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a direct impact on the thermal and toxic hazards@ated with accidental fires by
creating holes in the reaction surface. This reteprovides a detailed analysis of
local flame extinction by examining the behaviorcotinterflow flames undergoing

kinetic losses, radiation losses, and vitiatiorthérough review of flame extinction
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Chapter 1: Introduction

1.1 Background and Motivation

1.1.1 Accidental Fires

Accidental fires present profound hazards to peapld property. The heat
produced by accidental fires can result in sigaificthermal property damage and
personal injury, while the smoke produced by acdialfires can also have
significant toxic effects. Fire protection professals are often interested in
predicting the hazards of these fires to peoplepangerty, to support the
development of adequate protection [1]. One ofptfeglictive tools commonly used
by fire protection professionals are Computatidflald Dynamics (CFD) codes that
can incorporate combustion and heat transfer amwany other phenomena [2].
These codes have advanced in parallel with compuatdtpower, and further
improvements in computer technology warrant indreathe complexity of the
models used therein. Particularly in the area ofilmastion, early CFD codes capable
of simulating full-scale accidental fires used slifiggd methods to predict the
combustion behavior of the fire. Over-simplifiechdoustion models can produce
non-physical results depending on the implememntaticthe model. The errors
associated with these non-physical behaviors ceatlgrimpact the prediction of heat
release and toxic products of combustion from fikgsowledge of this weakness has

led to the development of more robust models fonlmastion. The research detailed



in this document will provide insight to supporetenhancement of current
combustion models based on theories developedfisadamental combustion
research pertaining to local flame extinction. Tigisearch is presented with the hope
of improving the accuracy of hazard predictionghiibermal and toxic, from CFD
codes.

One classical accidental fire configuration is timeonfined fire, where there
is a fuel source in an unperturbed open environf8ntThe unconfined fire
produces heat and smoke in rates that are depeodéeiné¢ size of the fuel source.
When the fuel reacts with the surrounding air,gheducts of combustion increase in
temperature and convect upward based on buoyah¢ybtlioyancy-induced flow
drives the entrainment of fresh air from the sundings to react with the fuel,
resulting in a stable self-sustaining fire. Obs&ores of small-scale unconfined fires
on the order of the size of a candle indicate tinatreaction of the fuel and air is
complete as indicated by very small quantitiesoait seleased as smoke. As the scale
of the unconfined fire is increased, the proportbsooty smoke released increases
dramatically. Scaling of turbulent unconfined fidEmmonstrates that more than
enough air is entrained to completely oxidize tne,fbut some fraction of the fuel
does not react completely [1]. This incomplete castion is obvious by observations
of large quantities of black sooty smoke, and #isopresence of carbon monoxide
(CO) and other unburned hydro-carbons (UHC) [4ik ttlear that if CFD codes are
to accurately predict the combustion behavior ekthlarge, unconfined fires, the

combustion models built into the code must be &bkccount for an incomplete



reaction of fuel for large-scale fires, while maiming the capability to predict nearly
complete reactions for small-scale fires.

The compartment fire is a classical accidental émnfiguration in which a
fire is enclosed within a compartment with limiteehtilation for the fire [5,6]. The
compartment fire behaves differently from an unawed fire, based primarily on the
limited ventilation caused by the compartment. Goeely, an unconfined fire has no
restriction for entraining air. The buoyancy of lpobducts of combustion controls
the rate at which an unconfined fire entrainsamg the unconfined fire easily
entrains many times the mass of air required to the fuel completely. This is not
necessarily the case with compartment fires. Buoyatill drives the flow of gases
in and out of the compartment, but the geometmhefventilation can significantly
restrict the flow of gases. In compartments, the finay not entrain enough air to
burn the fuel completely. Products of combustiory miao remain within the
compartment to interact with the fire. These varitin effects have been studied at
length, and they have a profound impact on thetfaeavior [5,6]. Among the effects
of ventilation-limited combustion is increased puotion of CO, soot and unburned
fuel, as well as a reduction in the production @th with the possibility of global
extinction of the fire. Each of these effects hasagor impact on the predictability of
hazards resulting from compartment fires. It ischhat if CFD codes are to
accurately predict the behavior of compartmensfitae combustion models built
into the code must be able to account for an indetapeaction of fuel based on the
level of ventilation available, as well as the mition of the fire with the product

gases inside the compartment.



The unconfined fire and the compartment fire as jwo examples of how
accidental fires can demonstrate dramatically cbffié behaviors based on scale and
ventilation. Likewise, there are many other confggions that will show various
changes in behavior based on variation of key patars. It is also important to
recognize that some CFD codes are generalizectpdimt that they are used in all of
these configurations, without requiring modificatiof the code. This is an important
feature of CFD simulation of fire that makes itfus@ver a huge range of input
parameters. Therefore, any modifications to thelmgstion model must use local and
instantaneous parameters that are readily avaiiatttee CFD code, and not global

parameters that are dependent on configuratioma-averaged conditions.

1.1.2 Flame Vitiation

The analysis of accidental fires poses a comiigly coupled multi-physics
problem. The environmental conditions affecting firehavior are strongly influenced
by the fire itself, particularly in the compartmdiné configuration. One example of
this coupled, multi-physics behavior is vitiatiavhere products of combustion re-
circulate and mix with reactants. Vitiation is cheterized by reduced reactant
concentration and increased reactant temperatutbelcase of small, unconfined
accidental fires, the oxidizer stream is pure aarabient temperature while the fuel
stream is pure gaseous fuel at a characteristiori@mperature. However, oxidizer
stream vitiation is common in under-ventilateddirerhich often occur in
compartments as illustrated in Figure 1. As thevilrg on the left side of Figure 1
illustrates, the flame height in a compartment éa@ easily extend into the smoke

layer. Any oxidizer that reacts in this region mibsttransported through products of



Compartment
Fire

Flamel et

Figure 1: Compartment fire with air vitiation efts@nd the association between 1-D
flamelet studies and local flame behavior. Locaktants are affected by dilution

(Y5 <Y5™) and preheatingTg, 2 TS™).

combustion before reaching the reaction zone, tischireasonable assumption that
this oxidizer will turbulently mix with the smokend become vitiated. Fuel stream
vitiation and mixed vitiation are also possibilgid-uel stream vitiation can occur
when a compartment fire becomes severely undeitataa and the reaction zone
moves to the vent as seen in Figure 2, or it canron a ceiling fire configuration
inside a compartment. In either of these scenaiuesmust transport through
products of combustion before reaching the reacmre, thus vitiating the fuel.
Mixed vitiation, or the simultaneous occurrencegidizer and fuel vitiation, can
occur because neither oxidizer vitiation nor fughtion are mutually exclusive
events.

The effects of vitiation can have a significant ampon the overall physical
behavior of the fire. The mechanism of reactanitdih will act to reduce the

intensity of the fire while the mechanism of reattare-heating will act to increase
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Figure 2: Compartment fire with fuel vitiation efts and the association between 1-D
flamelet studies and local flame behavior. Locaktants are affected by dilution

(Y <Y2™) and preheatingT® > T2™).
the intensity of the fire. The effects of these h@tdsms can include; local flame
extinction, global flame extinction, modified hadaus species production, modified
flame energy release rate, and modified tempemt@embustion models in CFD
codes for fire applications often use infinitelgtf@hemistry assumptions because of
their simplicity, computational efficiency, and @ity [2]. Unfortunately, these
models are incapable of predicting extinction. tder-ventilated fires where vitiated
combustion occurs, extinction must be considereattwrately predict the production
of heat and the transport of unburned reactantsteTis a need for extinction models
suitable for integration with infinitely fast chestiy based combustion models,
particularly as they apply to vitiated flame apations. Such extinction model could
be used to determine critical vitiated conditiortseve the chemistry is sufficiently

slow, which would correct the infinitely fast chestry model where it breaks down.



It is also worth noting that fire hazard analysisften performed to establish
requirements for fire suppression or extinguishmehysical understanding and
modeling of vitiated extinction will also be usefal fire suppression applications
utilizing reactant dilution and cooling. The purpas this work is to develop a
simple model to predict local flame extinction froneasurable vitiation conditions
and provide guidance on the application of this ehad infinitely fast combustion.

In order to study the effects of vitiation, itilmportant to identify the
composition of the product gases that will be ngumith the reactants. Examination
of the chemical expression for stoichiometric bognof methane in air:

CHy + 2(G, + 3.76N) - CO, + 2H,0 + 7.52N
demonstrates that product gases are produced mtibe of 9.5% CQ 19% HO
and 71.5% Nby volume. In fact, Blwill always be the dominant species by mass in
product gases for methane burning in air up tovedence ratios of 4. The other
major species, C£and HO, are smaller diluent contributors thag Nowever, there
are other minor species that exist in real prodases that deserve notice. These
secondary product gases include but are not limaegiO, C (soot), and UHC. These
species are not chemically stable, and they caratit exothermically with £or
they can contribute to slower secondary reactiovesydrom the flame [7-9]. The
reactive nature of these minor species can proaberctging when studying the
primary impacts of dilution. This coupled with tfaet that it is impossible to
determine the ratios with which these speciesautiur in real fires makes control of
a system with real vitiation virtually impossiblEhis study examines vitiation using

N dilution based on the fact that it is the domingdihient species for methane



combustion. The chemical contributions from othmraes present in smoke are not
considered. The radiative emission of £8,0, and soot present challenges to the
analysis of the system since these species agibaty the largest contributors to
radiative losses from the flame, especially soawEver, radiation losses are
addressed in this study in a more canonical marmest, N> vitiated flames are
studied to evaluate non-radiative extinction. Tfieats of radiation losses are then

studied by evaluating extinction behavior with caigally imposed radiation losses.

1.1.3 Flame Extinction

Williams first introduced the concept of flamelbeory as a means to study
local combustion phenomena [10]. Flamelet theaatestthat a diffusion flame can
be decomposed into a series of interconnected mfiaames called flamelets. This
concept is illustrated in Figure 1 and Figure 2céldlame extinction in this study is
defined as the dynamic transition from a fuel-aaating flamelet to a local fuel-air
mixing system. In the limit of infinitely fast corabtion, this transition occurs
instantaneously; therefore the timescale of theevan be ignored. Some basic
characteristics of an extinction event include: pheduction of product gases stops;
the production of energy stops; reduction in terapge; reactant gases escaping the
reaction zone; and soot and other products ofdaebmposition escaping the
reaction zone. Each of these characteristics iseatdesult of the combustion
reaction abruptly stopping while the mixing of reads remains. There may be
secondary characteristics associated with flamieaidn as well. One secondary
characteristic is that unburned reactants may e to secondary reactions such as

backdraft or premixed combustion. Other secondhayacteristics that can occur are,



unburned reactants may contribute to addition&timn, and increase the
concentration of toxic gases through recirculatiimese characteristics of extinction
events have major implications in determining thedrds associated with an
accidental fire, and therefore predicting flamdrectton is necessary in order to
accurately determine these hazards. The reactierofahe fire and the gas
temperature are significantly altered by extinctaoa play an important role in
determining thermal hazards. Flame extinctionnsilarly important in determining
the hazard from toxic gases, because the presé@®@.,pH,O, and C allow for slow
chemical reactions to become significant in thelsgrlayer, which will play an
important role in the production of CO [7-9]. Thenpary goal of this study is to
determine the precise effect vitiation has on flaxnction locally. This will help
predict conditions in which extinction will occuné facilitate the modeling of
secondary reactions by predicting the release btiured reactants, and the
temperature of these reactants.

Another important aspect of flame extinction ssriglationship to fire
suppression systems. Fire suppression systemgeathygeduce the energy released
by a fire and even completely extinguish the fiMany of these fire suppression
systems use vitiation to control fires. These systean cool the reactants, or they
can displace and dilute the reactants. Each oéthreschanisms will reduce the
energy released by the fire, and may induce locglabal flame extinction.
Suppression systems that use mechanisms of vitiatcdude: water sprinklers, water
mist, water with surfactant additives, water bafsedextinguishers, C&fire

extinguishers, C@flooding systems, and dry chemical fire extingeish Developing



an extinction model that can account for vitiatiill greatly enhance the ability of
simulation tools to predict the influence of fingppression systems on any fire.
Some methods already exist to account for flantimetion. The first and
most obvious method is to model the chemistry efdfistem directly [11]. Thisis a
costly computational endeavor because even thdesingf fuels can result in
hundreds of reactions and intermediate speciesf alhich would have to be
included in transport equations. Detailed chemistitypically left only for
simulations of greatly simplified geometries wh#re transport equations can be
reduced analytically. Another method for determgnéxtinction comes from
simplified finite rate chemistry approximations witigh order closure of the energy
generation term [12]. This method eliminates sofmbi® weaknesses of the detailed
chemistry model, but it still requires significaesearch in order to be applicable to
various fuel types. Another method to account fame extinction can be found in
flamelet models that use state relationships teestiie chemistry [13]. These models
require that a library of all the possible reactntfigurations be created prior to
simulation, and the products of combustion andgneglease rate are determined by
cross-referencing the library to the local condisoAgain, this method produces
promising results, but the combustion behaviohagimulation is limited to the
parameter space built into the library. Its weakrgss in the fact that it is prohibitive
to develop a library for every fuel that incorp@severy possible variable that can
impact combustion and extinction. An underlyingussssociated with all of the
above models is the necessity to resolve the fianttee computational grid. Given

the small length scale and dynamic nature of #@d, the computational costs can
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be prohibitively high when implementing these mad&lamelet studies have led to
theoretical developments in combustion modeling éina the basis of the current
state-of-the-art with the intention of reducing tteemputational costs of flame
simulation [10]. This study will provide a simplgtiction model based on existing
combustion theories to produce an accurate predictd flame extinction without
requiring dramatically increased computational stisat are associated with

modeling finite rate chemistry.

1.2 Literature Review

To gain a comprehensive understanding of extinagtiatiffusion flames, one
must explore some of the many areas of researchevilagne extinction has been
observed. One scenario that is of particular imgrare to the fire community is the
compartment fire configuration. This area has nextia great deal of attention from
researchers, and many have observed global anaialgextinction in this
configuration. A second and less obvious fire sgerthat may produce extinction
events is the unconfined accidental fire, or tleessical pool fire. It has been widely
observed that increasing the fuel source areatsesuincreased production of soot
and other products of incomplete combustion. Tliesg are known to entrain more
than enough air to support the complete combustiduel; however, the combustion
is still incomplete as indicated by the presenceopiious amounts of soot. This soot
suggests that some level of local flame extinctsomccurring in these fires, resulting
in products of incomplete combustion. A third cgufiation where extinction has
been extensively studied is in counterflow geomefhese counterflow experiments

and numerical simulation allow for specifically ¢miled boundary conditions and
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provide a greatly simplified algorithm for chara@eng extinction. A key area of
research, outside of fire, where extinction hasideand to be significant is in
combustion systems, including internal combustiogires, high Reynolds number
jets, and many others. Numerical fire simulatiooisdhave also been developed to
account for local extinction events. A review oé$le areas provides insight into the
understanding of flame extinction and will demoatdra clear path for developing a

physically sound extinction model from existingiagtion theories.

1.2.1 Extinction in Compartment Fires

Under-ventilated compartment fires are commonsitas fire problems that
have been the focus of considerable attention §garehers. Earlier studies focused
on the behavior of severely under-ventilated fie$4]. These studies have provided
insight into the global fire phenomena that caruoechen the oxygen supply to the
fire is limited. Most recently, Utiskul classifig¢de fire dynamics in scale model
experiments into three burning modes, which inclsigady well-ventilated burning,
steady under-ventilated burning, and unsteady uneletilated burning [15].
Fundamental differences in the combustion processcaated with these different
burning modes must be quantified for accurate ptexti of the associated fire
dynamics. Some of these differences have alreaely beplored through steady state
experiments. In these experiments, turbulent diffufiames were placed within an
extended exhaust hood while ventilation was calyefidjusted until the experimental
flame was partially or completely enveloped byoiwen exhaust [16-18].
Measurements in these ‘hood’ experiments were pedd to assess changes to

exhaust gas composition and temperature underugvientilation conditions. The
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CO concentration in the exhaust gases and itsae&dtip with the degree of
ventilation were of particular interest in Beyle€speriments [16,17]. Beyler found
that CO and UHC concentrations in the exhaust gasesased sharply for under-
ventilated conditions with a global equivalencea;ab > 1. On the other hand,
Morehart et al. focused on fire behavior very cltsextinction in completely
enveloped fires [14]. They found that no soot welpced in flames very close to
extinction in this basic configuration. This ressglsimilar to observations made in
Takeda [18] and Utiskul’s [15] severely under-viiéd fires. Furthermore,
Morehart et al. found that limiting oxygen concetitns and temperatures at
extinction for their large-scale fires compareddiably with laminar flame
experiments. This result provided some evidendeithot yet with explanation, that
extinction experiments using laminar flames maghigable for studying large-scale
fire phenomena [14].

The production of CO in compartment fires is oftjgalar interest to the fire
community for the evaluation of smoke toxicity. éme/entilated fires have been
found to enhance the global production of CO arat §69,19]. The presence of
these species is a preliminary indicator of lotaie extinction events within the
fire, even without the presence of global extinatiBurthermore, research by
Tuovinen suggests local reactant properties haigraficant impact on the local
reaction physics [20]. Reactants at elevated teatpey and reduced mass
concentration when compared to their ambient cantitare defined as vitiated.
Tuovinen has developed a scheme for determinirg) lotation and he suggests that

the reactant properties surrounding the flame stesebe probed and used as inputs
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for a combustion model [20]. This is a useful tfwylsampling local vitiation, as it
will impact the combustion process. Several studase been performed that
illustrate the importance of local vitiation witHf@us on species production in the
upper layer of compartment fires [21,22]. Theselists suggest that chemistry of
UHC in the upper layer may be needed to fully resdhe production of CO in
compartment fires. While these studies focus ort-flase reaction behavior,
development of an extinction model will provide athod for predicting and tracking
the UHC in a compartment configuration. Extinctrandeling is at least a
preliminary tool to predict the overall productiohCO and other toxic species in

compartment fires.

