
warmed by the hotter tube wall and so have a higd@perature when they reach the flame
front. The flame temperature and speed are cadmllas a function of both equivalence ratio
and unburned gas temperature, in order to caphereffects of the reactant preheating on the
flame properties. The wall temperature distributstill remains fixed throughout the simulation,

and has the same profile as in the previous verdigpicted in Fig. 2.4.
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6.2.1 Base Case

Figure 6.7 shows the phenomenology map for the lbase as predicted by the second
version of the model. The map from the first vensof the model for this situation is included
for reference. The basic layout of regimes forrkes version is similar to that of the previous
model, except for the presence of a region of unknphenomenology in the upper middle
position, in the area ap = 2.5 and Re = 200. In most cases, the softwaile to identify the
flame behavior exhibited here. However, inspectibthe logs of flame position reveals that in
this region, stationary flame fronts develop witkire tube. The simulation code has difficulty
producing (and subsequently identifying) true stary flame fronts, because the finite element
mesh of the wall creates discontinuities in theperature distribution. Only a specific wall
temperature will produce the heat loss necessadgpoess the flame speed to the value of the
flow speed, and that specific value may not exighe mesh elements. As a result, this type of
flame generally bounces back and forth between ddjacent elements with temperatures on
either side of the value that would produce a stasionary flame, hence the “Indeterminate”

characterization.
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Comparison of the two cases depicted in a) Computation - Reactant Preheating
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Figure 6.7. Phenomenology plots for a 70 mm

effective energy content of these flame '€n9th, 4mm inner diameter tube with a wall
gy temperature decreasing linearly from 1000 K at the

. . . exit to 300 K at the inlet. a) Including reactant
allowing them to remain stable despite grea preheating, b) neglecting reactant preheating..

Symbols correspond to the behavioral regimes
heat losses. Though the new model a definedinFig.6.1.
predicts the behavior of these flames imperfectlyblewn out flames are observed
experimentally in this region, rather than osaidlas — the prediction of a stable flame rather
than extinction is closer to the actual behavior.

The second improvement that results from considersof reactant preheating is an

expansion of the “stationary flame front” regioffhe previous model produced only a very
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narrow band of stationary flame fronts, whereaseéerpents with quartz have shown a much
larger stationary flame front region, as describbeathapters 3, Fig. 3.2, and chapter 4, Fig.
4.2.a). The shape of the stationary flame frogiar with preheating in Fig. 6.7.a) is very

similar to experimental observations. This suggélsat reactant preheating may be a crucial
factor in the establishment of stationary flamentsoin these ducts.

Despite the improvements, there remain some signif differences between the
simulations and experiments. A major finding oé thhenomenology studies was that the
boundaries between behavioral regimes are almdselgna function of equivalence ratio, and
not of Reynolds number. In some cases this isrsitl true for the computations, most notably
for oscillations with full tube length propagatiomhich occur only in a narrow Re band.
Although the relative positions of the behaviora§jimes in the simulations are accurate, the
scale is not — many behaviors occur at very diffeRe than what was observed experimentally.
During oscillations, re-ignition consistently occent at the tube exit for the experimental tests,
not within the tube as in some of the computatiofise different wall temperature profiles in the

experimental and computational cases are likebctof in these discrepancies.

6.2.2 Simulations with Experimentally Measured WallTemperature Distributions

We next inserted into the model as boundary condit the experimental wall
temperature distributions measured during the Entometry experiments of chapter 4. Our
goal was to evaluate whether the model could predbe same steady-state behaviors as the
experimental setup, when given an appropriate gtstade wall temperature distribution. For

each experiment, the model was configured to useganvalence ratio, flow speed, and wall
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temperature distribution identical to what was mead in the experimental case. Figure 6.8
compares the experimentally-observed phenomenaldtfpythe predictions of the model.

The model fails to duplicate the experimental baain almost all cases. The only
successes occur at high equivalence ratios, wheremodel produces blown out flames in
agreement with the experiments. For lower equnaderatios — including other conditions that
should produce blown out flames — only extincticows.

Achieving blown out flames for high equivalencéiaa is a modest success. As noted
above, the default temperature profile used initiigal tests produced oscillations for these
same equivalence ratios and Reynolds numbers. eTiests demonstrate that with the proper
thermal boundary conditions, the model has themiatieto produce the correct flame behavior.

The failure to produce oscillating and stationfiayne fronts, on the other hand, shows
that problems remain in our implementation. Tlang fronts succeeded in propagating into the
tube in these cases, but failed to achieve therawpatally observed behavior. Cases that

should have produced stationary flame fronts gdiyefailed because the flame front did not

a) Experiment b) Computation
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Figure 6.8. Experimental and computational plotsflaimne phenomenology. Lines connect points with
equivalent fuel flow rates. The experimentally swwad wall temperature distribution at each pantised as
the wall temperature distribution in the simulatio@olors correspond to the behavioral regimesnéefiin Fig.
6.1.
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come to rest. Instead, the flame front propagptest what should have been the resting depth,
and extinguished upon reaching a cooler portiorthef wall or the base of the tube. This
suggests that the method of flame speed calculatithin the model may be flawed.

