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Abstract

Dynamic flames are known to survive at strain rates that are much higher than those associated with steady-state
flames. A numerical and experimental investigation is performed to aid the understanding of the extinction process
associated with unsteady flames. Spatially locked unsteady flames in an opposing-jet-flow burner are established
and stretched by simultaneously driving one vortex from the air side and another from the fuel side. Changes in
the structure of the flame during its interaction with the incoming vortices and with the instability-generated sec-
ondary vortices are investigated using a time-dependent computational-fluid-dynamics-with-chemistry (CFDC)
code known as UNICORN (UNsteady Ignition and COmbustion with ReactioNs). The combustion process is
simulated using a detailed-chemical-kinetics model that incorporates 13 species and 74 reactions. Slow-moving
vortices produce a wrinkled but continuous flame, while fast-moving vortices create a locally quenched flame
with its edge wrapped around the merged vortical structures. In an attempt to characterize the observed quenching
process, five variables—namely, air-side, fuel-side, and stoichiometric strain rates and maximum and stoichio-
metric scalar dissipation rates—are investigated. It is found that these characteristic parameters cannot be usec
to describe the quenching process associated with unsteady flames. The flow and chemical nonequilibrium states
associated with the unsteady flames are responsible for changes in the extinction values of these traditional char-
acteristic variables. However, even though the quenching values of the scalar dissipation rates increase with the
velocity of the incoming vortices, the variations are much smaller than those observed in the strain rates. It is pro-
posed that a variable that is proportional to the air-side strain rate and inversely proportional to the rate of change
in the flame temperature can be used to characterize the unsteady quenching process uniquely.
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1. Introduction can be used in design codes for practical combus-

tion systems. Unsteady flames associated with turbu-

Studies of the structure of unsteady flames are im- |ent combustion are subjected to stretching that varies
portant for gaining an understanding of fundamental wjith time; typically, the time scale for the changes
combustion processes. Such studies provide insight iy sirain rate is comparable to those of the chemical

into turbulent-combustion phenomena and aid the de- (e.g., reaction time) and physical (e.g., diffusion time)

velopment and evaluation of simplified models that responses of the system. Because of the resulting non-

equilibrium environment, the structure of a stretched
* Corresponding author. unsteady flame differs from that of a stretched steady-
E-mail address: vrkatta@erinet.com (V.R. Katta). state flame.
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Numerous experimental and numerical investiga- extinction criterion based on local quantities is also
tions [1-3] have been performed to quantify the scalar required for the prediction of extinction during a vor-
structure of steady-state, aerodynamically strained, tex/flame interaction process.
planar, counterflow diffusion flames. Such studies During vortex/flame interactions, which are often
have not only provided benchmark experimental data considered to be the building blocks of statistical the-
but also yielded valuable insight into the steady- ories of turbulence, the flame surface is subjected not
state behavior of the planar flame that is subjected only to unsteadiness but also to deformation. To in-
to stretch (or strain) rates up to the extinction limits. vestigate the effects of curvature on unsteady flames,
In practical combustion devices, flames are subjected both theoretical and experimental studies have been
to severe unsteadiness that results from the random initiated [15-18]. In particular, experiments designed
motion of the vortices [4,5]. To retain the analytical by Roberts et al. [19] and by Rolon et al. [20] have
and experimental simplicity offered by planar diffu- generated considerable interest, especially because of
sion flames, however, the unsteady flame structure is their unique ability to inject a well-characterized vor-
also investigated in counterflow flames by fluctuating tex toward the flame surface. Numerous investiga-
the fuel and air jets simultaneously and sinusoidally tions have been performed by varying the size and
[6-8]. Although the results have indicated that un- strength of the vortex in opposing-jet burners [20] in
steady flames can be stretched beyond the steady-attempts to understand global features such as scale
state extinction limit [9], these studies are mainly [21,22] and origin [23] effects and localized features
focused on understanding the behavior of the flame such as annular-quenching [24] and non-adiabatic-
when subjected to moderate-amplitude fluctuations in equilibrium-temperature [25,26] phenomena.
strain rate [7], reactant composition [7,10], and par- Recent studies on vortex/flame interactions by
tial premixing [11]. Since the extinction strain rate, Katta and Roquemore [23] revealed that the extinc-
in general, is higher than the maximum strain rate at tion strain rate of an unsteady flame is dependent on
which ignition can occur, temporal flame extinction at  whether the flame is traveling or stationary. By issu-
any time within the fluctuation cycle in a periodically  ing vortices from the fuel and air sides of an opposing-
oscillating counterflow flame could lead to complete flow jet diffusion flame, they simulated traveling and
flame extinction. Consequently, strain rates that are stationary unsteady flames. In the traveling unsteady
lower than the extinction limit are often used in the flame, not only the strain rate on the flame but also the
periodically oscillating-flame experiments. flame location was changed with time; in the station-