1.2.2 Extinction in Unconfined Fires

The classical unconfined pool fire is another scienthat may result in local
extinction events. For large fires it is commorobserve soot, CO and even UHC in
the post-flame region such that the productiorhese species increases with fire size
[24,25]. The presence of these species suggest®tahextinction may occur in
large fires. These fires have been studied extelsresulting in scaling laws for
burning rates [26], plume dynamics [27], and flamegght [3]. The turbulent mixing
in this fire configuration is of particular intetaa understanding local extinction
events. Extinction is known to occur when the tgoales of turbulent mixing
become comparable to the time scales associatbdhveétchemical reaction of the
fire. This time scale comparison forms the basia ofitical Damkdhler number
argument that will be discussed in further detailorder to determine the relative

importance of turbulent mixing, researchers haudistl the turbulent behavior of
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fires [28-30] and also non-reacting plumes [31]e3d studies have established that
turbulent velocity fluctuation intensities are diamifor many fires and non-reacting
plumes. In particular, the local RMS velocity fluation is approximately 25 - 35 %
of the local mean velocity in the vicinity of thiarine height along the centerline for
fires ranging from 0.3 m to 1.0 m diameters. A nueasient of these turbulence
characteristics in larger fires is problematic ttu¢he interference of soot particles
with experimental diagnostics. This result will pide a useful relationship for
scaling the turbulent mixing in large open pooé$ir Some very useful reviews also
provide guidance on the validity of the scaling &tpns and turbulent behavior of

these fires [32,33].

1.2.3 Extinction in Counterflow Flames

The counterflow configuration has also receivepteat deal of attention. The
counterflow flame configuration has been employetg®sively to generate laminar
flames, providing the capability to control thevil@ondition, reactant composition,
and reactant temperature. Lifian sparked this iel@search when he analytically
characterized the structure of the counterflow #aatong with providing theoretical
guidance on key parameters of flame extinction.[3%e understanding of the
structure of laminar flames paved the way for \&ithis to introduce the laminar
flamelet concept. The flamelet theory providesentbtical basis for the application
of experiments and analysis of laminar flames t@ratterize turbulent flame
behavior locally [10]. This approach requires tlaenfe thickness to be much smaller
than turbulent eddies in the flow, which is easiyisfied in typical accidental fires.

This approach is known as the large Activation Bpeéksymptotics (AEA). Peters,
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Williams, Law and co-workers primarily have expaddiee flamelet theory to
produce a very comprehensive theory of flame eitind35-39]. The AEA theory
expands the understanding of the key parametexstiviction and provides guidance
for correlating extinction conditions based on nmlét variables. Some parameters
that can be included analytically in AEA are reatte@mperature, reactant
concentration, fuel activation energy, and mixiater The effect of radiation losses
and non-uniform species diffusion can also be actzmlifor analytically, although
with considerably more complex analysis [36,39-AHe theoretical work developed
by Lifian, Williams, Peters, Law and their colleagpeovides detailed analysis of
experimental and numerical simulation of countevfftames using AEA,

particularly near extinction. Williams has writtarcomprehensive review paper
describing the recent advancements in the fieldEA and counterflow flame
studies [42]. Recently, AEA theory has been expdrndenclude the combined
effects of kinetic losses, radiation losses, antegd Lewis numbers [43]. Clearly,
the theoretical work in AEA has demonstrated ielity and applicability over a
wide range of conditions.

Motivated by the AEA theory, numerous experimeartd analysis have been
conducted to evaluate extinction criteria and medinction behavior in counterflow
flames [44-65]. The experimental work by Puri aresisadri is particularly
noteworthy, as they examined extinction at varistugin rates and levels of reactant
dilution. Puri and Seshadri have developed an ABS&el extinction model that
accounts for variable reactant concentration, esddemperature, and strain rate

[44]. Other experimental studies have focused erldtv strain rate extinction of
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counterflow flames with various suppressants [4pb-#fiese studies illustrate the
importance of chemical and thermal properties oioues diluents. More recently,
spherical diffusion flame experimental studies hiagen conducted as an alternative
to studying the counterflow flame configuration {88]. These studies typically
utilize micro-gravity [48-62] or reduced buoyanaynditions [63] in order to
accurately produce a spherical diffusion flame. $pleerical flames produced in
these studies are typically transient in naturefegmgliently experience extinction due
to radiative heat losses. The occurrence of extinatas an unintended consequence
of microgravity combustion due to the reductiorsirain, and it has therefore driven
interest in characterizing the radiative lossemfthese flames [48-50,52,54-
56,59,60]. Diluents have also been characterizédht® a combination of chemical,
thermal capacity, and radiative effects [59,61]c&tely, a novel burner design by Bai
et al. demonstrates the ability to produce lowtskrdames in normal gravity [64].
This type of design will ease in characterizinga#idn losses from flames by
eliminating the need for drop towers as well asttaesient effects associated with
spherical diffusion flames.

It is also worth noting that the counterflow flam@nfiguration has been
characterized with simplified one-dimensional @rdifferential equations amenable
to numerical simulation with detailed chemistry [1The emergence of numerical
simulation tools has prompted research using bqpler@mental and numerical
methods to study counterflow flames over a wideyeanf parameter space [66-76].
Among the parameters studied are dilution, presandeflow field effects [72];

oscillations with radiation losses [73]; kinetictiextion compared with radiative
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extinction [74-76]; and the complications causedlgher order fuels [74]. These
studies have revealed that the scalar dissipaditen as opposed to strain rate, should
be used as the fundamental parameter for evaluaingction in diffusion flames.
The scalar dissipation rate is a fundamental measiuthe rate of mixing combined
with the effects of strain. Since both mixing amcis affect diffusion flames, the
scalar dissipation rate is a more appropriate measfiflame behavior than strain
alone. These studies also highlight the importaricadiation losses from the flame.
Numerical studies with detailed chemistry providestantial information about the
species, temperature, and velocity fields in catiliote flames that far surpass the
capacity of experimental diagnostics. Williams baamined the effect of various
models used to simulate mass diffusion as a p@ssdalrce of error in numerical
simulation tools [70]. These errors are small imparison to the added fidelity that

numerical simulations provide over experiments.

1.2.4 Extinction in Combustion Systems

Many combustion systems designed to simulate yaggiic parameters that
affect extinction have been developed. Some reseeshave constructed simplified
burners that are recognized historically as vahid eepeatable. Examples include the
Wolfhard-Parker burner [77,78], the Tsuji burne®][7and the Burke-Schumann
burner [80]. Each of these burners is intendedéate reproducible extinction of low
strain flames in a manner that is well suited fquegiments. These early experiments
provide the basis for some simple extinction modskd in infinitely fast chemistry
combustion. Other researchers have examined turbjelecombustion. These studies

focus on possible finite-rate chemistry effectschgracterizing the local scalar
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dissipation rate and its fluctuations. Such studiestrate the advancements in
experimental diagnostics required to measure lecalar dissipation rate in fires, as
well as the significance of this rate in determgniacal extinction events [81-83].
Others have researched the effects of conductdngi8d radiation [85] losses on
combustion. These thermal loss effects can berafisignt source of local extinction
that cannot be ignored in a comprehensive fire mhddeese works provide insight
into the various ways that researchers charactaridenodel extinction events in a

wide array of configurations.

1.2.5 Numerical Simulation of Extinction

Recently, some efforts have been made to capt@esfiinction in numerical
fire simulations. The methods of predicting extiostvary widely with the numerical
tools to which they are applied. Direct Numericah@ation (DNS) provides a tool
with which the most detailed causes and effecteazl extinction can be examined.
The computational cost of a DNS is prohibitive;rdfere these studies are currently
limited to simple geometries and small domains. 8&NS studies have been
performed to specifically examine the effect ofiestion. These studies have
examined a variety of combustion problems, inclgdime temporally-evolving
mixing layer by Givi et al. [86], turbulent flamé$ewith detailed chemistry by
Bastiaans et al. [13], and cold wall interactiogsvtb and Trouvé [87] among many
others. DNS simulation of extinction highlights tingportance of thermal loss effects
caused by increased strain as well as heat tram&elhanisms. Pitsch and colleagues
have employed Large Eddy Simulation (LES) to exantirtal extinction events [12,

88-91]. These simulations employ high order monaéwgure turbulence modeling of
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the energy equation in order to numerically simailatal extinction events. These
tools are quite powerful, and much work has bearedo study the capacity of these
models to predict both extinction and ignition etgetHowever, moment closure
turbulence modeling requires an additional modetHe source term in the energy
equation, which is ill-defined in the infinitelygachemistry framework. LES tools
such as the Fire Dynamics Simulator (FDS) develdpethe National Institute of
Standards and Technology (NIST) utilize infinitéhgt chemistry to avoid direct
solution of the energy balance equation entire]y This framework requires a
different formulation for modeling extinction evenihe development of a simple
extinction model, applicable to the infinitely fagtemistry formulation is the
motivation for the current work.

There has also been an attempt recently to prpditial extinction in the
global context as motivated by the work of UtiskLB]. Some zone models have
been modified to account for mixing between theasgayer smoke and lower layer
reactants, resulting in vitiated oxidizer [92,9Bhese models produce a reduction in
burning rate following a reduced oxidizer concetbra although the oxidizer
temperature can increase the burning rate. Thelseed fidelity zone models have
computational cost orders of magnitude lower thneat 6f DNS or LES, allowing for

fast predictions of the global fire behavior.
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1.3 Objectives

1.3.1 Identify Physical Parameters that Governrigtitn

The first objective of this study is to determthe basic physical parameters
that govern extinction. Following the guidance of\pous research suggests that
extinction occurs as a result of a critical reduretin flame temperature, and therefore
any variable that impacts the flame temperatureilshioe considered. The
mechanisms of vitiation have a direct impact om#éiaemperature and are present in
a compartment fire as illustrated by Figure 1 aigife 2. Other parameters that
should be considered include any factor that caestslpy losses from the reaction

zone, including incomplete chemistry, conductiod eadiation.

1.3.2 Determine the Most Significant Parameterseaang Extinction

The second objective of this study is to demonstndtich of the physical
parameters that affect flame extinction are sigaift in accidental fires. While it is
important to capture as many physical parametepossible, it is more important to
ensure that the most significant physical paramsedes captured. It is clear that the
effects of vitiation will be present in any compaent fire configuration, therefore
the significance of reactant concentration and tmatpre are undoubted. The effects
that remain in question are those of kinetics, catidn and radiation. Kinetic and
radiation losses can impact any portion of the 8amhile conduction losses can only
impact portions of the flame experiencing cold watéractions. The effect of

conduction losses from the flame can be a comphenti-variable problem in itself,
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and is the topic of ongoing research [87]. Themfoonduction losses from the flame

will be ignored in this study as a first order appmation for large accidental fires.

1.3.3 Develop an Approach to Identify Extinctionr@dions

The third objective of this study is to developeaperimental and numerical
approach to determine extinction conditions basethe most significant physical
parameters. This will provide sufficient data tdidate, invalidate, or limit the
validity of any extinction model. An extinction melds only useful if it is able to
reproduce the behavior of real flames. A countarfbmrner capable of producing a
wide range of vitiation and kinetic loss parameteas implemented in this study.
Radiation losses from flames with the current eixpental setup have proven
insignificant compared to the effects of vitiatiand reactant leakage due to kinetic
effects. A numerical study of counterflow flamessvedso performed to observe
extinction over a larger range of parameter sp@lse.numerical study provided
greater flexibility in varying vitiation, kinetiolsses, and radiation losses. Moreover,
the numerical tools used have proven accuratenmpaoison with real flames, while
providing much greater detail about the flame stme; which will prove useful for
diagnostic purposes. The compilation of extinctonditions determined from
experiments and numerical simulations demonsttagefidelity of the extinction

model with several orders of magnitude of variaiiloparameter space.

1.3.4 Formulate an Extinction Model

The fourth and most significant objective of thigdy is to formulate a

simple, physically accurate and theoretically basedel to predict flame extinction
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conditions. An exhaustive review of flame extinatibieory was performed to
compile an effective extinction model. Theoretiedearch regarding flame
extinction has existed in the combustion commufatythirty years, and it is well
received and validated [34]. The existence of thimist theory for three decades
without being widely used by the fire safety comiiyiis due largely to the fact that
the theory is not written in a context that the afety community understands. This
work will serve as a translation of the works peried by the combustion
community into terms that are useful for the fiséety community. The model
includes all of the major contributing parametensdxtinction such that it can
capture variations in any of these parameters samebusly, as validated by
experimental and numerical data. This model wiliksd suited for integration into

CFD applications used by the fire safety community.
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Chapter 2: Approach

2.1 Flame Theory

2.1.1 Vitiation

As discussed in Section 1.3, vitiation is a calticharacteristic in determining
the propensity of local flame extinction. In orderdetermine the impact that vitiation
has on combustion, it is useful to examine thedosisigle step Arrhenius equation for
the rate of consumption of methane reacting witygex:

d[CH,] _

- —A[CH4]b[02]°exr{—£j, 0

RT

where [CH] and [Q)] are the concentrations of methane and oxygertime,A is

the pre-exponential factds,andc are reaction order constanisis the activation
energy,Ris the universal gas constant, and the temperature. This expression
highlights a few important effects of vitiation dre rate of consumption of methane.
First, the rate of consumption of fuel is propanabto the concentration of the
reactants, depending on the valueb ahdc, which typically are between -1 and 1.
The second and most significant effect that thd@mius expression highlights is the
effect of temperature. This reaction temperaturebmsomewhat challenging to
predict, but the laws of thermodynamic mixing dietthat increasing the temperature
of the reactants will cause an increase in the ézatpre of the reaction. It is also the
case that decreasing reactant concentrationsedillae the reaction temperature by

reducing the chemical enthalpy in the system. Hpoeential term from
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Equation (1) illustrates the property of increasimgnotonically with increasing
temperature. Therefore, any increase in reactameeature will increase the reaction
rate, while any decrease in reactant concentratitbrlecrease the reaction rate. In

fact, the exponential term will dominate the magaé of the Arrhenius expression.

This highlights the importance of monitoring thedbvalues ofYg’, Y, Ty, and

T. for every portion of the reaction.

The superscripb denotes that the reactant property is sampleditely far
away from the flame. The term infinitely far awagrh the flame is simply meant to
ensure that these parameters are sampled suffyciantway from the reaction zone,
but not so far away that they are physically megless. Since the reaction zone for a
typical flame is approximately of the order of 1 nttmck or less, “infinitely far away
from the flame” should be defined as an order ofjmitade larger than the reaction
zone or of the order of 1 cm. Therefore, parametetsare sampled infinitely far
away from the flame should be sampled approximédtelgn or more away from the

reaction zone.
The challenge lies in predicting the reaction terapure based ov;’ , Y£,
T, andTZ . In the framework of infinitely fast chemistry ttilame is typically

characterized by the mixture fraction:

amb
7 = rYe = (Yo2 _Yoz
- amb amb
Yo2 + rsYF

)

which is a measure of the quantity of the local @mncentration that originated from

the source, denoted by the supersaipt The stoichiometric mixture fraction is
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defined as the value @where fuel and oxidizer are present in stoichioroe#tios
defined as:

amb
YO2

st — amb amb ’
Yo, trYe

®3)

which defines the location of the flame. In thignrework, the Burke-Schumann

flame temperature relationship is widely used:

© (Y(;: /rs) + o Y,:oo + Ahc YF00 (Y(;: /rs)

Toes =T T ’ )
es = 1F o (S /1) v +(Yo /1) ey YT+ (Y /r) “

r. is the

st? s

whereT, .4 is the adiabatic temperature of the flame&at Z
stoichiometric oxygen to fuel mass ratio afi, /c, is the ratio of heat of

combustion to constant pressure specific heat. &psession captures the essence of
vitiation such that preheating reactants will regub linear increase in the
stoichiometric flame temperature, while diluting tleactants will result in a linear
decrease. This also highlights another connectigdhe Arrhenius equation in that

both reactant concentrations affect the reactiomparature.

The Burke-Schumann flame temperature expressiosdras notable
limitations. One of these limitations is that thgpeession requires the assumption of
a constant and equal specific heat for both fudl@adizer, which is frequently not
the case. The specific heat of the oxidizer andubkare typically different and both
depend on temperature. As a result, in the Burkes®ann expression, both fuel and
oxidizer heating contribute equally to the tempamincrease of the system. Another
limitation is the assumption that the temperatuddile across the flame follows a

piecewise linear relationship with the mixture fran, which is also frequently not
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the case. This caveat is somewhat inconsequeseiialuse the temperature at the
stoichiometric interface is of much more importatitan the temperatures at
intermediate values &. Furthermore, some care must be taken such tad&ulrke-
Schumann adiabatic flame temperature for the pureacting with pure fuel
condition matches more precise predictions of #a adiabatic flame temperature

determined from chemical equilibrium solutions. §'bondition is defined as the
reference conditionYs = 023, Y7 =1, Tg =T =300 K, and Tots = 2230K) as

determined from chemical equilibrium calculationghva stoichiometric mixture of

air with Methane. In order to obtain this resultwihe Burke-Schumann expression,

Ahc/cp = 355x10° K is required for matching the real adiabatic flatamperature.

Despite the weaknesses of the Burke-Schumann esxqpmnedt is still widely used in
flamelet studies [35-44]. It is worth noting theetBurke-Schumann flame
temperature expression was designed to predichatitaconditions. In reality,
flames always experience losses and these tempesatte challenging to achieve,
but it is possible to account for these losses.&ofthese effects occur in oxygen
enriched environments, which allow for substarkiaktic losses in the form of free
radicals. Thus, the application of the Burke-Schumitame temperature expression

should be limited to oxidizer mass fraction 0.2%ess.