Oscillations could not be established becausefldtme front failed to re-ignite after
extinguishing. A possible explanation is that tigaition criterion used in the model is
insufficient. As discussed in chapter 2, ignitiohreactant gases becomes possible (but not
certain) when they exceed the ignition temperataranethane. However, examination of the
input wall temperature distributions reveals thHa# temperature of the tube exit exceeds the
model’s ignition temperature in only a few casddis raises two possibilities. One, that the
ignition criterion is not adequately sophisticatebh the physical system, re-ignition may not
occur through the simple on-off mechanism in theegobut rather through a more gradual
process. Catalytic action may also be a factdre Jecond possibility is that the diffusion flame
that exists at the tube exit during oscillationgslaot actually extinguish at the same time as the
moving flame front, as high-speed video recordimgsild suggest. Instead, it may merely
change to a non-luminous state from which it cdhhslp to ignite reactant gases. As discussed
in chapter 5, this second possibility seems impldeis The more likely explanation is that the
criteria for and process of re-ignition are morenptex than what is included in the model.

In closure, the substantial discrepancies betweeteling and experiments indicates that
flame dynamics in small-scale hardware is a probteat has to be treated with Direct
Numerical Simulation of the chemistry and the FlMdchanics involved in a manner that will
probably challenge the current limits of reactil@nf computation, as discussed in detail in the

following section.
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6.3 Version 3 of the Model (Including Solution ofthe Wall Temperature Distribution)

As described in chapter 2, the final version & sboftware added the ability to model the
wall heat transfer and its effects on the wall teragure distribution. An initial wall temperature
distribution is given to the wall at the beginning simulation, but during execution the
temperature of each point along the wall changesrding to the heat transfer it experiences.

This functionality is in addition to the fluid tera@ture modeling that was added in version 2.

6.3.1 Base Case

Initial simulations were performed for a tube wgbometry similar the one used in the
experiments, using 70 mm length, 4 mm ID, 6 mm @bd the material properties of quartz.
The results of the simulations for this case arewshin Fig 6.9. As discussed above, the
software has difficulty identifying stationary fl&a® and instead labels them as unknowns. As in
previous versions of the software, the generaluapd the regimes is similar to the experiments,
with blowouts at highg, extinction at low¢, and oscillating and stationary flame fronts in
between. Also as in previous versions of the safywstationary flame fronts are observed at
higher Re than oscillating flames. However, mangcmrpancies linger between the
experimental and computational results. The boueslidetween regimes are still a function of
both @ and Re in the computations, whereas in the exgertisp was the primary determinant of
behavior. The computational predictions of thermtaries are still very different from what was
observed experimentally. Perhaps most problenthgccomputational case is much more prone

to extinction.
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The results show that the initial wall conditidmsve some effect on the results, though
not as much as expected from the experimentalegudtxperimentally, producing stable flames
for some of the lower equivalence ratios requineheating, usually in the form of starting at a
higher ¢ and gradually decreasing until the desired vakigeached. In the computations,
however, preheating is observed to have more @ffect at highexp. With a preheated wall, a

few more oscillating flames are observed at lgggnd low Re, and two more stationary flames
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Figure 6.9. Phenomenology plots for a 70 mm lengtinm 1D, 6 mm OD tube with dynamically varying liva
temperature. The preheated wall case uses aal inill temperature distribution that decreasesdity from
1000 K at the tip to 300 K at the base. The antbieasll case uses an initial wall temperature of 300
throughout. A map of the experimental case isuidet! for comparison. Symbols correspond to thetiehal
regimes defined in Fig. 6.1.
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at lowerq@. For the ambient wall, these cases produce d@xdmc The use of a preheated wall
provides initial stability to the system in theseses, until such time as the flame heats the wall
sufficiently to sustain itself. However, prehegtidoes not always seem to improve stability.
Around @ = 2.5, the initially ambient wall produces sevearstillating cases that go to extinction
with a preheated wall. This may occur becauseshgated wall allows an oscillating flame to
propagate farther into the tube. In some caseasntlaly cause the flame to overextend itself by
distributing enthalpy over a larger area in a fashihat it is unable to sustain; confined to a
smaller area by colder walls, the energy outpuhefflame may be able to heat the wall enough
to remain stable.

It is a notable achievement that the code succeademodeling the major flame
behaviors without needing to impose a fixed watperature distribution specifically designed
to make them possible. Even with dynamic solubbrthe wall temperature and requiring the
enthalpy content of the wall to be entirely supplgy the flame, the major flame behaviors were
reproduced, including oscillations. This is noto® understated. However, the addition of wall
temperature solution did not resolve all of the aenmg issues with the model, contrary to
previous speculations. This raises the questiomhatt is lacking or inaccurate in the model as it
stands. Three major areas in which the model nealatking are heat transfer, chemistry, and
fluid mechanics.

In an oscillating flame, the balance of variougeass of heat transfer is crucial. The duct
must be warm enough to keep the flame stable,léineef must transfer enough energy to warm
the duct and counter convective and radiative Bystbee duct must retain enough energy to re-
ignite the reactants after extinction, and so ®he proper balance allows the flame to give the

duct a specific temperature distribution that aBawto propagate, extinguish, and re-ignite in a
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sustainable fashion. Achieving the exact same \nehaomputationally requires correctly
modeling each mode of heat transfer in order tde@ehthe same tenuous balance. A slight
discrepancy in even one component of the heatfeagsuld disrupt this balance, producing
different behavior. Although the model succeedproducing all flame behaviors under some
circumstances, it is unlikely that each aspect aglehed with exact accuracy. This is likely a
factor in the discrepancies.

To limit the computational intensity, the modekhaways implemented instantaneous,
one-step chemistry during simulations. To imprthe accuracy, flame properties are calculated
ahead of time with full chemistry using the GRI 3n@chanism. However, the properties are
calculated for an equilibrium state. This undodhbteresults in less realistic property
calculations for the flame, most likely in the foohoverestimation of the flame temperature and
speed. An overestimated flame temperature carit iesgreater heat transfer to the wall in a
localized area, which in turn can produce largeathksses than what should occur,
compounding the error. An overestimated flame dpaé cause the flame to propagate when it
should not. The result of this will be less bloaut flames and more extinctions, two of the
exact issues in our computational results. Bettedeling of the chemistry would improve the
simulations, though the cost in computational istgmmay be prohibitive.

Because of the evidence for a thermal driving rmagm underlying flame oscillations,
the model was designed to use only limited fluidchanics and a plug flow model. In a
turbulent system this might be sufficient, but fleav in this system is laminar, as evidenced by
the values of the Reynolds number. This has twafreations. First, the flow speed for a fully
developed laminar flow is not uniform, so calcuigtithe propagation speed as the difference

between the flame speed and the average flow spagde invalid. Because of this, the model
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may predict upstream propagation of the flame wherflame should actually remain stationary
or propagate downstream. This may be part of dasan why the model predicts blown out
flames only at highp and Re. Second, the temperature distributiora fiaminar flow through a
warmer duct is not uniform, as in the plug flow rebd The temperature near the walls will be
greater than the mean temperature. In the motdel,ptug flow model requires the mean
temperature of the fluid to reach the ignition temgture before re-ignition can occur. In the
actual system, ignition could begin when only theidf near the wall is at the ignition
temperature, allowing re-ignition to occur with desnergy input and a lower mean fluid
temperature than in the model. Because of thesntbdel will predict extinction in cases that
should produce re-ignition and oscillating flamesghis issue likely contributes to the overly
large extinction region in the computational resulAlthough fluid mechanics may not be the
driving force behind oscillations, a more accunaedel of fully developed laminar flow might
help to bring the computational predictions moreline with experimental observations by
enlarging the stable flame regimes. Such an uakieg is a non-trivial problem, and lies
beyond the scope of this research. One approacidvee to change the model of the fluid
region from one-dimensional to two-dimensional, amanodel viscous effects. However, this
would drastically increase the computational iniignalmost certainly beyond acceptable levels.
In addition, a two-dimensional fluid region woul@ Hifficult to reconcile with existing models
for the chemistry and flame propagation, almostaielly requiring expanded models for these
regions as well. As a less computationally inteasalternative, the one-dimensional design
could be retained, and the average fluid speedeangerature already in the code could be used
as starting values to derive appropriate parakdibtributions. However, this still leaves the

guestion of how to calculate the net flame propagaspeed with a non-uniform fluid velocity
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distribution, and necessitates alterations to tle¢thod of computing the heat transfer between

the wall, fluid, and flame.

6.3.2 Effects of Heat Transfer

The software was next used to perform a paramsetudy of several aspects of heat
transfer in the system, including the heat lossftbe propagating flame to the wall, the heat
transfer from the diffusion flame to the tip of thébe, and the thermal properties of the duct

wall.