2.1.2 Incomplete Chemistry

One source of thermal losses from the flame theatrbe accounted for is that
caused by incomplete chemical kinetics, resultmgeactant leakage. In this study,

kinetic losses from the flame are caused by ine@asactant velocity and leakage;
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therefore, the local velocity of reactattg , andU ¢ supplied to the flame are

significant. More importantly, there are more agprate measures of the impact of
velocity in a diffusion flame such as the straiterar scalar dissipation rate. The
scalar dissipation rate in particular is a fundatalgmarameter used to define the rate
of mixing in a diffusion flame, and therefore ittkee most appropriate parameter for
characterizing kinetic losses in this analysis.

In the context of the diffusion flame, conservatadmmass requires that
reactants must have a relative velocity towardéaetion zone, balanced by the flow
of products away from the reaction zone and theerphnsion. This flow condition
results in a velocity gradient at the flame, whighypically called a strain rate. The
velocity gradient drives the mixing of fuel and dizier, which is the defining
characteristic of the diffusion flame. The scalasgbation rate at the stoichiometric
interface,

X« =2D,(02), (5)
is a fundamental measure of the mixing rate betvieelnand oxidizer reactants.
When the chemistry is infinitely fast, this mixinate limits the reaction rate, and
consequently the energy release rate. This fundi@ineationship becomes evident
by the definition of the volumetric energy releaate from oxygen consumption for

infinitely fast chemistry:

- Dhy p0%Y,,
2 9z

Xsto (6)

evaluated at the stoichiometric mixture fractior][However, Equations (5 and 6)

do not illustrate how the scalar dissipation rate characterize kinetic losses from
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the flame. Upon closer examination of Equation ity apparent that increasing the
scalar dissipation rate will increase the volunegprioduction of energy by the flame.
This is in contrast to the claim that scalar diaBgn rate corresponds to kinetic
losses. In order to understand the mechanism inlwdgalar dissipation rate is a
measure of kinetic losses, one must examine coasenvof mass again. While the
scalar dissipation rate is a measure of the rateixahg between reactants, it is also
related to the flow of products away from the flarhikrese products transport energy
away from the flame, which is a source of enthd¢isges from the flame. More
importantly, kinetic losses arise from the incragdemperature gradient in the flame
caused by increasing the scalar dissipation ragghis temperature gradient
increases, there is a corresponding increase itndhsfer of energy away from the
flame. Flame extinction resulting from this enthalpss is typically referred to as
kinetic extinction.

Examining the ratio of energy production by thenike and kinetic losses from
the flame is a powerful tool for characterizingiegtion of diffusion flames. The

Damkéhler numberPa =t /t..., iS introduced to describe finite rate chemistry

effects on flame extinction. Extinction occurs @ab €riticalDa, where diffusive

losses result in mixing times,,, , less than the characteristic reaction timg,.. The

mixing time is inversely proportional to the scaligssipation rate, and the chemical
time is inversely proportional to the first orderriAenius rate. In other words, the rate
of chemistry losses can start to compete with dibe of energy production at high
scalar dissipation rates. A classical assumptidhasthe critical Damkdhler number,

Da

crit

is a constant for all diffusion flames with a givfuel [35-44].
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It is of interest to estimate scalar dissipatiates in actual fires for
comparison with critical values to determine ifiegtion will occur. The physical
meaning of the scalar dissipation rate is a measuitee rate of local mixing. The
inverse of this rate provides a characteristic ngxdime scale in the reaction zone.
Recently, the scalar dissipation rate was measarkh strain diffusion flames
[82,83]. However, the spatial and temporal requeets for measurement gf are
extremely demanding. Measurement of this quargigvien more challenging in
configurations relevant to large-scale accidentatfbecause of the harsh fire
environment and copious levels of soot. Althoughgbalar dissipation rate has been

estimated to be small in fires [94], measuremehtg @re not yet available in the fire

environment. In lieu of these measurements, iseful to estimate the magnitude of

X through scaling arguments. Characteristic vaksiturbulence, strain rates and

ultimately scalar dissipation rates will be detared from fundamental scaling
analysis for pool fires. This analysis will highiigthe order of magnitude of kinetic
effects in pool fires of various diameters.

Scaling arguments are provided below to estinfaestalar dissipation rate
using a pool fire as a classical representaticanadccidental fire. Reference values
are provided in parentheses corresponding to allameter heptane pool fire. The
reference configuration represents a typical laggdental fire size based on energy

release rate. The large-scale fire behavior isrde=st by the energy release rate,

]DZ

) =Ah
Q g

M’ (1-e™P) (= 2.4 MW), (7)
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where the known fuel dependant parametahrs, = 44,600 kJ/kg is the heat of

combustion of the fuelfiy, = 0.101 kg/rfs is the mass flux for an infinite diameter

pool, andkB = 1.1 m' is the product of the extinction absorption caméfnt of the
flame k) and the mean beam length correcB)rds described by Babrauskas [26].

The mean centerline velocity at the flame tip carapproximated by

. 1/5
u = O.54| AT, —g = 9.3 m/s), 8
0,max 0 1000) ( ) ( )

where AT, = 650 K is the increase in bulk flow temperaturéha flame height [3].

Equations (7 and 8) are considered accurate fes fip to diameters Ot 16 m)
based on measurements made by Koseki et al. [2dtZbHeskestad [32]. The
turbulent integral length scale is assumed to kectly proportional to the pool
diameter so that

|, =05D (=0.5m). 9)
The flame height is another possible length sdaleever, in a pool fire these length
scales are closely related and of the same ortierp®dol diameter is chosen in this
analysis for simplicity. In fires, the root mearuace (RMS) velocity fluctuation has
been found to be proportional to the mean centexelocity

u' = 03Uy, (=2.8m/s), (10)

which is used as the integral turbulent velocitgle¢27-33]. These integral quantities
are useful for determining the Kolmogorov scalescdéing turbulent diffusion.
Because diffusion flames are defined by the rawifbise mixing, these Kolmogorov
guantities are appropriate for describing intemadiwith the flame. The Kolmogorov

scales are given by:
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I

u'l

Re :7t (= 1700), (11)
n, =1, Re¥* (= 1.8 mm), (12)
andV, =u'Re"* (= 0.43 m/s), (13)

where the viscosity is given by,
V(T + BTo) = Vo @+ ATo [Tp)™ (= 7.9 x 10" mYs), (14)
wherev,, is the kinematic viscosity of air at standard tenapure and pressure. This

expression accounts for the significant changasoosity due to the high bulk
temperature at the flame tip. A turbulent straie ian now be approximated from

the Kolmogorov scales following Yeung et al. [95],
a = 028,7 (= 63 8. (15)

This strain rate estimated for the 1m-diameterdmeppool fire is non-negligible.
The scalar dissipation rate can be determined frenstrain rate and
stoichiometric mixture fraction using an expressidaained from asymptotic

analysis [10,34,35,37] combined with a correctiactdr, ¢ , to account for variations

in reaction density [42] yielding,
= %¢exp[—2(erfo‘l 2Z.))?] (= 2.86 &), (16)

where erfé" is the inverse complimentary error function and

(o5, [ p) " +1)
42p5, | p)V? +1)

¢ = (= 1.56). (17)
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Ideal gas densities are used for air whege/p,, =T, /T, , with TS =300 K and
T, = 2000 K assumed as characteristic temperaturissiniportant to note that the

oxidizer density could be evaluated at either amttiemperature or the bulk
temperature at the flame tip. The ambient tempezatias selected to capture the
extreme scalar dissipation events.

This scaling argument provides an estimate foradtaristic values of the
local scalar dissipation rate at the flame tipthiis analysis, the scalar dissipation rate
at the flame tip is completely specified by the [pdiameter and fuel properties.
Figure 3 illustrates the effect of pool diameter pn at the flame tip using heptane as
the fuel. It is apparent from Figure 3 that fogeudiameter pool fires, the
characteristic scalar dissipation rate at the flagmeemains small compared to non-
vitiated extinction scalar dissipation rates havéngensity corrected value of
X' =11.x5™, determined from similar analysis of opposed fltiffusion flame
simulations. However, the scalar dissipation ratdgated by the scale analysis are
significant in the presence of vitiation, or otheat losses. Comparing a diffusive
time scale to a reaction time scale is necessavyder to strictly determine the local

extinction propensity of the flame in the preseateitiation or other enthalpy losses.
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Figure 3: The mean scalar dissipation rate atltred tip for heptane pool fires as a
function of pool diameter from the scaling analy3ise flame energy release rate is
provided for reference.

2.1.3 Radiation Losses

Radiation losses should also be considered beddule nature of flames to
emit light energy. There is some debate regardiegriethod in which to model
radiation losses from flames; however, this workslnot attempt to recommend
radiation models. Instead, this work will providenathod to account for radiation
losses for any generalized radiation model by uaifighdamental measure of the
radiation losses from the flame. This will ensurattthe method used in this study to
account for radiation losses will be applicableadiation models that may be used in
CFD codes. The radiation model used in this stadyot intended to be a
representation of real flame radiation, but morecgally a canonical method to

produce variable radiation losses from flames.
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In real flames, radiation losses are highly compled dependent upon
several variables. One component of flame radiai@aused by the presence of
gases and particles with radiatively emitting prtips. These species include £H
CO,, H,0, CO, and C (soot), which are all significant spe@resent in the Methane-
Air combustion. These species are known to emiatexh based on their local
concentration and temperature, and in the caseadftse particle size and the
number density of the particles are also contmiguparameters. One model that is
frequently used to account for radiation from flanethe optically thin radiation
model used in many fundamental combustion simuiat[86,75,76,99]. The
optically thin radiation model is desirable becaokthe simplicity of its
implementation given that the model ignores thesiilgy of radiative absorption at
the scale of the flame. This is typically considegeod when examining a single
flamelet because the thin nature of the reactiore ztoes not provide sufficient
optical path length for radiation to be absorbdusassumption breaks down if there
are substantial amounts of soot, if the flame théds increases dramatically, or if
nearby flamelets emit enough radiative energy teract with each other. Any of
these scenarios may result in substantial absorptithe flame level. Away from the
flame, radiative absorption can occur because toghases can exist in high
concentration and the optical path length is sulbstidy larger. The absorption that
occurs away from the flame will result in pre-hagtof reactant gases supplied to the
flame, which will be captured by the variables defg vitiation as a flame
strengthening factor. Another important charactert® consider is that, in the

vitiated environment, these product gases willéeirculated back to the flame,
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increasing their local concentrations in the flarnae while also increasing reactant
temperatures. This in turn will increase the pratgrof the flame to lose energy
from radiation by increasing the radiative propetof the gases (temperature and
emissivity), while decreasing the propensity ofirmtion due to the increased
reactant temperature. Any CFD codes that includeatian losses from the flame
must be able to account for the re-circulationhefse species and the various
associated effects.

The optically thin radiation model is used in thigdy as a canonical means
of producing radiation losses from the flame. Mooenplex models will only serve to
complicate the analysis of radiation losses incivetext of a singular local flamelet
where the net energy lost is the only importantuiesaof radiation losses. The

optically thin radiation model is represented by:
Orag = 40K (T* =To) (18)
whereqy,, is the local rate of energy lost by radiation peit volume,o is the

Steffan-Boltzmann Constary, is the Planck mean absorption coefficient, anc
the local temperature. The total energy loss péranaa of the flame can then be

written:
O = [ dnedx, (19)
where x is the relative position normal to the flame sheit the bounds of

integration,— o to oo, defined as infinitely far away from the flameidtalso

convenient to define the rate of production of ggdyy the flame:

Qen = [ G, (20)
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where g, is the total energy production per unit area efftame, andj,, is the

local energy production per unit volume of the feaas defined by the heat of
production and rate of consumption of species éfldime. This generation term can
also be defined based on the integral of EquaBdffio{lowing asymptotic expansions

resulting in:

.,éen - J‘°° Ahc,O azYF

Y,
Xodx O —E—x? (21)
- 2 9z27" a-z,)""

which will be a useful model for quantifying thedration losses analytically [97].
The definition of these variables allows for thedfication of a fundamental

measure of the radiation losses from the flameradative fraction:

= (22)

Ogen
which defines the relative magnitude of radiatiossks to the total generation of
energy by the flame.
The radiative fraction can be used in a numerichéme to correct the Burke-
Schumann flame temperature for the effects of tamhidosses. This scheme was first

proposed by Sohrab et al. and is detailed in AppeAd

Yovg r (Ys Jr +Tge, /oh, - Tc, /oh,)
(Yo +vg e e =Y /r,)

on 2, (v =Yg /r,)
c, (o +Y2 rYe /r, +Tgc, /ah, ~Trc, /an, )

rad — _
Tst,BS - Tst,BS

12 , (23)

whereT 5 is the Burke-Schumann flame temperature correfotedhdiation losses,

Ahc/cp = 355x10° K, andl, is an Arrhenius modeled radiant loss parameter:
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T, aC Y T2
I, = F(—S"izh” F Jexp{— V{l‘.l.s:;s ﬂ (24)
C st,BS

where T = 2230 K is the adiabatic flame temperature atéfierence condition,

y =5 is the radiant loss sensitivity to the flaramperature, anfl is a radiant loss
term defined:

_ ATKT ;s | (25)
2PN X

Sohrab et al. state that Equation (25) is defired lcal parameter solely based on

the fact that evaluation of an integral value pnése ill-posed numerical behavior,

and therefore they modeled the radiant losses asglarmaximum loss at the

stoichiometric interface [36]. Following integralade analysisk- can effectively be

written in terms of the integral radiant fractiona first assumption:

I— /]
— qgen ' (26)
2pstAhca-genX st
where
1/2
o 1 ] (1_23,) XS
qgen = qgen,l (1_ Ztl) X t (27)
st st,1

is a model for the generation of energy per unitine of the flame where
Ogens = 206x10° W/m’ is the generation of energy per unit area and fdethane-
Air flame at x,,, = 1", Y, , = 023, andY,, = 10. The relationship ofy? is

attributable to the integration of Equation (6)d@aling the advice of Poinsot and

Veynante [97]. While Equation (26) is a desirabdéimtion of F for any radiation

model, it is difficult to justify a general modelrfd, ., for small values ofy,,, where
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the flame thickness is observed to be constanil Bmtappropriate justification for

O, IS developed, Equation (25) will be used diretdyaccount for radiation losses.

This radiative correction scheme requires iterativeerical methods to solve
Equation (23) for'l'sf‘gS based on the dependence of Equation (24173‘@3, any

simple iteration scheme should be sufficient. Balseme is a non-trivial correction
for the flame temperature, which depends uponabative fraction, the scalar
dissipation rate, and the flame temperature it8#pendence on the scalar
dissipation rate makes sense because the high tatageregion is thicker at low
scalar dissipation rates and thinner at high schssipation rates; therefore flames at
low scalar dissipation rates should be affectedenbgrradiation losses than flames
with high scalar dissipation rates. This dependdéuaxber emphasizes the importance

of the scalar dissipation rate on predicting flaarénction.

2.1.4 Extinction Physics

Three scalar dissipation rate-based extinction hsodere evaluated in this
research. These models may differ in the methoed tespredict flame temperature,
scalar dissipation rate, and/or scaling equatibhe.models provide a tool to predict
critical scalar dissipation rates as a functioflaxthe temperature and reactant
composition: X ... = f[To(To, . Yo, T, Y5 1K), Z4 (Y5, , Ye )] - This critical scalar
dissipation rate is determined from local reactanperties and radiation losses, and
then compared to the local scalar dissipation k&ftteen the local scalar dissipation

rate is greater than the critical value, the Idlzahe element will experience
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extinction. Acquiring a local scalar dissipatioteranay prove challenging, but these
models require that it is known in order to predhcial extinction.

In addition to these critical scalar dissipatioteraodels, a simplified critical
flame temperature model will also be evaluatedrifical flame temperature model
provides a computational simplification becaus#ois not require the determination
of a local scalar dissipation rate. Due to the fds€omputational cost associated
with determining a local scalar dissipation ratés simplification may be desirable in
CFD applications. The inherent assumptions, anitidaties associated with the
critical flame temperature extinction model willdoene apparent upon further
analysis. It is the duty of the CFD publisher amel énd user to determine if the cost
versus benefit of any of these extinction modekbpisropriate for their specific
application.