6.3.2.1 Heat Loss from the Propagating Flame Front

In the base case, heat loss from the propagd#angeffront to the tube wall is modeled as
occurring with a constant Nusselt number of 4.3&ake for laminar flow. For this study,
simulations were conducted with a Nusselt numbeB.@2, artificially doubling the heat loss
from the flame front. This was expected to have major effects. One was to increase the size
of the blowout region, as greater heat losses waddce the flame speed and make propagation
into the tube more difficult. The other was torgase the extinction region, as greater heat
losses should destabilize the flame. The resulbhgnomenology maps for this situation as
compared to the base case are presented in FL. 6.1

For the preheated case, both of the expectedteti@pear to have occurred. With higher
heat losses, extinction happens as much higheBlown out flames also occur in a few more
instances with greater heat losses. One unexpeffect was an increase in stable oscillating
cases at low Re. It was noted in the previousi@ethat preheating in the base case causes

extinction for some cases that produce stable lasoihs with a non-preheated wall by

102



a) Nu = 8.72, preheated wall b) Nu = 8.72, ambient wall
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Figure 6.10. Phenomenology maps showing the sffefcan elevated Nusselt number for the heat tearisim
the propagating flame front. The lower row, pargland d), correspond to the base case depictEdir6.9.
Symbols correspond to the behavioral regimes defiméig. 6.1.

promoting excessive propagation into the tube.géaheat losses seem to counteract this effect
by limiting the penetration depth of flame frontsdakeeping them nearer the exit, where they
may be able to heat the wall to a sufficient terapee for stable oscillations to occur.

In the ambient wall case, both expected are als®mwed, but only to a small extent.
With higher heat losses the blowout region is sliglenlarged and there are a few more
extinction cases. The more noticeable effectas with higher heat losses, cases that previously

produced stationary flame fronts instead form tsoins. This is a result of the higher heat
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losses causing extinction at higher temperatumes,ilustrates the importance of heat losses in

the formation of stationary and oscillating flames.

6.3.2.2 Heat Transfer from the Diffusion Flame

The diffusion flame is a crucial element in ostitry phenomena, as it warms the tube
exit to a temperature sufficient for re-ignitiondocur. Higher heat transfer from the diffusion
flame to the tube should improve oscillation si&piby promoting re-ignition. To test this
hypothesis, simulations were performed in whicheat transfer from the diffusion flame to the
wall was artificially doubled in the computation.The phenomenology maps for these
simulations are presented and compared to thedasgein Fig. 6.11.

With preheating, higher heat transfer from thdudibn flame produces the expected
improvement in stability. Many new oscillating easare observed. The effects are mostly
limited to low Re, however. Higher Re values proglgtationary flames in both the base model
and the one with enhanced heat transfer. Theserstey flames will come to rest at locations
with particular wall temperatures. With higher hgansfer from the diffusion flame, the wall
temperature at each point will be increased by sameunt, so the wall temperatures that will
bring the flame front to rest will be lower in thabe. As such, the resting depth of the flame
fronts will be lower with higher heat transfer, lbné general phenomenology will be the same.

Without preheating, the higher heat transfer apgpéa have little effect on the flame
phenomenology. The only notable change is thatesbfown out flames instead become
stationary flame fronts resting just inside of tlube. This represents a slight shift in the
boundary of the stationary flame front regime, andn expected consequence of elevating the

temperature near the exit. The same effect is satn preheating as well. However, the
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a) double heat transfer, preheated wall b) double heat transfer, ambient wall

200 XXX B 200 XXX KB ARHR
XAXXAXAXHEKXKXKKKX ‘ XXAXXAXHEKXKXKKXKX ‘
ElSOéXXXXX&&%%%&&&%% ElSOLXXXXXXX&®®®®&&%
= XXX XXXXXO0ORHKKKN = XXX XXXXX0O0KNKKK
zlooéXXXXXXXXXO()()OL ZlOOvXXXXXXXXXOOOO%
§ XAXAKXAKAAXXXXOOOOOOD § XAXAHKAHKXAKXAXXKXXXXXOOO
g50%><><><><><><><><><OOOOO%) §504><><><><><><><><><><><><><><A
XAXAKXAHKAAXAXX XX XOOOOD KXAKAHKAKXAKXXX XXX XX
0 \ \ 0 \ \
15 2 2.5 3 15 2 25 3
Equivalence Ratio Equivalence Ratio
c) normal heat transfer, preheated wall d) normal heat transfer, ambient wall
200 KA HAHR A H I H 200 XK HHAHRHDIDEDIARARIA T H H
HAXAXAKXXHKHKKKKXKX ‘ HXAXAXAKXXHRHKKKKKMKX ‘
ngOéXXXXX&&@!ZHX&&&IZI ngOvXXXXXXXIElZIIXXHZI&&
= ><><><><xxx><><><©®&&% = XXX XX XXXOO0O0
ZlOOéXXXXXXXXXXXO&O _C.ZglOOL><><><><><><><><><O(, 000
§ XAXAKXAHKAAXAXX XX XOOOOD § XXAHKAHKAXAXXXAKX XXX O C
§506><><><><><><><><><><><><OQT> §SOv><><><><><><><><><><><><><><
XXX XXX XXX XXX XX O XXX XX XX XX XX X X X
0 \ \ 0 \ \
15 2 2.5 3 15 2 25
Equivalence Ratio Equivalence Ratio

Figure 6.11. Phenomenology maps showing the affeicln elevated heat transfer from the diffusiamé to
the tube tip. The lower row, panels c) and d)respond to the base case depicted in Fig. 6.9. b8km
correspond to the behavioral regimes defined in &:ify.

expected increase in the size of the oscillatiggme was not observed without preheating. This
may be because in the cases that might benefit fnengreater heat transfer, extinction occurs
before the diffusion flame has a chance to adetyjuatarm the tube. Preheating the wall

accelerates this warming process, allowing stabddlations to develop.
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6.3.2.3 Duct Material Properties

The importance of the duct material propertieghanfinal temperature distribution and
associated phenomenology was described in detahapters 3 and 4. In order to see if the
model could predict similar effects, different maksettings were used. To simulate the type
of tube most commonly used in the experimentsnthagerial properties of quartz were used in
the base case (thermal conductivity 1.38 W/m-K sitgr2220 kg/m, specific heat 745 J/kg-K,
thermal diffusivity 0.834e-6 ffs). For this experiment, a steel tube was alswilsited (thermal
conductivity 15.1 W/m-K, density 8055 kgimspecific heat 480 J/kg-K, thermal diffusivity
3.91e-6 Mis). The same emissivity of 0.75 was retainedthsoprimary difference is in the
conductive heat transfer. The results of theseilsitions are presented in Fig. 6.12.

Similar patterns are observed in both the preleatel ambient cases. At higtand low
Re, fewer oscillations and more extinctions wersenbed in the steel tube compared to the
quartz tube. This decrease in stability with higtreermal conductivity is the same effect that
was observed experimentally. However, there iglifference in stability at higher Re, where
stationary flame fronts occur. One other diffeeemg in the boundary of the blown out flame
regime. With the steel tube, this boundary shdtshe right, so some cases that produce blown
out flames in the quartz tube instead produceastaty flame fronts in the steel tube. This is
likely an effect of reactant preheating. In theesttube, the higher thermal conductivity results
in relatively shallow temperature gradient along tlube, whereas with quartz the elevated
temperature regions are localized and the tempergiadients can be very steep. Because of
this, in the steel tube reactants can be heate@ mi@dually as they flow through the tube,
potentially achieving a higher temperature by tki. eThis boosts the flame speed, allowing

propagation into the tube and the formation ofaticbary flame front.
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a) steel, preheated wall b) steel, ambient wall
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Figure 6.12. Phenomenology maps showing the sffefctifferent material properties for the ductheTlower
row, panels c) and d), correspond to the base @agieted in Fig. 6.9. Symbols correspond to theabmral
regimes defined in Fig. 6.1.

Performing simulations with the ducts having thatenial properties of quartz and steel
also provides an opportunity to evaluate the comatparial predictions of the wall temperature
distributions, and to compare them with the experital results of chapter 4. As in the
experiments, the computational wall temperatur&itdigions follow varying patterns depending
on the flame phenomenology. Representative resdilthe computations of the temperature
distribution on the tube wall for each flame beloaviblowout, stationary flame front,

oscillation) are presented in Fig. 6.13.
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Several similarities are observed between thedgrem the computational results and the
experimental results of Figs. 4.3 and 4.4. Thédsgtemperatures are observed at the duct exit,
near the diffusion flame, and the temperature deslifarther from the exit. Blown out flames
primarily heat the exit, and produce little tempera elevation farther from the exit. Stationary
flames produce two temperature peaks: one at toe et (near the diffusion flame), and a
second one at the location of the stationary flfmoet. The experimentally observed effects of
the duct material properties are also capturechen dimulations. The quartz duct produces
higher peak temperatures than the steel duct, ibttamperature elevations that are localized
and with steeper gradients along the wall in tmepterature distribution. By contrast, the steel
tube has lower peak temperatures, but the chamgésmperature are more gradual so that
temperature elevations are observed over an efébgtilarger area. Again, these are the
expected results of the differences in thermal aotdty and thermal diffusivity for the two
materials. The similarities between the computeti@and experimental results suggest that the

general modeling of heat transfer is physicallysogble.
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Figure 6.13. Sample computational wall temperatlistributions showing the characteristic patteforseach
flame behavior (blowout, stationary flame, osciia). Symbols correspond to the behavioral reginefned
in Fig. 6.1. The blowout and oscillating flame s very nearly overlap.
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However, there are also some important differenddse temperatures near the duct exit
are somewhat higher in the computational case,estigg that either the temperature of the
diffusion flame or the heat transfer from the dsifun flame to the tube may be over-estimated.
During stationary flames, the larger temperaturakpeccurs at the in-tube flame front during
experiments, but at the tube exit in the simulatioifhis is due in part to the reason above. In
the computations, oscillations produce almost recetnible effect on the wall temperature
distribution, which is drastically different frorhé experimental observations. Some of this may
be due to the short propagation distances of tingpatational oscillating flames. However, it
also suggests that the model under-estimates #rgysupplied to the wall by the in-tube flame
front. The fact that for stationary flame frone tmaximum temperature occurs at the tube exit
in the computations, and not at the location of st&tionary front as in the experimental
observations, support this explanation. The resoilt6.3.2.1 show that simply increasing the
heat losses from the flame to the wall is unlikedybe sufficient to correct this deficiency.
Proper modeling of the energy transfer from théuime flame to the wall through other modes of
heat transfer, such as computing the two-dimenkitma field as well as including radiation,
may be necessary. Resolving this issue may makessible to reduce the computed heat
transfer from the diffusion flame to the tube whiethe same time accurately modeling the
observed flame phenomenology. That could bringetkie temperatures in agreement with the

experimental results.
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Chapter 7
Summary, Conclusions, and