It is important to realize that the mixture fractidefinition used to analyze a
typical compartment fire configuration is differdmdm that used in a flamelet
calculation as illustrated in Figure 1 and Figui@2]. At the global level, mixture
fraction is a parameter that describes mixing betwgure fuel and pure air. At the
flamelet level, mixture fraction is a local parasrethat describes fuel-air mixing near
a particular flame element under conditions thay b affected by air and fuel
vitiation. In the following analysisZ designates the global mixture fraction atid
designates its local flamelet equivalent. Followihg classical definition of mixture
fraction from Equation (2 = 0 in ambient air and = 1 in ambient fuel conditions.
In typical fire scenarios, the ambient conditiopise air and pure gaseous fuel, as is

the case for both the unconfined pool fire andcib@partment fire configurations. In
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contrast, in the flamelet analysis illustrated igufe 1 and Figure Z" =0
corresponds to the vitiated oxidizer inlet &id= 1 corresponds to the vitiated fuel
inlet. The relationship between the local and dglaedinitions of mixture fraction can
be derived from the definition of the global mix@uraction as:

Z-7
Zt=— "% (28)
Zp -7,

whereZ. andZ, denote the values of global mixture fraction ie titiated fuel

and oxidizer supply streams respectively. This neratization is necessary to
properly compare results from local flamelet spacglobal space. The local and
global definitions of scalar dissipation rate h#ive following relationship:

X =XilZe -2, ). (29)
In the following discussion and analysis, this egsion will be used to map the local
flamelet results back to global space unless otisermoted. This applies to both
experimental and numerical counterflow flame extorcresults where either of the
reactant streams can be diluted.
2.1.4.1 Detailed Chemistry

The first extinction model under evaluation is siyngn observation of

behavior within the context of detailed finite-rateemistry and detailed spatial
resolution of the flow field. This model is essaiiti a DNS of the counterflow
diffusion flame and it is used as a proof of conicEgtinction in the context of
detailed finite-rate chemistry is an observatiothef detailed flame behavior at

extinction, where the generation and loss of enargymodeled exactly. The detailed
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chemistry and high resolution allow for very prectetermination of the temperature
at the stoichiometric interface, as well as theéagadissipation rate from its definition:

Xa =20, (022 -2, f: z=2 (30)

sty
which accounts for the mixture fraction normalieatfrom Equation (29). This
allows for an evaluation of real extinction behawiathout modeled inputs. The
extinction conditions will be evaluated followiniget critical Damkdhler number
theory. This evaluation will indicate the physiwgalidity of the assumption that there
is a constant critical Damkoéhler number at extorctiThe criticaDa concept
provides an expression relating the critical scdissipation rate to the flame

temperature given by:

T
Xst,crit = Da(:rlit eX[{_T_aJ ’ (31)

st

whereT, = E/R is the fuel specific activation temperature, andis the temperature

at the stoichiometric interface [37]. It is convemti to normalize Equation (31) by a
known reference extinction condition to eliminatie heed to determine the
magnitude oDac;. The reference condition is simply the kinetic egtion limit for
the pure air and pure fuel flame. The scaled egudtr the detailed chemistry

extinction is written:

e Rl 2
Ast Ty —Tg

Furthermore, it is convenient to define a Zel'ddvimmber:

-I-Sref -T amb
B=T, t(TsrtT)z , (33)
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and an enthalpy deficit term:

_Tref
— Tst Tst

7 et g (34)
which is a measure of temperature deviation froenréference condition. In a word
of caution about this enthalpy deficit term, inist defined in the same manner as
AEA defines enthalpy deficit. In AEA, enthalpy dgfiis defined as the loss of
enthalpy due to kinetic losses or reactant leakagess the flame, as it is frequently
observed at conditions near flame extinction [388R The enthalpy deficit term in
Equation (34) is defined as the difference in eiphdue to temperature differences

between the observed extinction condition, andéference extinction condition.

Thus Equation (32) can be written in an enthalgjcddormulation:

X—S‘f:ex 'gHStb iF (35)
X 1+H L-T"/T)

which cannot be simplified by order of magnitudguements. This expression can be

used to correlate all known extinction conditionsiproof of concept of the critical
Damkdohler number theory for extinction. Given thdigy of such a detailed model

to produce flame temperature based on the entlodlihye reaction, there is no
requirement to correct temperature for radiatidme €ffect of radiation losses will be
accounted for directly in the temperature profijizen that the radiation sub-model is
appropriately coupled to the energy balance equalies also important to
remember that all extinction conditions in the dethchemistry framework must be

normalized into global mixture fraction space fallog Equation (29).
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2.1.4.2 Activation Energy Asymptotics

The second extinction model under evaluationas pinoduced from AEA
analytic solutions. A similar critical Damkohlermber expression has been
developed from AEA, where the simplified partidifeliential equations have been

solved analytically to produce:

f (Zst))(st - eXF{_LJ + K , (36)

Xsst,BS st,BS
whereK is a constant defined by various fuel propertigs,s is the Burke-

Schumann flame temperature from Equation (4). Tladéas dissipation rate has the

form:

Xo = a_; exp{— 2(erfc‘1 (2z, ))2 ] (37)

where the global strain rate is defined as:

1/2
U°° ) )
a, = —% 1+ U_z 'O_z _ (38)
d Ug, A po,

The term f (Z,, )is defined in a way that captures the mixturetioscnormalization,

eliminating the need to use Equation (29):

z[1+al-z, )| L.y
f(Z,) =22 (v ), (39)
t (1_ ZSI)2 "
T -T®
a=—>2_F (40)
Tst,BS _Tu
andT, =TZ +Z,(T7 -T5), (41)
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following the guidance of Peters [37]. Equation)(8&n be normalized by a known
reference extinction condition to simplify the eggsion by eliminating thi€ term

resulting in:

5
T
N 122 { i‘;?sj ex —T{ - —Lj , (42)
Xst f(zst) Tst,BS TSI,BS _Tst,BS

with the f (Z, ) terms on the LHS to capture the mixture fractiommalization. This
normalization gives the expression a more converieem for analysis. The only

parameters that remain to be determined for thidahio work arey’™

st

, Tass, and
T,. The reference scalar dissipation rate can erm@ted from analysis of the

classical S-shaped curve pathway to extinctionguBiquation (37) as the model for
the scalar dissipation rate. The reference flampézature is simply the adiabatic
flame temperature for pure fuel reacting with pairestoichiometrically. The
activation temperature can be easily determined &g&tinction conditions following
the guidance of Puri and Seshadri, which will lsedssed in more detail in Section
3.3.3 [44]. Equation (42) can again be rewrittetems of a dimensionless, enthalpy

deficit term defined based on Burke-Schumann teaipegs:

_ T1ref
_Tst,BS Tst,BS

HSt,BS - -I—ref _Tamb !
st,BS

(43)

and the Zel'dovich number also defined based ok&@&chumann temperatures:

Toe =T
re 2
(Tst,IfBS)

resulting in the enthalpy deficit formulation:

Pes =T, (44)
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5
T. H
)(:etf f (eretf) = { Srt;:‘fBSJ exr{ ﬁBS St:ns’lb ref ' (45)
st f (Zst ) Tst,BS 1+H st,BS(l_T /Tst,BS)

following the guidance of Yi and Trouvé [87]. Raila heat losses can be applied to
this model through the correction of the Burke-Sohan flame temperature

following Equation (23). This results in a new ddéion of the Burke-Schumann

enthalpy deficit:

rad _ ref
rad _ Tst,BS Tst,BS
H st,BS — (46)

ref __ - amb’
Tst,BS T

therefore, Equations (42) and (45) can be written:

5
. f(Z, TS 1 1

)(retf f ( retf) = ( :;SJ ex _Ta( rad - ref ! (47)
Ast (Zst ) Tst,BS Tst,BS - Tst,BS

5

T rad H rad
d )(rztf f (Zrztf) = 5:;5 ex radﬁ 7z St:ns’lb ref ! (48)

st f (Zst ) Tst,BS 1+H st,BS(l_T /Tst,BS)

which can fully account for vitiation, kinetic loss, and radiation losses from the

flame. It is also critical to recall that the terhi{Z,,) captures the mixture fraction

normalization in the AEA analysis, thus eliminatihg need to use Equation (29).
2.1.4.3 Simplified Critical Damkohler Number

The third extinction model under evaluation is mflified Critical
Damkohler Number (SCDN) methodology. The SCDN metiagy is the theoretical
extinction model that is being developed in thiglgtas a possible alternative to
AEA. It is based on a critical timescale arguméiat defines extinction events as a
ratio between mixing time and chemical generatime{ the Damkdhler Number.

The SCDN approach is very similar to AEA, in thHay use similar expressions for
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flame temperature and scalar dissipation rate. Kewe¢he simplified model is based
entirely on the critical Damkdhler time scale argunty while AEA solves the
governing equations analytically. SCDN utilizes é&xpression for scalar dissipation
rate from AEA, while increasing the fidelity of tlexpression based on a non-

constant density correction [42] from Equation (889ulting in:

Yo = a_; P exp[— 2erfc(2z,,)f ](zF -7, . (49)

which accounts for the mixture fraction normalipatirom Equation (29). The
simplified model also utilizes a Burke-Schumanmiégatemperature prediction
following Equation (4). The SCDN formulation proesian expression that relates
extinction conditions from Equation (31). A similarmalization has been

performed on this expression in order to elimirithteneed to determiri@ac;:

X = ex —T{ S ] (50)
Xst Tst,BS _Tst,BS

This expression can also be re-written in termthefenthalpy deficit and the

Zel'dovich number from Equations (43) and (44) tesg in:

H
)(rztf :ex{ ﬁBS st,BS :I (51)

Xst 1+ Hges (1 -T amb/ Tsrfés)
The SCDN model provides some advantages over thferAédel. First, the
mathematical expressions are slightly simpler witltbe additional dependence of
Toss and f(Z,, ). Secondly, the addition of the non-constant dgrsitrection
factor should improve the accuracy of the analgkpression for scalar dissipation

rate in comparison to real values. It is worth mgtihat the activation temperature

must be determined based on an evaluation of g¢ixtinconditions using Equation
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(31), which will be discussed in more detail iratel section. Also similar to AEA is
the method for accounting for radiation lossesaudions (50) and (51) using

Equations (23) and (46), resulting in:

eretf =ex _T{ ia-d - 1ref J ' (52)
Nst Tst,BS - Tst,BS
H rad
and )(rztf =ex rad'BBS Sty:rib ref ! (53)
st 1+ Hst,BS(l_T /Tst,BS)

which can fully account for vitiation, kinetic loss, and radiation losses from the
flame. These simplifications over AEA may seemialivbut they provide an accurate
and simple physical explanation of extinction phgsit is also critical to recall that
all extinction conditions must be normalized intolzal mixture fraction space
following Equation (29).
2.1.4.4 Critical Flame Temperature

The fourth extinction model under evaluation igitical flame temperature
criterion. The critical flame temperature concepsed in FDS) is equivalent to a
constant scalar dissipation rate extinction modskl on Equation (31) [2]. The
Burke-Schumann flame temperature model from Eqoddd illustrates that
extinction conditions are parameterized by readimperature and reactant
concentration. Equation (4) can be rewritten im®pof a constant critical flame

temperature:

g 1)

SR \CTAS IR an, Yo (v r)
YF +(Y02/r5)

+ ]
Yo+ (v r) e, Yo+ r)

(54)

where the reactant temperatures and concentrat@nsspond to extinction

conditions. Equation (54) can be formulated inta@lel for extinction:
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00 o0 0o ZS re
(Tst,BS _Tc) = TF Zst +T02 (1_ Zst) +YF (Zretf J(Tst,lgs _Tu)_Tc <0, (55)

st
where any local flamelet that satisfies this canditwvill experience extinction. This
model is desirable for its simplicity, and becaeaggnction can be modeled with a
single input parameter in the critical flame tengpere. Selection of this critical

flame temperature can be somewhat challengingnlamty researchers have indicated
that a critical flame temperature of approximatel)0 K is appropriate for low strain
flames [79,94]. It is also worth noting that therBerSchumann flame temperature
equation is well suited for adding other non-adiabeffects such as radiation losses
and conduction losses to a cold wall [87]. The&fef radiation specifically can be

added to this formulation following Equation (28)sulting in:

c o YEYe /b +Tee, /ah, ~Tre, /an,)
¢ = lstss (YF°° +Y(;: / rs)(YF°<> _Yc;: / rs)

(56
AYS 1+ 2|f(YF°° _Yg;/rs) 1/2 _1 %)
C, (v +v2 rYe /r, +Tgc, /ah, ~Trc, /an, )

and the corresponding model:

(Tsrt?ds _Tc) = T(;:Zst + TFO0 (1_ Zst) + TFOO(ZZthf J(Tsr:fs _Tu )

st
YO, (o /r,+Toc, /oh, -Toc, /ah,)
e +Yg r v =S /)

Ah, {1_’_ 2|f(YFoo —Y(;:/rs)

(57)

1/2

X

S | %+ /r )Y 4T, /an - T, an,

p

wherel, must be defined at the scalar dissipation ratedbx@esponds td@, without

radiation losses. This method can produce extinaixounting for vitiation and
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radiation losses; however, it assumes that thaisdasipation rate affecting the
flame is constant for all fires and at all flamedtons. The scaling analysis results
illustrated in Figure 3 suggests that the mearaschs$sipation rate is not constant
with increasing fire size, and fluctuations in #oalar dissipation rate caused by
instantaneous turbulent fluctuations in the flogldiare not accounted for. CFD
publishers and end users should be aware of tlsssengtions in order to properly

evaluate the cost versus benefit of such a sireglifnodel.

2.2 Experimental Methodology

2.2.1 Counterflow Burner Design

A counterflow slot burner was developed for thigdy as shown in Figure 4.
This burner was designed with the intended funetities of achieving low flow
rates, heated reactants and reactant concentrati@bility along the slot. The final
design of this burner, while simple and elegant waduced through systematic
design and fabrication testing performed in conjiamcwith Sigfried Dobrotka [96].

The counter flow nozzle assembly is constructedatrentirely out of 316
Stainless Steel (SS) materials for high temperatsistance. English units are
presented below for simplicity given that manyleé tomponents used in the burner
construction are standardized in inches. Both tleédnd oxidizer nozzle assemblies

consist of eleven individually fed nozzles, thréevbich
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Figure 4: Top injector of the Opposed Flow Slotrmir Oxidizer is injected along the
central axis surrounded by, Mo-flow. An identical injector assembly is used fiael.

are welded together to create a continuous slatdtsdl to reactant streams, and the
remaining eight are dedicated te ¢o-flow. Each of the individual nozzles is
fabricated from 316 SS 1-%2" by 2" OD and 0.062tkmess rectangular tubing. The
tube is cut to lengths of 5” for reactant nozzled @” for co-flow, nozzles, and
precision-milled at the ends to produce a consigird surface. One end of the tube
is sealed and the other end of the tube is comditido produce a top-hat velocity
injection profile. Each nozzle is supplied its resfive gas through a welded 3/16”
compression fitting and tubing in excess of 100raiters in total length to ensure
thorough mixing. On the heated oxidizer side, ti®rig connected to the nozzle is
316 SS tubing 6” in length to reduce the risk dfgumelting by thermal conduction
from the heated nozzle assembly. All additionalrighs color-coded vinyl, with red

corresponding to fuel, white to oxidizer, and bloéNitrogen.
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The three reactant nozzles for each assembly ddedvéogether to create a
continuous slot injector. The internal tube walis milled away to 0.5” depth, and
the inside of the tube is precision milled with”ld8ameter end mill to ensure
consistent and reproducible interior tube dimersidine oxidizer side is fitted with a
nickel alloy sintered (porous) metal insert 12-rarcgrade and 0.24” thickness. To
further reduce the propensity of leakage pathwaysntinuous bead of JB Weld®
metal epoxy was applied to the outer edge of thiered nickel. On the fuel side, the
sintered nickel insert is replaced by filling timgeictors with glass beads of nominal
diameter 0.06” to achieve flow distribution withdbe risk of leakage pathways
associated with the sintered metal insert. TheteigHlow dedicated nozzles are
fitted with a bronze sintered metal insert 12-micgvade and 0.24” thickness. The
inside of the tube is precision milled with 1/8adieter end mill to ensure consistent
and reproducible interior tube dimensions. The beoor nickel sintered material is
cut with an Electron Discharge Machine to +0.0Gilétance of the milled interior
tube dimensions. The sintered metal insert is thetion-fit into the SS tube with a
press. This method of fabrication produced the mossistent and reproducible plug
flow velocity profile for each nozzle. The tubedkmess on the %2” wall side is milled
to reduce the separation distance between theesizl0.05” total. The fuel and
oxidizer nozzle assemblies are held in place blgyl1” by 1/8” thickness 90 ° angle
bars, which allow for application of compressiorcito the nozzles further reducing
any possible variations from plug flow. The entitgner is mounted by an aluminum
framing system that allows for alignment of botlzzie assemblies in a counterflow

configuration with a separation distance of prdgi¢&mm.
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2.2.2 Controls

Because this study is focused on extinction ind&etal fires and the
reactants in accidental fires are often vitiated; critical to identify extinction
criteria for various reactant compositions and terafures. Following the laminar
flamelet concept, the extinction of opposed floWudion flames is studied to
characterize extinction behavior in accidentalsfida this study, experimental
conditions are controlled to achieve extinction lelmnaintaining a constant scalar

dissipation rate. A constant value fgr, is maintained based on the expression from
asymptotic theory provided in Equations (38) ar@) @t a fixedT5 and T, while

reducingY; andYg in the reactant streams. Other prescribed inlahtities include

the nozzle separation distance, the nozzle inje@rea, and the velocity ratio. Gas
densities are modeled based on the Ideal Gas Lahkraown gas densities at room
temperature. The flame temperature is approximaydatie Burke-Schumann
expression to determine the density at the reaczbme required in Equation (17).
This approach provides the ability to create eximcmaps in terms of oxidizer
temperatures and oxygen concentrations at fixeldrsdessipation rates.

The mass flow rates of fuel and oxidizer are cutgd by mass flow
controllers with a maximum error of 1% of theirlfatale reading. Inlet conditions
are pre-determined based on the Williams analy&gptession for scalar dissipation
rate from Equation (38), accounting for the tempamdependence of inlet densities
and velocities. In this method, a scalar dissipataie and an oxidizer temperature
are selected, and then the required flow conditavesdetermined for variable

reactant mass fractions. Dilution of reactantclieved by combining a reactant
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stream with a diluent stream, and the correspontiags fraction of the reactant is
determined from the mass flow rates of each strddm.mass flow system can be
operated in either oxidizer dilution mode or fuglition mode, and each mode is
capable of achieving mass fractions ranging frome peactant to pure diluent.
Nitrogen co-flow is operated by a simple rotameteth the only flow requirements
being that the co-flow must isolate the reactiothearegion between the nozzles.
Insufficient co-flow velocities will result in triing diffusion flames of unburned
reactants that may damage the nozzle assembly@&figpiterm exposure.