Recommendations for Future Work

7.1 Flame Phenomenology Studies

Experimental maps of the flame phenomenology @veange of equivalence ratios and
Reynolds numbers were determined for both methaggem and propane oxygen flames.
Experiments were conducted with multiple tube lasgiand tubes of different materials were
tested in order to determine whether a low theromductivity in the tube is necessary for
oscillations to occur.

Self-sustaining oscillations can be establishedrith methane-oxygen and propane-
oxygen mixtures in ducts of a few mm in diamet€his is an additional regime of operation that
complicates the simple analysis of flame stabiioratn large-scale ducts, which is based on the
notion of the quenching diameter. The same bash@aWioral regimes were seen for both fuels:
extinction, stationary flame fronts, oscillatiorsd blown out flames. The boundaries between
regimes are almost exclusively a function of egleinee ratio for methane flames, whereas for
propane the Reynolds number is also influential lzexgla greater impact than equivalence ratio.
Increasing the tube length from 35 to 70 mm, aneXignsion the area for thermal interaction,
decreased the size of the stable oscillating regonédoth methane and propane flames and
made extinction more likely. This trend continded methane as the tube length was increased
from 35 to 70 mm, however for propane a slight@ase in the extent of the stable regimes was

observed. Increasing tube length also signifigaatiected the behavior of the propane flames,

110



allowing the establishment of apparently stationf@agne fronts that were unseen in the shorter
tubes. The results of these experiments supperidmn that oscillatory phenomena in methane
flames are thermally driven, however for propamenis fluid mechanics may play an important
role as well. Tests with different materials destomted that only tubes of low thermal

conductivity could sustain stable oscillations.

7.2 Infrared Thermometry Studies

Measurements of the wall temperature distribuabthe duct were obtained via infrared
thermometry. Quartz and steel tubes were useddardo examine the effects of the duct
thermal properties on the resulting temperaturgidigion. The average temperature elevation,
standard deviation in the temperature along the, duncl net added enthalpy were calculated in
order to compare the magnitude and uniformity @f émergy transfer to the duct for different
flame behaviors.

Oscillating and stationary flame fronts withinudoé were found to be significantly more
effective in heating the duct walls than a blowrt iame at the duct exit, for combustion in
narrow ducts of circular cross-section. These amstibn modes elevate the temperature of a
larger portion of the duct walls to a higher tengere throughout. For a steel tube, an up to
fourfold increase in the average wall temperatueyation was observed for oscillating and
stationary flame fronts compared to blown out flamehile in a quartz tube the average wall
temperature elevation was as much as eight timgsead. Although in many instances higher
average temperature elevations were observed éoquhartz tube, the net energy content of the
duct was much higher in the steel case due toitfexeht material properties. For a fixed flow

rate of fuel, decreasing the equivalence ratioeased the energy transfer to the wall by
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increasing the penetration depth of the flame. dsooiformity of the wall temperature
distribution was established for oscillating flantlkat propagate over the full length of the duct.
In the quartz tube, this type of flame producedl wathperatures that were essentially uniform
over the duct wall. This is particularly importantthe context of micro-combustors that are to
be coupled with direct energy conversion moduleghsas thermoelectric generators and
thermophotovoltaics, as these devices are oft&ct®fe only in narrow temperature ranges.

For all combustion modes, the highest wall temijoees were observed at the exit of the
tube. This high temperature region is the soufcenergy for re-ignition in oscillating flame
fronts. Blown out flames were found to elevate wal temperature only in the region near the
tube exit. Oscillating and stationary flame fromtsre capable of elevating the wall temperature
farther from the tube exit.

Material properties, in particular the duct thermanductivity, were found to have a
major impact on the wall temperature profile and flame phenomenology. In the case of
fixed-position flames, the higher conductivity dfet steel duct led to the development of
relatively longer, but less warm, elevated tempeeategions in the duct walls. The low thermal
conductivity of the quartz duct caused more loealjzhigher temperature regions to develop
with nonmoving flames, but also allowed the majooft the duct to take on a nearly uniform
temperature in cases of oscillations with suffitipanetration depth. Stable oscillations could
be established at lower equivalence ratios in thartq tube, most likely because the more

localized heating caused the tube exit to haveladnitemperature, which facilitates re-ignition.
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7.3 Emissions Studies

Samples of the exhaust gases were analyzed usasgGhromatography and Mass
Spectrometry. The percentage of fuel consumebarflame and remaining in the exhaust were
determined by comparing the methane signal fortirgg@nd non-reacting mixtures. The major
compounds produced by the rich flames within thet dvere determined by analyzing samples
taken from the partially burned mixture that exise&gween a stationary flame front in the duct
and the diffusion flame at the duct exit.

Almost fuel consumption was found to occur for fldime phenomenologies, including
oscillating flames. There were no significant eifnces in the consumption percentage as a
result of flow rate or flame behavior. This wasioter to expectations, as the extinction-ignition
cycle of oscillations would appear to create gapsambustion. A possible explanation is that
unburned products do escape from the tube whilefltimee is extinguished, but that after re-
ignition the diffusion flame front propagates dowvaam and consumes them. Carbon monoxide
was found to be the major species produced byitheflame front that exists within the tube
during stationary flame fronts and oscillationshisTsuggests that hydrogen is another major
product of the rich flame. The implication of thssthat the novel flames under study could
potentially be used to provide a fuel cell with ibduel and the heat required to reach its

operating temperature.

7.4 Computational Studies
Three versions of a computational model were agerl. Each employed simple, high-
level mechanisms wherever possible, including mst@eous one-step chemistry, plug flow, and

constant Nusselt number heat transfer. The fiession used fixed temperatures for the tube
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wall and the incoming fluid. In the second versithe heating of the incoming reactants by the
hotter wall was modeled, as well as the elevatinrilame temperature and speed that occur as a
result of reactant preheating. The third versiordeled the heat transfer within the wall and
between the wall, flame, and surroundings, whidbwad the wall temperature distribution to
change dynamically during a simulation.

The computational model succeeded in capturingrthr flame behaviors observed in
rich methane-oxygen combustion in mesoscale tullesiout, stationary flame front within the
duct, oscillations with varying propagation rangasd extinction. With fixed wall and fluid
temperatures, oscillations were observed to ocaly for equivalence ratios below threshold
values, determined by the local heat transfer. Tieshold equivalence ratios for the
simulations were close to those observed in pgseraxental studies, but slightly lower. This
was suspected to be an indication of higher walipieratures in the physical system. The tube
diameter was found to influence oscillation stapilihrough its effects on the rate of heat
transfer between the flame front and wall. Incregashe tube diameter decreased losses from
the flame front and improved oscillation stabilisgen as an increase in the upper limit of
equivalence ratios for which stable oscillationsildobe established. Simulations in which the
tube length and wall temperature profile were whdemonstrated that the temperature gradient,
and not simply the magnitude, has a major effecttlom location of re-ignition during
oscillations. A shallower temperature gradientngldhe tube length was found to improve
oscillation stability, namely by increasing the ganof Reynolds numbers for which stable
oscillations could be established. Increasingwladl temperature near the tube exit enabled
richer flames with lower heat generation to propagato the tube and oscillate. This was seen

as an increase in the range of equivalence rairostiich oscillations occurred.
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Modeling the temperature variation in the reagantd the effects of reactant preheating
on the flame properties produced two major improaets to the predictions of flame
phenomenology. These were the elimination of amneous extinction region at high
equivalence ratios and low Reynolds numbers, aadtlyrexpanded regions of stationary flame
fronts. The shape of the stationary flame fromgioe is similar to what was observed
experimentally, suggesting that reactant preheatiag be a crucial factor in the development of
this phenomenon. Simulations using experimentadBasured wall temperature distributions
failed to produce phenomenology that matched ewperial observations in the vast majority of
cases. Failure to reproduce oscillations was thoteggbe due to improper ignition mechanisms.
Some success was achieved in duplicating blowrflauies at high equivalence ratios.

Modeling the wall heat transfer and dynamicallyvswg for the wall temperature
distribution was the final step. When these funtdiwere added, the model continued to capture
all flame behaviors and correctly predict the ie&atocations of behavioral regimes. However,
the boundaries between behavioral regimes werenstil predicted correctly, and the model
showed much greater tendency toward extinctiorthcdigh the simple, high-level mechanisms
used throughout the model were capable of produaiingf the flame behaviors, more detailed
mechanisms may be necessary in order to correcifipn the regime boundaries. Higher heat
losses from the propagating flame front were assediwith an increase in extinction, as well as
more instances of blown out flames as opposedatadt that propagate into the tube. Higher
heat transfer from the diffusion flame to the tiptioe tube allowed the flame to more easily
propagate into the tube and promoted re-ignitidhis resulted in an increase in the size of the
stationary flame front and oscillating flame regemeGiving the tube the material properties of

steel, as opposed to the default quartz propegiresiuced similar effects to what was observed
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experimentally: in increase in the size of the rtion regime, and a less steep temperature

gradient within the wall.