High temperature flexible heaters capable of opggatp to 1000 K control
the oxidizer temperature. The heaters are wrappead the oxidizer nozzle
assembly and heated to a steady state temperatareratored by surface mounted
thermocouples. A 120V 24A Variac allowed for manc@htrol of the steady state
nozzle temperature by metering the power appligtédreaters. During high
temperature operation, the exit gas temperatureessured to be within 10 K of the
measured surface temperature of the nozzles. BuHace temperature of the nozzle
deviated from the desired operating condition byartban 5 K, then testing was
stopped and the temperature of the burner was atldw equilibrate back to the
operating condition before further testing. Thehhilgermal inertia of the nozzle
assembly assured that temperature changes ocaamgdlowly and there was
always opportunity to adjust the heating powereeded. Based on the temperature
limitations of the bronze sintered metal matehalating of the burner is limited to
600 K to avoid thermal degradation of the sintansert or metal epoxy. This

combination of variable reactant dilution, reacta@ating, and scalar dissipation rate
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Figure 5: Diagram of experimental flow control aedctant heating system for
oxidizer vitiation.
is thought to be unique for a counterflow burnediagram of the flow control and
heater system is illustrated in Figure 5 in thed@ear vitiation configuration.
Converting the system to a fuel vitiation systeguiges minor plumbing
modifications.

Operation of the burner must be approached withescaution. Due to the
delay between initiation of fuel flow, ignition die flame, and initiation of the co-
flow system, there is the risk of creating a cleiddlammable mixture around the
burner, or a large diffusion flame. A cloud of flarable mixture presents a risk of
operator injury caused by thermal exposure toebéH that is created when the
burner is ignited. The large diffusion flame prasemrisk of thermal damage to the
burner itself or initiation of an accidental fire the laboratory. In order to mitigate

these risks, the operator of the burner must follesvsteps listed in Table 1. These
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steps are designed to minimize the release ofuinidl the co-flow system is capable
of isolating the reaction, thus minimizing the rigkthermal exposure to the operator,
the burner and the laboratory.

In addition to the vitiated operating conditionsadissed above, an attempt
was made to artificially enhance the radiationdésssom the experimental
counterflow flames. It was the original intentidrat independent radiation losses can
be applied to an opposed flow flame via a Tidlivery system. This is following a
flow visualization technique used in combustionteyss. The fuel stream is mixed
with TiCl, vapor (concentration in the 1-10 ppm range), drileaflame, TiQ
particles are produced when the Ti@hpor reacts with water from the combustion.
The reaction is TiGl(g) + 2HO (g) — TiO, (s) + 4HCI (g). Since the concentration
of TiCly is low, it will not contribute a significant engrgelease rate compared to that
of the combustion of fuel. The Tiarticles will radiate energy away from the flame
in a manner similar to soot particle radiation,stimcreasing the radiative losses from
the flame. This radiative energy would have beeasueed with a heat flux gage near
the flame in order to determine the experimentdiata/e fraction. Preliminary tests
were conducted to test the overall impact of tligatavely enhanced flame. These
tests demonstrated that flames with enhanced rawdlilmisses had extinction
conditions that were nearly identical to flamesheiit enhanced radiation losses.
Since there was no substantial difference betweetvio types of flames, it was
concluded that TiGlproduced an insignificant radiative fraction a #talar
dissipation rate operating range of the burners,T¢tombined with other operational

issues, led to the discontinuation of Tj@bped flame experiments. In a hope to find
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an alternative to TiG) some OPPDIF simulations were performed with @tirchin
radiation models included with the software [1h]these preliminary tests, the
radiative fraction was determined for methane iegatith oxygen diluted with
carbon dioxide. It was the hope that such eleviseels of carbon dioxide would

produce a sufficient radiant fraction for the sca@sipation rate range appropriate to

the burner. The radiant fraction for a flameyat = 0.5 &', T, =Tg =300K,Y¢ =

1,Ys, =0.1791,Y, = 0.8209 produced a radiant fractionfof= 0.0457, which

would coincide with the maximum achievable radiatikaction for the burner. Due
to the many possible complications that may arigle @O, dilution, primarily
chemical interactions, highlighted by Chernovskgletind through personal
communication with M. Chernovsky, this method wharadoned based on the low
magnitude ofl” [59,61]. These discouraging results ultimatelytethe
discontinuation of experimentally enhancing radiatiosses in favor of canonical

numerical methods.
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Step 1 | Create a printout of the desired operaimglitions for a set of tests.

Step 2 | Turn on the oxidizer stream flow to the wesfinal operation level.

Step 3 | Turn on the diluent nitrogen stream flova &etting less than the desired
final operation level.

Step 4 | Turn on the fuel stream flow to less thatd2 L/min of methane and igni
the fuel with a utility lighter if needed.

Step 5 | Turn on the nitrogen co-flow to isolate flaene.

Step 6 | Adjust the diluent nitrogen stream flowhe tlesired final operation leve].

Step 7 | Adjust the fuel stream flow to the desirpdration level.

Step 8 | Monitor the flame for several seconds. Deiteg if the co-flow or velocity,
ratio needs adjustment to maintain proper flam&igm and location.

Step 9 | Observe the steady condition of the flamedweral seconds and record
the condition produces a steady flame or extinction

Step 10| Monitor the temperature of the burner suemit is within the range of th
desired operating condition.

Step 11| If the operating condition produces a stéadhe, repeat steps 2-10 whil
decreasing the reactant concentration.

Step 12| If the operating condition results in estibn, immediately stop the flow
of methane followed by the flow of nitrogen co-flpdiluent, and air.

Step 13| Allow the burner to equilibrate to the desioperating temperature if
necessary.

Step 14| Repeat steps 2-10 starting at a reactanentration below that which wa
determined in step 12.

Step 15| If the operating condition results in estiion, repeat steps 2-10 while
increasing the reactant concentration.

Step 16| If the operating condition produces a stéadhe, immediately stop the
flow of methane followed by the flow of nitrogen-iow, diluent, and air.

Step 17| Compare the extinction conditions deterchimedecreasing and
increasing reactant concentration to ensure acgaad repeatability.

Step 18| Record the reactant concentration and btemgperature associated with
the minimum reactant concentration capable of sustaa flame.

Step 19| Repeat steps 1-16 for all desired reatgengeratures and vitiation mode

Step 20| When testing is discontinued for an extémi#iod, the operator must

always ensure that all reactant and diluent supgbgels are closed.

Table 1: Operation procedure for conducting extomcexperiments with the

counterflow burner.
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2.2.3 Diagnostics

The experimental diagnostics used in this studyewsenple visual

observations of the flame behavior, and recordurtase temperature readings.
Images of the flame fog,, = 049s™ and decreasing oxidizer concentration are

provided in Figure 6 along with a summary of thermaping capabilities of the burner.
It is clear from Figure 6 that the flame is inity@luminous orange when burning in
pure air, but as the operating conditions appr@atimction, the flame changes to a
weakly luminous blue. During steady operation @ blurner, the operator must
visually observe a few key features of the flame Tirst key feature is the general
location of the flame relative to the nozzle inggst In order to minimize the
possibility of conduction losses from the flamdhe nozzle itself, the operator must
ensure that the luminous reaction zone of the flanmear the center of the two
nozzles. This will minimize temperature gradierittha nozzle surface, which would
result in unwanted conductive heat transfer awamfthe flame. Visual observations

in combination with preliminary OPPDIF testing iodie that reactant velocity ratios,

U, =Ug /U,‘? between 2.0 and 3.0 are sufficient to ensure tsenperature gradient

at the nozzle. The second key observation of tiradlis the existence of the flame
itself. In a typical testing scenario, the operatdl search for an extinction condition
by starting with a flammable condition, and slowBcrease the reactant
concentration by factors as small as 0.001 in rfrasion, until the flame no longer
exists at the steady state operating conditias.tlie duty of the operator to observe
the existence of the flame in said conditions, l@odrd the extinction condition as

the lowest concentration of reactants capable sth#ing a flame. The operator is

59



X = 049s™
W - = 023
e Low strain flames: (12%- 75 s) -
» Vitiated and heated reactant inlet.
— 300 K<TO°Z <600 K
— 00<Yy <023
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* Nitrogen co-flow flame isolation

Burner Features

* Constant scalar dissipation rate control
algorithm: (0.33—-1.5 )

Y5 =0.166

Figure 6: Summary of burner operating capabilitied sample flame images for
oxidizer vitiation between pure air and extinctatny,, = 049s™.

required to record the surface temperature reaafitige nozzle at the extinction
condition. If the surface temperature deviates ftbenpre-selected operating
temperature by less than 5 K, the extinction caoowlivill be permanently recorded.
If the surface temperature deviates more thanth&pperator must allow the burner
to return to the desired operating temperaturerbedtiempting another experiment
or recording the extinction condition. Should acsetround of testing be required,
the operator will have a good approximation ofelk@nction condition, expediting
the ability to find the actual extinction conditiobhe experiment is then repeated at
various oxidizer temperatures and scalar dissipattes to produce a wide range of

extinction conditions.
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2.2.4 Error Analysis

Error analysis is critical when performing flameiegtion analysis. The
asymptotic behavior of flames near extinction ireplihat small errors in the control
of the system will result in large errors in an&ysf the results. The uncertainties in
the control system are assumed to be random imeyand the error in critical
calculated quantities is derived from the methoddxfition of variances.
Furthermore, the error analysis will assume thgtavariance is negligible, i.e. any
calculated quantity can be expressed as a systamegendent variables. Following

this assumption, a quantiQ is expressed as a function of independent vasakble

Q= Q(wW,, W, ..., w, ), (58)
and the overall uncertaintyQ, is expressed as a function of uncertainties,,

resulting in:

i=1 i

2
n aQ
AQ = —Aw | . 59
0 Jz[aw ] (59
While some quantities can be expressed solely basedntrol errors, other

guantities must be expressed based on errorsdnlatdd quantities. The most
critical examples of this arg,, = Xst(ag,qb,zst) and T, gs :Tst’BS(Y(;’: e To, ,TF°°).
Fortunately, uncertainties can be determined foh ed these quantities separately
based on the fact that each of these variablearmassociated analytic expression.

The partial differentiation of quantities has beenformed numerically for the sake

of simplicity. Furthermore, the derivatives are leased at two characteristic

experimental extinction conditions correspondingtp=0.49 8, x, =0.5§, Ts,
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=Tg =300K,Y:" =1,Y; =0.166 for oxidizer vitiation, angr,, = 0.49 § Xo=
0.5¢, Ts, = Tg =300 K,Y5 =0.23, andv” = 0.127 for fuel vitiation. The error is

calculated separately for oxidizer and fuel vibatbecause, experimentally, these
modes were performed separately and never combameldrom the observation that

some errors were dramatically different betweesdheo modes. The results of the

error analysis are illustrated in Table 2 for sdtag parameters.

Characteristic Control Quantities

w, (units) | Range Aw; Aw, /w. (%) | Notes

Ts, (K) 300 - 500 10 20-33 Oxidizer temperature
5 (K) 300 10 3.3 Fuel temperature

U, (m/s) | 0.069-0.242| 0.0013 0.6-1.9 Air flow rate

UZ (m/s) |0.025-0.162| 0.0020 1.2-8.1 Fuel flow rate

Uy, (m/s) |0.029-0.072| 0.0018 1.9-4.7 Diluent flow rate
Calculated Quantities, Oxidizer Vitiation

Q (units) | Range AQ AQ/Q (%) | Notes

Yo, 0.151-0.193| 0.0040 2.1-2.7 Oxidizer mass foacti
Yo 1.0 0.0 0.0 Fuel mass fraction, fixed
Toes (K) | 1640-1935 | 34 1.8-2.1 Equation (4)

Xo (S 04-2 0.0074 0.4-1.8 Equation (49)
Calculated Quantities, Fuel Vitiation

Q (units) | Range AQ AQ/Q (%) | Notes

Yo, 0.23 0.0 0.0 Oxidizer mass fraction, fixe
Yo 0.110-0.156| 0.009y 6.2-8.8 Fuel mass fraction
Tyss (K) | 1640-1800 | 35 1.9-21 Equation (4)

Xo (S 0.25-0.98 0.0400 4.1-16.0 Equation (49)

Table 2: Experimental uncertainty of selected qiti@astcalculated for oxidizer and

fuel vitiation.
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The uncertainty analysis demonstrates the highifydof the experimental
methods. Only a few quantities have errors excepedlivo, with the exceptions
affecting fuel vitiation only. One observation cdfdle 2 is the magnitude of the

variation inT, .5, which is 35 K. This value is large with respexthe range of

temperatures observed. The magnitude of this exmwe to the very strong

dependence of Equation (4) to variations/f andY:". Fortunately, the error is

small with respect to the overall magnitudeTlgf,s, and results will illustrate that

this error is reasonable with respect to the scaftthe data. Another error to address
is that associated with the fuel vitiation terj$ and y,,. The magnitude of the error

in these terms is due in large part to the propagaif error from the fuel flow rate.

In the fuel vitiation case, extremely small concations of fuel are required to cause
extinction. This translates to low control opergteonditions of the fuel flow rate
with respect to those of the diluent. As a resien a small error in the fuel flow rate
will result in a comparatively large error in theef concentration and scalar
dissipation rate. This error can be mitigated mfiture with the purchase of an
alternate fuel mass flow controller with a low fsttale flow capacity. In the current
study, it is evident that these errors are readenaibh respect to the scatter of the
data. Experimental data is published using operbs{snand error bars

corresponding to the selected extinction conditiwitsbe shown where significant.
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2.3 Computational Methodology

2.3.1 Counterflow Flame Solver

The counterflow flames are evaluated numericallpgithe OPPDIF code.
These numerical simulations are controlled usimgsime methodology and
systematic modification of controlling parametesgtze experiment described above.
OPPDIF is an opposed flow diffusion flame codeuneld in the detailed chemical
kinetics software, Chemkin v4.1. OPPDIF solvesdingplified partial differential
equations describing opposed flow diffusion flaméh detailed chemistry
mechanisms provided by GRI mechanism 3.0 [11]. ili@ementation of the model
utilizes mixture averaged diffusion model, butashhe capability to simulate
detailed, multi-species diffusion. The solver hasar-modifiable subroutine called
QFUN, which simulates optically thin radiation lessfrom the flame following
Equation (18). This subroutine has the capabititgefine the Planck mean
absorption coefficients , based on the local concentration of selectedsgasdhe
flexibility to hold it constant. The first methodrfdeterminingx is useful for
determining the radiation losses from real flantesyever forcingk to remain
constant results in a more canonical method toymedame radiation losses.
Utilizing the OPPDIF code allows for unrestricte@gxcription of input parameters.
This is in contrast to the experimental setup, Whiiits the producible range of
scalar dissipation rates, reactant temperaturesaahation losses. The utilization of a
numerical counterflow flame solver allows for thengration of extinction conditions
over the largest possible input parameter spaceagtant concentration, reactant

temperature, scalar dissipation rate, and radidbisses.
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2.3.2 Controls

Inputs for the OPPDIF simulations are prescril@ibiing the same method
as the experiments. The only notable differencevbéen the experiment and the
numerical simulation is that the mass fractionhef teactants is refined to 0.0001 in
OPPDIF, while only refined to 0.001 experimentakgain, it is important to note
that the range of applicable input conditions agerdhtically increased in OPPDIF

compared to that of the experimental setup.

2.3.3 Diagnostics

Due to the level of detail provided by OPPDIF aify many more
diagnostics are possible. The primary diagnostwdus OPPDIF simulations is the
determination of an extinction condition. This diagtic is performed in a way
similar to the experiment in that the operatortstarsimulation at a known stable
flame condition, and then systematically reducesdfactant concentration
maintaining constant scalar dissipation rate. Wthersimulation output transitions
from a reacting solution to a mixing solution, tygerator saves the input files for the
simulation, and compiles the desired output datafalysis. Again, the extinction
condition is defined as the lowest reactant comaéinn that allows for steady
burning. Similarly, increasing the scalar dissipatrate or increasing the radiative
fraction can achieve extinction, and these methali$e discussed in Chapter 4.

Other diagnostics can be derived from the det&lB@DIF output as
illustrated in Figure 7 through Figure 16, whidskrate solutions at constant scalar

dissipation rate x, = 1.0) and reactant temperature while decreasi@@xidizer

mass fraction to extinction. Of particular intersthe current study are Figure 8 (b)
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for local temperature and Figure 11 (b) for locallar dissipation rate. The data
illustrated in Figure 8 (b) are used to determheegtoichiometric flame temperature
following detailed chemistry, by linearly interpaleg the data points immediately

surroundingZ = Z,. An identical method is used for the calculatidnq, from

n
gen

Figure 11. Likewiseq. ., is calculated from the numerical integration ajue 7 (a),
which will be useful in determining and ., , to be used when radiation losses
from the flame are invoked. Figure 7 (a) also tiates a simple method for

determining the integral length scale for energyegation,d,,, -
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Figure 9: OPPDIF output of local velocity versusdtion (a) and mixture fraction
(b). Arrows indicate solutions of decreasivg .
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Figure 10: OPPDIF output of local thermal diffusywersus local temperature for
several simulations. Thermal diffusivity is a ndargdard output and a commonly
used model is illustrated as a simplification.
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Figure 11: Calculation of scalar dissipation raierf OPPDIF output from Equation
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Figure 12: OPPDIF output of local mass fractioomathane versus location (a) and
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2.3.4 Error Analysis

Due to the nature of the OPPDIF solver, erromsutput are difficult to
guantify. While there may be systematic errors eissed with the modeling of the
balance equations, and the selection of sub-madeld in the OPPDIF solver, these
errors will be ignored. Other errors can resultrfrine numerical methods used to
analyze the raw data from OPPDIF. These errorsafféict the calculation of

en’

integrals, derivatives, and linear interpolatiomat taffect the determination df,

4.4, I, X4 from Equation (5), and,. These errors appear to be negated by the fine

resolution of the OPPDIF output, and as a redudtnhagnitude of these errors can be
effectively ignored. Future illustration of datadasnalysis produced by OPPDIF will

be published as solid symbols without error bars.
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2.4 Summary

The experimental and numerical approach utilizethis study was
developed with a thorough review of flamelet theasythe basis. All fundamental
parameters affecting flame extinction have beeardehed based on the most
current understanding of flamelet theory. This apph demonstrates the power of
flamelet theory to predict extinction conditionseoseveral orders of magnitude of

variation in parameter space. Most importantly,ahly inputs required for the model

presented in this study are local value&df, Y*, T , T¢', X and« . The ability

of any CFD code to model local flame extinction eleghs entirely on the availability
of these 6 parameters. All CFD codes designedtalate fire already have the
capability to determine the properties that defitti@ation. The local scalar dissipation
rate and radiant fraction present some challengédseirealm of LES, and these
values can only be accurately determined from ack@sub-grid models. The goal
of the current research is to develop a modeldhatcapture all or most of the
applicable physics governing flame extinction angspnt them in a way that can be
applied to CFD codes. The ultimate decision ofitiiglementation of this model
must be made by the CFD publisher based on théiiea of the sub-grid models

therein.
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Chapter 3: Results

3.1 Extinction of Flames with Pure Air and Pure Fue

In order to gain the most basic understandingp@fcauses of flame
extinction, it is useful to examine the behavioflames in pure air and pure fuel
conditions. The characterization of flame extinectwaith pure air and pure fuel
demonstrates that extinction can result from aoyeiase in energy losses from the
flame while isolating any effects of vitiation. Bhiorm of analysis highlights two
known regimes of flame extinction. The first isiagtion dominated by the increase
of convective energy loss from the flame, calleglkinetic limit. The kinetic limit is
the most commonly recognized and understood moflara€ extinction, as it is
historically represented by the classical S-shajede [37]. The second regime of
flame extinction is dominated by radiation lossesf the flame, called the radiative
limit. The radiative limit has received increasedagnition due to the study of
spherical diffusion flames in microgravity [50]. &lexperimental approach
developed in this study is not capable of produeitiger of these limits; therefore,
numerical simulations with OPPDIF are utilizedisltritical to realize that these two
mechanisms are not mutually exclusive. While thislg only presents two extinction
conditions for pure air and pure fuel, there anecedvably infinite combinations of

convective and radiative heat losses from flamasuilil result in extinction.
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3.1.1 Kinetic Limit

The kinetic limit of a pure air and pure fuel gystis achieved by gradually
increasing the reactant leakage losses from theeflantil extinction occurs. This
regime is also commonly called “blowout,” because determined by gradually
increasing the velocity of reactants until the feaim extinguished. At the kinetic
limit, the reactant leakage loss is orders of miagiei greater than the radiative heat
loss from the flame, and it is typical to ignore #ffects of radiation losses [36]. The
kinetic limit has been reproduced in this studyhia context of detailed chemistry
solutions from OPPDIF following the classical S{sbd curve pathway to extinction,
as illustrated in Figure 17. This pathway to eximtis produced by starting at a
stable flame at a moderate scalar dissipation tta®, gradually increasing the scalar
dissipation rate until extinction occurs. A unideature of the kinetic limit is that the
generation of energy per unit area of flame in@sagith increasing scalar
dissipation rate per Equation (6) while the flameperature decreases. This behavior
indicates that, despite the increase in energyrgdoga with scalar dissipation rate,
kinetic losses increase at a faster rate, resuhigytinction. The kinetic limit as
illustrated in Figure 17 will be used as the refigeeextinction condition for the
remainder of the study to aid in the normalizattbmodel expressions. While any
extinction condition can be called the referendgnekon condition, the kinetic limit
provides numerical advantages due to its relatitiedi scalar dissipation rate and

flame temperature at extinction.
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Figure 17: Determination of the reference extinttondition by recreating the
classical S-Shaped curve witf’ =T;" =300 K,Yg5 =0.23,Yy" = 1 andy,, from
Equation (5).

3.1.2 Radiative Limit

The radiative limit is achieved at extremely lovakar dissipation rates where
radiation losses become dominant. The radiativé hias been reproduced in this
study using detailed chemistry solutions from OFRPBY gradually reducing the
scalar dissipation rate, as illustrated in Figu8eThe numerical solutions of these
flames are incredibly stiff, and require approxietabne thousand continuation
solutions to find the radiative limit. For convemie, only a portion of this data is
illustrated below. If one were to reproduce Figli8ewithout applying a model for
radiation losses, the stoichiometric flame tempeeatvould asymptotically approach
the adiabatic flame temperature with decreasintsdsssipation rate. Instead, while
the scalar dissipation rate reduces, the energyuptmn of the flame decreases until

it becomes comparable to the radiation losses thanflame, as illustrated in
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Figure 19. At the radiative limit, extinction isetldirect result of flame temperature
reduction due to the relatively large radiativerggdosses from the flame. The same
is true for the kinetic limit; however, the mechamifor temperature reduction is
determined by the reactant leakage losses frorfiaime. At the kinetic limit,

radiation losses are negligible due to the thimirgabf the high temperature region of
the flame at high strain rates. The radiative licoitresponds to an extremely low
value of the scalar dissipation rate, a large valube radiative fraction due to
thickening of the high temperature region, andatirely low flame temperature at
extinction. In the detailed chemistry frameworle #tinetic limit has a flame

temperature off, = 176K, a radiant fraction of = 0.0and a scalar dissipation
rate of x,, = 17.34 8. At the radiative limit, the flame temperatureTis =1359 K,
the radiative fraction i§ = 0. 613%nd the scalar dissipation rate is

Xy =5.167x107° s*. These findings are in agreement with the findiofyslaruta et

al. and Chan et al., with the only differences &gy from selection of radiation

model and chemical mechanism [75,76].
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Figure 18: Stoichiometric flame temperature vestgdar dissipation rate for flames
between the kinetic extinction limit and the ratiatextinction limit with Ty =T =

300 K, Yy =0.23,YF = 1andy, from Equation (5).
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Figure 19: (a) Flame energy generation and radidasses per unit area, and (b)
integral radiant fraction, versus local scalar igison rate between the kinetic and

radiative extinction limits withl;’ =T = 300 K, Y5 =0.23,Y:" =1 and x, from
Equation (5).
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The low magnitude of the scalar dissipation ratdatradiative limit is an
interesting occurrence, because of its associatiina characteristic flow time. The
inverse of the scalar dissipation rate is propogldo a characteristic flow time;
therefore, the flow timescale associated with gtkative limit is approximately 4
decades larger than the kinetic limit. This timésecaay prove to be problematic
when applied to CFD simulations of turbulent firefere instantaneous fluctuations
of the scalar dissipation rate may be faster thartitnescale required to reach steady
state. Moreover, recent DNS studies indicate thgibns of low scalar dissipation
rate promote soot production, while regions of tsghlar dissipation rate force soot
to accumulate within the fuel side of the reac{@®]. This combination of effects
will increase the radiation losses from the flaespecially in the low scalar

dissipation rate regions where the generation efgnis low [101].

3.1.3 Additional Significant Observations

While the primary focus of this work is to examiteame extinction behavior,
some other important observations can frequentijpade from the data obtained for
stable flame conditions. One significant observatan be made from the
comparison of the exact determination of the sadiksipation rate from Equation (5)
and the model for scalar dissipation rate from EHqug49), as illustrated in Figure
20. This comparison demonstrates the accuracyeadutialytic expression for the
scalar dissipation rate over the entire rangeavf tonditions explored in this study.
Another important observation can be made from feéigi® and Figure 21 regarding

the application of the Burke-Schumann flame tentpeeacorrected for radiation
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losses from Equation (23) as discussed in Sectibi8.2Both Figure 19 and Figure 21

n

demonstrate thad., can be expressed as a functionygf’, which supports the

suggested simplification used in Equation (26). fiddationship ofy%? is
attributable to the integration of Equation (6)d@aling the advice of Poinsot and

Veynante [97]. Also, Figure 21 allows for the detaration ofq’,., = 206x10°,

genl
W/m?, which is critical for the application of Equati¢®6) to either the AEA model

or the SCDN model.
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Figure 20: Scalar dissipation rate model from Eigmed49) versus the direct
calculation of the scalar dissipation rate from &pn (5), illustrating a nearly 1 to 1
relationship.
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scalar dissipation rate between the kinetic andhtiae extinction limits with

To =T =300K,Yy =0.23,Y" = 1 andy, from Equation (49).
(Xst,l zls_l)q;en,l = 206)(105 W/mz)

3.2 Extinction with Vitiation Effects

In order to properly isolate and study the eff@dtgitiation on flame
extinction, this study has adopted an approactetdrchining vitiated extinction
conditions along a pathway of constant scalar jpligiin rate. This is done with the
intention of maintaining a constant kinetic lossdach vitiated flame. This approach
ensures that the extinction conditions are unagtebly changes in the kinetic loss.
Also, in a preliminary step, radiation losses greored in order to determine
appropriate model parameters prior to exploringetfects of radiation losses. An
example of the constant scalar dissipation ratevpay to extinction is illustrated in

Figure 22 in the context of detailed chemistrys itlear from Figure 22 (a) that
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vitiated extinction conditions can occur at widdlfferent scalar dissipation rates and
flame temperatures. Figure 22 (b) illustrates gg&ng behavior of the flame energy
generation per unit area and temperature as tiotargas diluted. The flame energy
generation per unit area appears to remain congtathhear extinction where it

drops dramatically, like a step function behavildris behavior can be deduced from
Equation (6), which suggests that the energy géinarper unit area should be nearly
constant with scalar dissipation rate. Anotherrggéng observation from Figure 22
(b) is the nearly linear reduction in flame temper@a with oxidizer concentration.

This behavior is also to be expected from analykthe Burke-Schumann flame

temperature expression from Equation (4), wheresiitall values ofY; , flame

temperature is linear withts .

Analysis of Figure 22 indicates that the primarychemnism controlling purely
vitiated extinction is the reduction in flame temgere with reducing reactant
concentration (increased diluent). This mechansnot unlike that of the kinetic and
radiative limits previously discussed, where thertimal losses primarily result in a
reduction in flame temperature and then extinctidre strongest suggestion of this
link is based on the fact that a vitiated S-shapetle can be developed to produce
the vitiated extinction condition in Figure 22 (&his alternative S-shaped pathway
to extinction is determined by starting with a tatame at the desired vitiated
conditions and a moderate scalar dissipation tlaég, gradually increasing the scalar
dissipation rate to extinction. In the conventiopathway to extinction, the
temperature is reduced by the relative increaskeokinetic losses compared to

generation of energy. In the alternative pathwhgsé kinetic losses are maintained
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constant, and the temperature is reduced by thechpacity of the added inert
diluent. Each of these methods result in the detextion of the same vitiated
extinction condition. Following a constant scalestpation rate pathway has the
added benefit of allowing for each input condittorbe within the accepted
experimental operating conditions, while an S-shgphway may require operation

outside of the accepted conditions.
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Figure 22: (a) lllustration of a vitiated constantlar dissipation rate pathway to
extinction. (b) Description of flame energy prodantper unit area and
stoichiometric temperature along the constant schdaipation rate pathway where

To, =T¢ =300K,Y5 =0.23, Y =1landy, =153 & using Equation Oy =
1980 K, andq; = 2.06 x 16 W/m? from OPPDIF.
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3.2.1 Oxidizer Vitiation

Oxidizer vitiation is the result of diluting andgheating the oxidizer stream
that is supplied to the flame. Dilution of oxidizeill reduce the flame temperature,
while preheating of oxidizer will increase the flatemperature. Flame extinction is
achieved when the flame temperature is reducedcmuftly by dilution, such that the
kinetic losses from the flame become comparabtegaeneration of energy. In
preliminary analysis, the effect of radiation las®éll be ignored with only kinetic
losses considered. Figure 23 illustrates the atiflame temperatures that are
associated with oxidizer vitiation conditions. FHig23 (a) is the proof of concept
from detailed chemistry, and Figure 23 (b) is thpleation of the Burke-Schumann
flame temperature model from Equation (4), withropgmbols representing
experimentally determined extinction conditionsclitaf these models demonstrate
that reducing the oxidizer concentration reducedléime temperature at extinction,
while increasing the oxidizer temperature incredésedlame temperature at
extinction. However, Figure 23 is not an approgriattinction map, as it is
challenging to derive a pathway from flammable migs through the critical values
to a region where extinction will always occur. tig 23 is more of a demonstration
that the Burke-Schumann model is appropriate fooaweting for the effects of

vitiation in comparison to the behavior of a flami¢h detailed chemistry.
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Figure 23: lllustration of oxidizer vitiation effescon extinction flame temperature for
detailed chemistry from OPPDIF (a) and the Burkbu®eann model (b). The linear
fit lines in (a) are used to highlight data groupand the arrows indicate groups of

increasingTy, . (T¢" =300 K,Yg" =1)

3.2.2 Fuel Vitiation

Fuel vitiation is the result of diluting and prealieg the fuel stream supplied
to the flame. Dilution of fuel will reduce the flamtemperature, while preheating of
fuel will increase the flame temperature. Just &k wxidizer vitiation, extinction is
achieved when the flame temperature is reduceccmuftly such that the kinetic
losses from the flame become comparable to thergeme of energy. In preliminary
analysis, the effect of radiation losses will beaged with only kinetic losses
considered, similar to the analysis of oxidizeration. Figure 24 illustrates the
critical flame temperatures that are associateld fugel vitiation conditions. Figure 24
(a) is the proof of concept from detailed chemisaiyd Figure 24 (b) is the

application of the Burke-Schumann flame temperatuweel from Equation (4), with
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open symbols representing experimentally determaxséiciction conditions. Each of
these models demonstrate that reducing fuel coratert reduces the extinction
flame temperature, while increasing fuel temperaincreases the extinction flame

temperature. The non-linear behavior of the flaemgerature is due to the form of

the Burke-Schumann expression, such that Equatiois (ot linear withY:" at large

values ofY;". An identical non-linear behavior can be obseffeednriched oxidizer

concentrations. The non-linear relationship suggestt fuel dilution plays a weak
role in flame extinction at high fuel concentragpbut that role becomes much more
significant at low fuel concentrations. It is alsgportant to note that fuel temperature
has a much less significant effect on the extimctemperature than that of the
oxidizer temperature. Upon examination of Equaf®n the fuel temperature will

only become as significant as oxidizer temperafui, is near or greater than 0.5,

which is rarely the case with combustion in aistls with the oxidizer vitiation
case, Figure 24 is not an appropriate extinctiop,raa it is challenging to derive a
pathway from flammable mixtures through the critic@ues to a region where
extinction will always occur. Figure 24 is a demivason that the Burke-Schumann

model is appropriate for accounting for the effextsitiation.
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Figure 24: lllustration of fuel vitiation effectsi@xtinction flame temperature for
detailed chemistry from OPPDIF (a) and the Burkbt®eann model (b). The lines in
(a) are used to highlight data grouping and thevesrindicate groups of increasing
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3.3 Extinction with Scalar Dissipation Rate Effects

The effects of kinetic losses from the flame W&l examined through three
possible scalar dissipation rate-based extinctiodets. These models may differ in
the methods used to predict flame temperatureasdadsipation rate, and/or scaling
equations; however, the underlying concept is @st throughout; increasing
convective energy losses from the flame incredseikelihood of extinction. These
models provide a tool to predict critical scalassipation rates as a function of flame
temperature and reactant composition,

Xseeir = T[T (75, Yo, Te, Yo k), Z4 (Yo, , Ye )] . The effect of radiation losses is

ignored in the preliminary evaluation in order $olate the effects of kinetic losses.
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This critical scalar dissipation rate is determifireain local reactant properties, and
then compared to the local scalar dissipation k&ffeen the local scalar dissipation
rate is greater than the critical value, the Idlzahe element will experience
extinction. It should be noted that determinatiba tocal scalar dissipation rate may
prove challenging in the context of LES, a requieetrfor prediction of local

extinction with these models.

3.3.1 Oxidizer Vitiation

The effects of kinetic losses from oxidizer-vigdtflames at extinction are
examined in Figure 25, while ignoring radiationdes. Extinction conditions in the
framework of detailed chemistry are illustratedrigure 25 (a) to demonstrate the
general behavior of extinction effects, where ttea dissipation rate is determined
from Equation (5). It is clear from Figure 25 (aat increasing the scalar dissipation
rate results in higher critical values of oxidizencentration and temperature, i.e.
flame weakening. Recalling Figure 23, increasingliaer concentration and
temperature result in an increase in the flame &zatpre and as such, the rate of
energy generation also increases. Therefore, flamtbshigh values of oxidizer
concentration and temperature will require highvemtive energy losses to induce
flame extinction. In other words, flames with higkidizer concentration and
temperature are more resistant to blowout. Thersevis also true: flames with low
oxidizer concentration and temperature are moreeqiible to kinetic extinction.
Figure 25 illustrates this behavior exactly fortbtite detailed chemistry framework
in (a), and when the scalar dissipation rate isetemtiwith Equation (49) in (b).