7.5 Summary
As they relate to the major objectives definectlapter 1, our main findings were as
follows:

* The investigations pursued here suggest that asacitls are primarily driven by thermal
factors: extinction of the flame front occurs doeheat loss from the flame front to the
colder walls farther from the exit, and re-ignitioocurs as a result of heat transfer from
the hotter walls near the exit to the reactant gagediffusion flame warms the wall near
the exit, producing this temperature gradient. $tuelies conducted here do not suggest
that fluid mechanics are involved in this proce$sscillation, but these studies also
cannot prove that fluid mechanics are unimportdo@cause hydrodynamics is not
analyzed in a detailed manner.

* For methane-oxygen flames, the flame behavior iimaly a function of equivalence
ratio. For propane-oxygen flames, Reynolds nunbatso a major factor. Oscillating
flames are most stable in short ducts, and becoore prone to extinction as the duct
length increases. A duct with low thermal conduittiis necessary to produce stable
oscillations, at least when no external heatingavided.

» During oscillations, a high temperature region &xia the tube wall near the exit that is
capable of providing the heat needed for re-ignitidscillating flames are capable of

producing a nearly uniform temperature throughbatduct.
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* Analysis of the exhaust products indicates thatllaons do not have increased leakage
of fuel or intermediate species compared to othené behaviors. Fuel consumption
percentages for oscillating flames and steady ftaare comparable.

A computational model using high-level mechanism&ceeded in capturing all
experimentally observed flame behaviors, includasgillations. The relative positions
of the different behavioral regimes were corregihedicted. However, more detailed
mechanisms may be necessary in order to accurateglict the locations of the

boundaries between behavioral regimes.

These findings suggest that oscillating flames \ae#l suited for use in small-scale
combustion driven energy systems. They are vetyiestat small scales, have the unique ability
to produce nearly uniform duct temperature distrdns, and are not less fuel-efficient or more
polluting than other flames. In addition, thehritame fronts within the tube appear to produce

a CO-H mixture that could be used by fuel cells.

7.6 Recommendations for Future Work

The studies described in this thesis have contthto fundamental knowledge of the
nature of oscillating flames. However, there i stuch to learn, and some new questions have
been raised by this work. The following are sugjges for further avenues of inquiry.

The primary focus of this thesis was on methangger mixtures. Investigations of the
phenomenology revealed that propane-oxygen mixtue® also capable of producing self-
sustaining oscillations. These were somewhat rdiffiethan in the methane case; for example,

while the methane phenomenology was primarily ddpeh on equivalence ratio, Reynolds
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number was also an important factor in the propaase. Expanded studies of propane-oxygen
flames, perhaps with experiments similar to thasedacted here, would be enlightening. Since
it is known that oscillations are not a phenomespeacific to methane flames, examination of

other fuels might also be useful. Using hydroged lautane would allow for study of gases with

masses less than methane and greater than pro@@aging in mind that practical meso- and

micro-combustion systems are expected to use lifpgl$, tests with atomized liquid fuels such

as methanol and ethanol would also be of valust éind foremost to see if oscillations could be
established under such conditions.

Though the results of this thesis suggest thatdlascillations are a phenomenon driven
by thermal factors, this does not mean that flugthanics will have no impact whatsoever. As
noted in the discussion of the computational wahle, nature of the velocity and temperature
profiles for fully-developed laminar flow may be caucial factor, perhaps influencing such
things as whether a portion of the fluid can bectwieenough to ignite, or whether a flame with
a given speed will be able to propagate upstreBliearer the inlet of the tube, the flow may not
be fully developed at all, which will produce difémt velocity and temperature profiles that
could influence the heat transfer and flame propaga Moreover, the presence of oscillating or
stationary flame fronts within the duct could havdramatic effect on the flow. Studies of the
flow patterns within the duct and near the exit ldobhelp to shed light on this aspect.
Techniques such as particle image velocimetry nghduitable for this purpose.

There is significant room for development of tlenputational model. The results of
these studies suggest that more sophisticated misaafor aspects such as the fluid mechanics

and chemistry may be needed to produce phenomenoiaps with more accurate regime
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boundaries. These aspects can be added indiwduatirder to determine their effects on the

phenomenology.
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Appendix A

Nomenclature for Computational Work

A Area T, Activation temperature
C, Constant-pressure specific heat T, Adiabatic flame temperature
Dype Tube diameter T,  Flame temperature
E,  Activation energy T, Fluid temperature
f Flame speed T, Unburned gas temperature
f,o  Adiabatic flame speed T.. Wall temperature
h Heat transfer coefficient .
U, Inletvelocity
k Thermal conductivity
_ Vv Volume
L Volumetric heat loss rate _
N y Mole fraction
L, Non-dimensional aggregate . . ' .
Y, Fraction of inlet mixture that is
volumetric heat loss rate _
reacting fuel
Nu, Nusselt number _ -
z Axial position
Heat flux ,
d Yo, Density
Ge Heat of combustion ~ Denotes non-dimensional value
R,  Universal gas constant - Denotes upstream (preheat zone
t Time + Denotes downstream (cooling
zone)
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