Another convenient feature of Figure 25 is it canused as an extinction map for
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oxidizer vitiation conditions. Any combination oxidizer concentration and scalar

dissipation rate that falls above the line corresjiiog to the oxidizer temperature is a

flammable condition. Likewise, any combination af@meters that falls below the

line will result in extinction. However, this maplyg accounts for the effects of

oxidizer vitiation, while ignoring any possible etts of fuel vitiation and radiation

losses.
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Figure 25: lllustration of scalar dissipation raféects on critical oxidizer
concentrations for detailed chemistry from OPPAFand the Burke-Schumann
model (b). The lines are used to highlight dataigheg and the arrows indicate

groups of increasing,’ . (TF" =300 K, Y¢" = 1)
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3.3.2 Fuel Vitiation

The effects of kinetic losses from fuel-vitiatéanes at extinction are
examined in Figure 26, while ignoring radiationdes. Extinction conditions in the
framework of detailed chemistry are illustratedrigure 26 (a) to demonstrate the
general behavior of extinction effects, where tteda dissipation rate is determined
from Equation (5). It is clear from Figure 26 (aat increasing the scalar dissipation
rate results in higher critical values of fuel centration and temperature. Recalling
Figure 24, increasing fuel concentration and temupee results in an increase in the
flame temperature and as such, the rate of enenggrgtion also increases.
Therefore, just as with oxidizer vitiation, flam&gh high values of fuel
concentration and temperature will require highvemtive energy losses to induce
flame extinction. The reverse is also true: flamwéh low fuel concentration and
temperature are more susceptible to kinetic extincFigure 26 illustrates this
behavior exactly for both the detailed chemistaniework in (a), and when the
scalar dissipation rate is modeled with Equatid@) (4 (b). Another convenient
feature of Figure 26 is it can be used as an eidimenap for fuel vitiation
conditions. Any combination of fuel concentratiordascalar dissipation rate that
falls above the line corresponding to the fuel temafure is a flammable condition.
Likewise, any combination of parameters that faétow the line will result in
extinction. However, this map only accounts for éfffects of fuel vitiation, while
ignoring any possible effects of oxidizer vitiatiand radiation losses. Since fuel and
oxidizer vitiation are not mutually exclusive evgnfigure 25 and Figure 26 alone

cannot produce the full range of possible vitiaggtinction conditions.

90



1 . 1
/ i
—=—— T/=300K / i |
B ——a—— T;=400K
— v T’=500K /
i | B
B / - |
0.75 ] 0.75 :
/ g |
[ |
- Flammabls -,’ Flammabli J
o /
L 05 / L 05 /
- /’ B //
B /'/ B //
"
B V. B /‘
0.25 / 0.25
B S/ | =
X !
| !/;//‘5‘! = | /{EL@?:/E
| . ExtinTtior 7 Extinftior
0 il - L I e 0 - L I I
10" 10° 4 10 10? 10" 10° 4 10 10?
Ast (S7) Ast (S7)
(a) (b)

Figure 26: lllustration of scalar dissipation ratéects on critical fuel concentrations
for detailed chemistry from OPPDIF (a) and the Bd8chumann model (b). The
lines are used to highlight data grouping and thewss indicate groups of increasing

T (To =300 K,Ys =0.23)

3.3.3 Activation Temperature

The activation temperature is a measure of theivggaof the fuel, and it is a
primary model parameter for the Arrhenius rate nhérden Equation (1). Therefore,
the activation temperature is a critical param&iatetermine in order to accurately
balance the rate of generation of energy with #te of energy losses at extinction. In
this study, the activation temperature is deterchiinem the correlation of scalar
dissipation rates and flame temperatures for seegtmction conditions. Given the
different models used to determine the scalar pls®in rate and flame temperature,
detailed chemistry, AEA, and SCDN models will eaelve a different activation

temperature. In preliminary analysis, the activatemperature is determined from
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extinction conditions without the effect of rada@tilosses to avoid any possible
errors associated with the radiative correctioresnd Due to the exponential
dependence of the Arrhenius rate model on activdémperature, it is critical to use
the appropriate activation temperature for eachehsplecifically. Selecting a
tabulated value of the activation temperature ftbeliterature to apply to these
models can result in substantial systematic erf@rsat care must be taken to ensure
that the tabulated value is appropriate for the ehodquestion.
3.3.3.1 Detailed Chemistry

In the framework of detailed chemistry, the adimatemperature can be
determined following Equation (31), where the scdlasipation rate is provided by
Equation (5). Figure 27 illustrates extinction cibioths plotted in this manner, where
the slope of a logarithmic fit determines the aatiotn temperature. Figure 27
demonstrates noticeable differences between titbzexiand fuel vitiation cases. The
activation temperature indicated is for oxidizdration conditions only. The
deviation of the fuel vitiation extinction conditis is due to changes in the Lewis
number, and reactant leakage associated with fualion near extinction. The Lewis
number of pure methane is approximately 1.06, wthie for methane diluted with
nitrogen is 0.99, which is a noticeable change. §\&etral. have demonstrated that
decreasing the fuel Lewis number without radiat@sses results in a corresponding
strengthening of the flame (i.e. a lower flame tenmagure at extinction) [43]. The

reactant leakage ofQor the oxidizer-vitiated case g, = 0.49 & is 0.023 mass

fraction, while the corresponding leakage for theldvitiated case is 0.031 mass

fraction. Increased levels of reactant leakage likiglwise correspond to a lower
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flame temperature. This trend is consistent withaktinction results in Figure 27,
which illustrates a flame strengthening for fuglation in comparison to oxidizer
vitiation corresponding to a lower flame temperatat extinction. Nevertheless, the
general trend between scalar dissipation rate lanteftemperature holds true for
both fuel and oxidizer vitiation, and the erroregent in the detailed chemistry
framework are reduced in analytical models. Fidiitean also be used as an
extinction map, although the need to model extincis unnecessary in the context of

detailed chemistry based on the direct simulatioih® reaction kinetics.
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Figure 27: Activation temperature determinationdetailed chemistry extinction
from OPPDIF. Only oxidizer vitiated extinction catidns are included in the log fit
with ., determined from Equation (5)T{ = 39980 K)
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3.3.3.2 Activation Energy Asymptotics

In the framework of the AEA extinction model, thetivation temperature can
be determined following Equation (36), where thalacdissipation rate is provided
by Equation (37). Figure 28 illustrates extinctmnditions plotted in this manner
where the slope of a linear fit determines thevatiton temperature. It is clear that the
application of the AEA model has reduced the effeétthe Lewis number and
reactant leakage in comparison to the resultsgnréi27. In fact, all of the extinction
data collapses with reasonable scatter acrossilh@amge of parameter space. Data
from the current study compares favorably to daienfPuri and Seshadri following a

minor correction to their scaling equation fo(Z,, [44]. Figure 28 can also be used

as an extinction map based on vitiated conditiemsosinding the flame and the
scalar dissipation rate at the flame. In applicatamCFD, a simple probing scheme
can be developed to determine the local levelst@aition near the flame sheet to

predict T, . and f(Z,, ) following the advice of Tuovinen [23]. The onlymaining

term required by the model is a local value ofgbalar dissipation rate. If the scalar
dissipation rate experienced by the local flameletment is sufficiently high that it
falls above the line in Figure 28, local extinctioiil occur. Likewise any conditions
that fall below the line are flammable. Howevegue 28 does not yet include
extinction conditions that are affected by radiafiosses in order to reduce any

possible complications that can arise from theatadk correction scheme.
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Figure 28: Activation temperature determinationtfee AEA model from
experimentally and numerically determined extinctoonditions, withy,

determined from Equation (37)T( = 16394 K)

3.3.3.3 Simplified Critical Damkohler Number

In the framework of the SCDN model, the activatiemperature can be
determined following Equation (31), where the scdlasipation rate is provided by
Equation (49). Figure 29 illustrates extinction diions plotted in this manner,
where the slope of a logarithmic fit determinesdhgvation temperature. It is clear
that the application of the SCDN model has redubeceffects of the Lewis number
and reactant leakage in comparison to the resufggure 27. In fact, just as with the
AEA model, all of the extinction data collapseshwiéasonable scatter across the full
range of parameter space. Figure 29 can also loeassan extinction map based on
vitiated conditions surrounding the flame and tb&ar dissipation rate at the flame.

A simple probing scheme can be developed to deterthie local levels of vitiation
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near the flame sheet to determihg,5. The only remaining term required by the

model is a local value of the scalar dissipatide.rt the local scalar dissipation rate
experienced by the flamelet element is sufficiehityh that it falls below the line in
Figure 29, local extinction will occur. Likewisenyaconditions that fall above the

line are flammable. However, Figure 29 does noin@tde extinction conditions

that are affected by radiation losses in ordeetiuce any possible complications that

can arise from the radiative correction scheme.
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Figure 29: Activation temperature determinationtfee SCDN model from
experimentally and numerically determined extinctoonditions, withy,,

determined from Equation (49)T( = 24178 K)
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Comparison of the results from AEA in Figure 28Hhe proposed SCDN
model in Figure 29 demonstrates that each modeiges equivalent performance in
predicting extinction conditions. However, the SCBNdel provides some
interesting advantages over the AEA model. The idvantage stems from the
determination of the activation temperature. Th®B8Gnodel uses a standardized
method for determining the activation temperaturae the AEA model requires a
special definition that is dependent on the reaati@er constants. The use of a
standardized method will ease in the applicatiothefextinction model for various
fuels (e.g. propane, ethylene, heptane, wood, wtthput developing a different set
of equations to evaluate the activation temperadackin the extinction model
equations. The reaction order constants resultartérm(T,, .s)° that is present in
the AEA model. The SCDN model avoids this flamepgenature dependence by
using the classical assumption that a power lawtfan can be expressed as an
exponential function. Thus, the reaction order geare lumped into the activation
temperature. This reaction order term is also nigaky troubling for the AEA
model because any numerical error in prediclipg, will be magnified, whereas the
SCDN model is less sensitive to such errors. Tivamtdges of the SCDN model will
ease in its application to CFD codes by simplifyilhg process of determining model
parameters and reducing the number of inputs reddar the model (i.e. the power

of the leading reaction order term).
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3.4 Extinction with Radiative Loss Effects

As discussed in Section 2.1.3, radiation lossas fihe flame can be
accounted for using an iterative correction schéanée Burke-Schumann flame
temperature expression following Equation (23).sTdorrection scheme is dependent
on both the scalar dissipation rate and the cardeithme temperature. Due to the
complex nature of the radiative loss, it is notialily clear that the critical flame
temperature at extinction is constant with a fisedlar dissipation rate. Solutions for
the critical flame temperature at selected scakmightion rates and variable radiative
losses are illustrated in Figure 30. The resultSigure 30 demonstrate that the
critical flame temperature is always constant witixed scalar dissipation rate

regardless of the level of radiative loss. Thisilieiacilitates the numerical solution

of extinction conditions based a’ , T., Yo , Y¢', X andk . Solutions for

extinction conditions for oxidizer and fuel vitiati are highlighted in this section to

demonstrate some simple physical behavior assdorath radiative extinction.
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3.4.1 Oxidizer Vitiation

The combined effects of oxidizer dilution, scalesipation rate and radiative
losses on flame extinction are presented in Fig§arerhe solutions can only be
determined if the value of the activation tempemaia known, along with all of the
model inputs for Equation (23), and then applicatdthe SCDN extinction model,
Equation (53). Numerical and experimental extintiiata corresponding to the
selected operating conditions are also includetiustrate the fidelity of the model.
The solid lines in Figure 31 highlight critical uals of oxidizer concentration and
scalar dissipation rate for selected absorptiofffictents.

Figure 31 demonstrates that radiative loss hagrafisiantly smaller impact
on high scalar dissipation rate flames than it doetow scalar dissipation rates. In
fact, examination of Figure 31 can determine thadition from kinetically-
dominated extinction to radiatively-dominated egtion at the minimum of the

solution lines. As is to be expected, the extinttiothout radiative losses will

experience a minimum only at the trivial conditioff, =0 and y,, = Q As radiation

losses are increased, the scalar dissipation réte &ransition point also increases,
sometimes suddenly. In fact, for relatively smallues of the absorption coefficient,
there is almost no appreciable difference in etimcconditions when compared to
the case without radiation losses until a criticdle is reached. These physical
behaviors agree with the conclusions made by Satrab, Wang et al., Maruta et
al., Chan et al., and Chao et al. [43,36,75,76 @8F important feature of the
radiatively dominated extinction conditions is tha¢y cannot be determined by

following a classical S-shaped pathway to extinctiéxtinction on the S-shaped
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pathway is produced by increasing the scalar disisip rate; however, it is
impossible to establish a stable flame with a sdadiksipation rate below the critical

value in the radiatively dominated limit.
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Figure 31: Solutions and data of critical oxidizencentrations with the combined
effects of radiation losses and scalar dissipate The arrow indicates solutions of

increasing absorption coefficienf{ =T:" =300 K,Yg" = 1)

101



3.4.2 Fuel Vitiation

The combined effects of fuel dilution, scalar giasion rate and radiation
losses on flame extinction are highlighted in FegB2 through the use of Equation
(53) and Equation (23). The solid lines in FigugehBghlight critical values of fuel
concentration and scalar dissipation rate for seteabsorption coefficients.
Numerical and experimental extinction data corresiitg to the selected operating
conditions are also included to illustrate the litgeof the model. Figure 32
demonstrates that fuel vitiation is insensitivestaall absorption coefficients, but it is
much more sensitive at large absorption coefficieAs the absorption coefficient is
increased, the scalar dissipation rate at theitramgo radiatively dominated
extinction also increases, just as with the oxidizgation solutions. This observation
serves as a justification for assuming that theegrgental extinction results have
effectively no radiation losses. Again, these ptgisbehaviors agree with the
conclusions made by Sohrab et al., Wang et al.uMaat al., Chan et al., and Chao et
al. [43,36,75,76,85]. All that remains is to appllextinction conditions, including
those with radiation effects, to the extinction ralsdo verify that they are

appropriate for determining extinction with radvatiosses.
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3.4.3 Approximating Radiation Losses from Sootynfda

Due to the optically thick nature of soot partslé is particularly challenging
to approximate the effect of soot concentratiomazhation properties [99]. However,
it is a useful exercise to approximate the maxinpassible radiation loss by ignoring
the effects of radiative absorption. This will pide an order of magnitude estimation
of the upper limit of soot radiation losses.

Given the result illustrated in Figure 21, it apyseihat the optically thin gas
contribution from CQand HO to the radiative loss is approximately constaitit w
scalar dissipation rate. The peak Planck Mean Attigor Coefficients associated

with these flames range from 0.1 - 1.0,megardless of the proximity of the flame to
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an extinction condition. The radiative flux fronete flames is approximately

1.0x10° W/m? at its minimum indicated in Figure 21.

A similar absorption coefficient can be approxinaater soot, given a
characteristic local concentration. Santoro ebhale performed detailed experiments
to determine soot concentrations in the regiomefftame for laminar co-flowing
flames. The peak value of soot concentration wasddo be approximately

f, = 10 ppmv orY,

ot = 0.1, corresponding to the peak flow rate condgierplored
[98]. The soot absorption coefficient can then loeleted:

Koo =1864f, T = 350,

soot

(60)

Yielding «,,, = 35 m™, which is one to two orders of magnitude grediantthat of
the gas. Ignoring absorption of radiation at tlstsconcentration will result in a
significant over-prediction of the radiation losskeswever, it is still valid for an
order of magnitude approximation.

Assuming that radiation losses from soot follogirailar structure as gas
radiation, while ignoring absorption, results ilireear increase in the radiative power
of the flame with increasing absorption coefficieit 10 ppmv soot, the absorption

coefficient of the flame is dominated by soot, #&melgas contribution can be ignored.

Therefore, a characteristic radiative power flug@fppmv soot is approximately
1.0x10° W/m?. Following the flame energy generation curve igufé 21 illustrates

that this radiative flux will result in a radiatieaction of [ = 05at x, = 1.0s™.

According to the solutions far = 1lillustrated in Figure 31 and Figure 32, the
flammable domain is substantially reduced. In thené that the soot volume fraction

approaches 10 ppmv, the flame can only exist betwealar dissipation rates of 0.1
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and 5.0 s-1 without vitiation effects. This is aiteuraging result based on the fact

that the timescale to reach steady state behassmcated with a flame at

X =10 s'is greatly reduced from that of the radiative timiFigure 19. While

reduced timescales can increase the computatiosgltbe proposed extinction
model may break down if the timescale to reachdststate behavior is greater than
the iterative time step of the CFD solver. Therefdhe proposed extinction model is
valid for flames that experience significant ragiatand kinetic effects, but may be
problematic for dynamic radiative flames at witkid ultra-low scalar dissipation
rates. Ongoing research by Narayanan and Trouveaies that this timescale

mismatch is insignificant [101].

3.5 Evaluating the Extinction Models

Given the proposed scheme for characterizing tiadidosses from the flame,
it is essential to evaluate the performance ottttenction models while including
flames that experience radiative losses. In tHevohg sections, radiation losses will
be applied to the detailed chemistry, AEA, SCDN antical flame temperature
extinction models. The numerical data with radiati@sses in this study range from
k=10 m* (I = 001) to k =10.0 m™ (I = 018) for both oxidizer- and fuel-
vitiated conditions, in addition to the radiatiwit at x = 055 m™ (I = 0.614)

illustrated in Figure 18 through Figure 21.
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3.5.1 Detailed Chemistry

Figure 33 illustrates extinction conditions deterad from detailed chemistry
simulations where the scalar dissipation rate avigied by Equation (5). Figure 33
contains extinction data plotted in an activatiemperature context (a) and several
model correlation contexts for Equation (35) in-log (b), full scale linear (c), and
reduced scale linear (d) to highlight model perfance at various scales. In addition
to the noticeable differences between the oxidazer fuel vitiation cases, Figure 33
illustrates additional deviations for extinctionnciitions with radiation losses. The
deviation of the fuel vitiation extinction conditie can easily be explained by
changes in the Lewis number, and the reactant ¢astasociated with fuel vitiation
near extinction following the conclusions of Wangk However, the effects of
Lewis number variations and reactant leakage agnified, but not monotonic in the
presence of radiation losses [43]. This meansrétaation losses can physically
result in either flame weakening or strengtheningxéinction, with very small
deviations in reactant leakage and/or Lewis numWevertheless, Figure 33
illustrates that the general trend between scadaimition rate and flame temperature
holds for all extinction conditions, demonstrataryinitial proof of concept.
Fortunately, the effects of reactant leakage andid. @aumber variations are

dramatically reduced in the context of the analgimdels.
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Figure 33: Analysis of all extinction data in thetailed chemistry framework for the

activation temperature plot (a), and the full egtiion model from Equation (35) in

full-scale log-log (b), full-scale linear (c) anelduced scale linear (d). Each plot is

designed to highlight the accuracy of the modelif¢rent scales of interest.
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3.5.2 Activation Energy Asymptotics

Figure 34 illustrates extinction conditions in tantext of AEA, where the
scalar dissipation rate is provided by Equatior).(Bijure 34 contains numerical and
experimental extinction data plotted in an actwatiemperature context (a) and
several model correlation contexts for Equation {#8og-log (b), full scale linear
(c), and reduced scale linear (d) to highlight mgaeformance at various scales.
Figure 34 illustrates a small deviation for theiagigle limit, while all other extinction
conditions collapse within a small error range.sTikia fortunate result, because
reactant leakage and Lewis number effects canfbetiekly ignored without

introducing large systematic errors. AEA is essdlytbased on a Damkohler number
argument, and the termis(Z,, and (rsg?gs)f’ represent scalar dissipation rate
normalization and reaction order constants respagtiThe AEA based extinction
model is fully capable of predicting local extirastievents based on the parameters
Y(;’:, T(;’:, Yo, TS, X, andk.

Figure 35 illustrates extinction conditions in thEA framework from the
current study along with those from previous meéhain counterflow flame studies.
Previous studies have adopted a wide approacharacterize extinction conditions.
Puri and Seshadri examined extinction experimgntatl moderate- to high- strain,
mixed dilution (constands), and constant reactant temperatures [44]. MaatLidh

studied extinction numerically with OPPDIF (GRI JLfOr fuel dilution (constant
Y:') with radiation losses at moderate- to low- stf@i]. Chan et al. also

characterized extinction of pure air and pure wigh OPPDIF. Their approach was
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similar to that used in Section 3.1, although vaitklightly different radiation model
(RADCAL [100]) and detailed chemistry model (GR12) were used [76]. Despite
the different approaches in these studies, tha&dn results from the current study

agree well with the previously published resulssillaistrated in Figure 35.
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Figure 35: Comparison of extinction results frora turrent study to those of

previous studies in the AEA framework. Open symiadcate experimental data
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3.5.3 Simplified Critical Damkohler Number

Figure 36 illustrates extinction conditions in twntext of the SCDN model,
where the scalar dissipation rate is provided bydfqn (49). Figure 36 contains
numerical and experimental extinction data ploitedn activation temperature
context (a) and several model correlation context&quation (53) in log-log (b),
full scale linear (c), and reduced scale lineartgd)ighlight model performance at
various scales. Similar to the results of the AE&del, Figure 36 illustrates small
deviations for extinction conditions with radiatitosses, while all other extinction
conditions collapse within a small error range. ikgthis is a fortunate result,
because reactant leakage and Lewis number effectbeceffectively ignored without

introducing large systematic errors. The SCDN etiom expression from Equation
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(53) provides a useful simplification over the ABfdel. Some advantages of using
the SCDN model include a simple definition of thentkbhler number, a standard
method for determining activation temperature, nresdistic predictions of the
actual scalar dissipation rate, and mathematiogplgication of the extinction

expression. The SCDN extinction model is fully dalpaof predicting local extinction

events based on the parametéfs T, Yo', T, X, andk . In this regard, the

SCDN extinction model is essentially equivalentite AEA model in performance,
but superior in application.

Figure 37 illustrates extinction conditions in ®E€DN framework from the
current study along with those from previous stadiemethane-air counterflow
diffusion flames [44,75,76]. Just as with the resabmparison in the AEA
framework, the extinction results from the currsitdy agree well with the
previously published results. Based on the redlitsrated in Figure 37, it is clear
that the proposed SCDN extinction model is equivaile performance to the AEA

model.
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Figure 36: Analysis of all extinction data in th€[3N framework for the activation
temperature plot (a), and the full extinction mofdein Equation (53) in full-scale
log-log (b), full-scale linear (c) and reduced sdahlear (d). Each plot is designed to
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symbols indicate data from numerical simulation 7%,76].

3.5.4 Critical Flame Temperature

As previously discussed, a critical flame tempgeextinction model is
currently implemented in popular CFD codes usedémidental fire applications [2].
Theoretically, this model is equivalent to a constalar dissipation rate assumption
applied to either AEA or the SCDN models. Sincedhtcal flame temperature

model is based on a specific solution of the raoiatorrected Burke-Schumann

equation, the only parameters that can affect eixéin areYg , Tg , Y¢', T, and « .

The model employed by FDS assumes that 1RG@0hd only examines oxidizer
vitiation without the effects of radiation loss&sjuation (57) provides an identical
result givenY: = 10 TS =300K, andx = 0.0, while adding the ability to

simultaneously explore the effects of chang¥fy, T, , andx . However, in order to
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examine the effects of the radiant fraction onretion in this formulation, it is
necessary to determine the flow condition (scailssipation rate) associated with

T, =1700 K. Once this scalar dissipation rate is determjited possible to quantify

the effects of radiation losses. This scalar d&igyn rate is determined to be

X = 0.3819 ¢ (a, =9.777 s for a flame with pure air and pure fuel) from a

numerical solution of Equation (53) f"gs =1700 K. This scalar dissipation rate is

sufficiently high to ensure that extinction occurshe kinetically dominated regime
unlessk = 10 ni*. Solutions for Equation (57) at selected absomtioefficients are
illustrated in Figure 38 for oxidizer vitiation (ahd fuel vitiation (b). The inflection
of the critical fuel concentration in Figure 38 fulggests that fuel vitiation is
particularly sensitive to large radiation losseshsthat pre-heating of the fuel stream
actually increases the likelihood of extinction eTiesults in Figure 38 highlight the
importance of the radiation losses in determinixignetion conditions. Figure 38
demonstrates that the current FDS critical tempeeanhodel can be easily expanded
to account for simultaneous variations in oxidiz#éation, fuel vitiation and

radiation losses.
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(57) at selected radiant fractions for oxidizeratibn (a) and fuel vitiation (b). The
arrows indicate model solutions of increasing ratfeaction.
(T, =1700K, y, =0.3819 8)

3.6 Two-Parameter Extinction Effects

While the extinction models presented in the presisections are
comprehensive and demonstrate accuracy over arade of parameter variations,
it is useful to break down the model performande simpler terms. This allows for
comparison of the effects of kinetic and radialmsses in the framework of vitiation.
It is recognized that the scalar dissipation raf the radiation losses present a
significant challenge to CFD codes in terms of hetson and modeling. Therefore,
the following analysis is performed to challengg possible simplifications that can

be applied to the above models.
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3.6.1 Oxidizer Vitiation

Figure 39 illustrates the effects of scalar dig8gn rate and absorption
coefficient on critical oxidizer vitiation conditis. Figure 39 (a) contains solutions
for the critical oxidizer vitiation conditions frothe SCDN model, along with the
corresponding experimental and numerical datalatteel scalar dissipation rates.
The model solutions demonstrate excellent agreemigmthe extinction data over
the full range of highlighted parameters. Modestnges in the scalar dissipation rate
result in a noticeable shift of the critical comalits such that increasing the scalar
dissipation rate increases the likelihood of exttorc Figure 39 (b) contains solutions
for the critical oxidizer vitiation conditions atlected absorption coefficients. A
single numerical data point is illustrated here ttuthe lack of data at the
corresponding absorption coefficients and scalssigation rate. Modest changes in
absorption coefficient result in significant chasge the critical conditions such that
increasing the absorption coefficient increasedikedihood of extinction. The
results in Figure 39 suggest that both changesitik and radiation losses play
significant roles in determining critical oxidizeitiation conditions in the range of

parameters indicated.
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3.6.2 Fuel Vitiation

Figure 40 illustrates the effects of kinetic aadiation losses on critical fuel
vitiation conditions. Figure 40 (a) contains sadas for the critical fuel vitiation
conditions from the SCDN model, along with the esponding experimental and
numerical data at selected scalar dissipation.r&ieslar to the oxidizer vitiation
case, the model solutions demonstrate good agrdemterthe extinction data over
the full range of highlighted parameters. The fugtion data demonstrates a slight
systematic shift; however, this shift is insignéfit considering that the fuel stream

must be diluted fron¥>™ = 10 Y = 0.1 Since the experimental and numerical

extinction data agree, it can be ascertained timsystematic shift is occurring at the
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model level. This shift can be corrected by assgrtiat fuel vitiation has a slightly
reduced activation temperature; however, there ighysical basis for this
modification. Modest changes in the scalar disgpatate result in a noticeable shift
of the critical conditions. Figure 40 (b) contas®dutions for the critical fuel vitiation
conditions at selected absorption coefficientsgesting that even modest changes in
radiation losses results in a significant changdencritical conditions. The fuel-
vitiated case appears to be more sensitive totradibpsses than to scalar dissipation
rate, but, just as with the oxidizer vitiation caseth are significant.

The results in Figure 39 and Figure 40 suggestibtt kinetic (scalar
dissipation rate) and radiation losses play sigaift roles in determining extinction
conditions in the range of parameters shown. Aksdgssipation rate increases, the
effects of radiation losses will become less sigaiit. However, at the moderate
scalar dissipation rates highlighted, radiatiorséssare still significant. Assuming
that most accidental fires experience this modetatl®w- scalar dissipation rate,
both of these losses will be significant. Thisuedo the fact that moderate- to low-
scalar dissipation rates are still sufficientlylnig be significant in the presence of

vitiation while sufficiently low to allow radiatioto be important.
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Chapter 4: Conclusions

This study has examined the extinction behaviaoainterflow diffusion
flames experimentally and numerically in orderdsttthe validity of several
extinction models. These models are presentedamathat is easily adapted for
implementation in an LES code to predict local faextinction. Improved modeling
of local flame extinction will facilitate the predion of toxicity and thermal hazards
associated with accidental fires. A thorough revadthe physics of flame extinction
has been presented, illustrating the importanacatiation, kinetic losses and
radiation losses.

Both the experimental and numerical approacheizediilin this study have
characterized the combined effects of these pammby systematically isolating
each effect and determining the associated extimctbnditions. Detailed theories

exist that can predict extinction behavior of steathte flamelets based on local

parameterdy, Yo , T¢', Y£', X4, andk . The AEA extinction model has been

developed by the combustion research communitthidy years, and provides an
accurate prediction of extinction over several csdg magnitude variation of these
parameters. The SCDN extinction model is presentéae current study, which
results in identical performance compared to AEdotty. The SCDN model provides
several advantages over the AEA model includinghysical theory based on simple
timescales, a model expression with less compléxitiependent of fuel specific
reaction order constants), a standardized methodeefermining activation

temperature, and reduced potential for numerigak eRecognizing that the scalar
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dissipation rate is a difficult parameter to progluc LES simulations, a further
simplification to the extinction model is examinddhe critical flame temperature
extinction model is equivalent to a constant scdissipation rate assumption, and it
can capture both the effects of vitiation and radinlosses from the flame. However,
there is substantial evidence indicating that tiitecal flame temperature is not
constant resulting in substantial differences ihaal reactant conditions. Each of
these models provides an effective tool for prewlictocal flame extinction in the
context of LES of accidental fires.

Furthermore, this study presents scale analydwitbf kinetic and radiation
losses from the flame. The order of magnitude ptexh of scalar dissipation rate
suggests that the characteristic kinetic lossems the flame will increase slightly
with increasing fire size. The scalar dissipatiatermay also experience significant
turbulent fluctuations. Radiation losses from taenie are even more challenging to
guantify due to the dependence on scalar dissipadii®, optical properties and flame
temperature. Simple order of magnitude analysigessitg that local soot
concentration will be the dominant factor in deterimg local radiation properties.
This combination of effects highlights the impoxtarof incorporating sub-grid
models for the scalar dissipation rate, soot (pctdn, consumption and transport)
and radiation transport in LES with combustion. ieatthese sub-grid models will
play an important role in predicting local flameiagtion.

The following sections summarize the noteworthyatasions and

contributions from this investigation.
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General

This study has identified the major parametersrdauting to local flame

extinction. These parameters include vitiatidg ( Yo , T, Y¢'), kinetic

losses (), and radiation lossex(or I').

A comprehensive approach has been developed toiexdine effects of
these fundamental extinction parameters both exsrally and
numerically.

The current experimental study is unique in exangrthe combined
effects of reactant temperature, reactant condsrirand scalar
dissipation rate.

The numerical study expands the range of paramiitar€an be explored
while adding the capacity to induce radiation les$€2PPDIF simulations
can produce flame extinction in both the kinetid #me radiative
dominated regimes. The parameter space explorée iourrent numerical
study is the largest of any known study.

A scaling argument is presented to estimate chexnatt scalar
dissipation rates affecting an accidental fire.sTdmalysis suggests that
the scalar dissipation rate increases with incnegféie size. The scalar
dissipation rate indicated is also sufficientlyglaito have a significant
impact on vitiated extinction conditions.

An order of magnitude analysis of radiation logses sooty flames is

presented. This analysis is useful for determigngpproximate range of
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radiation losses from flames with soot productibinis analysis highlights
the contribution of soot to the radiation loss frim flame.

Extinction Models
Both the AEA and SCDN extinction models are equedipable of
predicting local flame extinction for steady stéenelets. More

importantly, they are written as a function of gaattainable local
parameterdy, Yo , T¢', Y, Xq, andk.

The SCDN model has some advantages over the AEA&Ihmoduding a
physical theory based on simple timescales, a n®gekssion with less
complexity, a standardized method for determinictgvation temperature,
and less potential for numerical error. This wike in the understanding
and implementation of the model.

The critical flame temperature model is equivaterd constant scalar

dissipation rate assumption applied to either AEAGDN. It is a

considerable simplification that can still accotertvariations inTg , Yy,

T5, Y£, andk . However, its physical limitations suggest thas it
insufficient to accurately capture extinction iwae range of accidental
fires [102].

Future Work
The current models are not yet fully comprehensiViile the effects of
reactant leakage and non-unity Lewis number ardl stin@ accuracy of

these models can be improved by their inclusiomdDation losses due to
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cold wall interactions will also be significantsome applications,
warranting further research.

Further research is necessary to more accurateéyndiee instantaneous
scalar dissipation rates and local flame radiditisses in large scale
accidental fires. This will be critical to deterraithe validity of the
critical flame temperature model, or provide a maceurate critical flame
temperature (scalar dissipation rate).

The current radiative correction scheme is desidgaethe counterflow
diffusion flame. Some modifications may be necgssabrder to
successfully apply this model to LES of 3-D turlmileombustion.

The timescale associated with the ultra-low scodilssipation rates at the
radiative limit may prove problematic in LES of ansteady flame.
Further research is necessary to determine if kxtahction at this limit
can be predicted by the steady state models deileve, or by some

other means.

125



Appendix A

The following analysis is a detailed descriptiortteé radiative correction
term from Equation (23) following the methods oh&b et al. [36]. The impact of
radiation losses from the flame zone can be detethihrough analysis of the energy
balance equation. This analysis follows the apgrased in Activation Energy
Asymptotics where the flame is analyzed as twogwase linear mixing regions (fuel
side and oxidizer side) separated by an infinitkely reaction zone. The energy

balance equation can be written in terms of dinweriess parameters:

d2e o
e (v +a)a(¢) -1, expl- ), (A1)
~ Ticp
AR (A.2)
(Trad _-f)
g=y 221 A.3
y Tsrt?gs ( )
/-7
7=y S ), (A4)
st,BS
YOO
a=-2, (A.5)
T rad
LzﬁF,i:o,F (A.6)
i y 2
andyzw =5 (A.7)
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where 5(¢) is a delta function that forces the reaction tow@tZ = Z,, and F is

sty
defined in Equation (25). The second term in theSRifiEquation (A.1) represents
the energy lost due to radiation. Equation (A.T) ba integrated using a jump
condition at{ = 0(Z = Z) where the temperature profile is assumed to loe tw
piecewise functions of corresponding to the oxidizer side and the fude sif the

domain. The boundary conditions of these piecefusetions are; for the fuel side:

do| _(fms-T7) "8
dd 7+ (1_Zst) , '
. )2 1/2
ﬁ =2 + (Tst,gs —Tr ) (A.9)
dZ J=0+ " (l_ Zst)2 '
and for the oxidizer side:
-I—rad _TOO
:—§ = —( 5"BSZ ) , (A.10)
7 ——oo st
" 512
de Tecns — 1o,
E |02 ( tBSZ2 O ) ' (All)
{=0- st

which are temperature gradients at the inlet camttand on both sides of the
reaction zone. Integration of Equation (A.1) anabjty through application of the

boundary conditions then results in the expression:
YO +a = [2I02 + 13, (1- ,8)2]1/2 + [2IF + 12 (a + ,8)2]1/2, (A.12)

rrad _ T

_ (Tst,BS Toz)

o T e T2)’
tBS 'O,

S

(A.13)
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, (A.14)

and B=T¢ -T7. (A.15)
Equation (A.12) can be used directly to determ‘fgf’gs using an iterative method.

However, it is unclear from this expression exabthyv the flame temperature is
affected by radiation losses. A simplification pospd by Sohrab et al. is to assume

thatl,, is negligible, i.e. there is no radiation lossnfréhe oxidizer stream. This

assumption allows Equation (A.12) to be solved iekp for T;;?gs resulting in:

Ay Yeala + Ah, 2.\ —a
Tst,IgS =Tges ~ ( : ( 'B) |:1+ i ( £ )

Yo +a)ye -a) c, e +a)a+ '8)2} -1¢, (A.16)

which is equivalent to Equation (23). The secomthten the RHS of Equation (A.16)
can be interpreted as a temperature reductionatsglitation losses.

The assumption thdt, is negligible may be questionable with the presenc

of soot particles in the oxidizer stream due t@tin. In the framework of a
counterflow diffusion flame, Equation (A.16) is appriate due to the relatively
small value of« on the oxidizer side of the reaction. Howeveases with
significant oxidizer stream vitiation with soot, &gion (A.12) may be more

appropriate.
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