Using numerical simulations Ghoniem et al. [12] ary unsteady flame, on the other hand, the strain rate
have demonstrated that partial extinction and reigni- was varied with time by locking its position spatially.
tion can occur in a periodically oscillating counter-  The latter unsteady flames, established by issuing vor-
flow flame when it is subjected to a high-amplitude, tices simultaneously from the air and fuel sides, of-
high-frequency perturbation. Recently, Egolfopoulos fered a pathway to understanding the unsteady-flame
[13] provided a detailed analysis of unsteady coun- structure near extinction.
terflow flames and concluded that even though the Several investigators have developed models [17,
flame response to strain-rate perturbations diminishes 27,28] for the study of the interaction between a
at higher frequencies, the substantial transient effects planar flame and an induced vortex. In all of these
that still exist in the flame zone lead to partial extinc- models, it was assumed that an artificially created
tion and reignition. Following these findings, Cuenot (by specifying the vorticity field) vortex pair inter-
et al. [14] proposed the following extinction criterion:  acts with a flat flame formed in a parallel flow. Al-
for an unsteady flame to be extinguished, the applied though this assumption has advantages in exploring
strain rate should not only exceed the critical steady- interesting aspects of vortex/flame interactions, inves-
state extinction value but also remain higher over a tigations employing these synthesized vortices do not
characteristic time. represent actual interactions in opposing-jet flames

The unsteady extinction criterion proposed by and, hence, cannot facilitate direct comparisons be-
Cuenot et al. [14] uses global quantities such as ap- tween predictions and measurements, making verifi-
plied strain rate, crossover temperature, and charac- cation of the former very difficult.
teristic time, which are readily available for period- Recent advances in computer hardware and the
ically oscillating-counterflow-flame configurations. need to improve the understanding of combustion
However, in the case of flames stretched by vortices, phenomena under complex practical situations have
such global quantities cannot easily be estimated led to the development of two- and three-dimensional
since the local strain rate and characteristic-time scale computational-fluid-dynamics models that incorpo-
strongly depend on the evolution of the vortex (note rate detailed chemical kinetics (CFDC) [29,30]. Com-
that entrainment modifies the vortex-propagation ve- plete simulation of the opposing-jet flame using mul-
locity) in the given flowfield. Therefore, an unsteady tidimensional models not only eliminated concerns
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regarding the simplified analyses but also provided
a valuable tool for studying vortex/flame interactions
in premixed [19,31] and diffusion [20,24] flames. In
the present investigation, a well-tested CFDC model
was used to understand the unsteady flame struc-
ture near extinction and to characterize the extinction
process.

2. Mathematical model

A time-dependent axisymmetric model known as
UNICORN (UNsteady Ignition and COmbustion with
ReactioNs) [32] was used for the simulation of un-
steady flames associated with an opposing-jet-flow
burner. This model solves the Navier-Stokes and
species- and energy-conservation equations written in
the cylindrical-coordinatez{r) system. A detailed-
chemical-kinetics model is employed to describe the
hydrogen—air combustion process. This model con-
sists of 13 species—namelypHO», H, O, OH, B0,
HO2, HoO2, N, NO, NOp, N2O, and Nh—and 74
elementary reactions among the constituent species.
The rate constants for thispHO»,—N» reaction sys-
tem were obtained from Ref. [33].

Temperature- and species-dependent property cal-
culations are incorporated into the model. The gov-
erning equations are integrated on a nonuniform
staggered-grid system. An orthogonal grid having
rapidly expanding cell sizes in both the axial and the
radial directions is employed. The finite-difference
forms of the momentum equations are obtained using
an implicit QUICKEST scheme [34,35], and those of
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Fig. 1. Schematic diagram of the opposing-jet-flow burner
used for investigations of double-vortex/flame interactions.
Nitrogen-diluted hydrogen fuel and air were introduced from
upper and lower nozzles, respectively. The structure of the
steady-state flame is also shown in the form of the iso-
temperature distribution.

and air sides. The collision of these vortices with the
flame surface, in general, imposes unsteady stretch

the species and energy equations are obtained usingon the flame. Such a collision involving stronger vor-

a hybrid scheme of upwind and central differencing.
At every time step, the pressure field is calculated
by solving the pressure Poisson equations simulta-
neously and utilizing the LU (lower and upper di-
agonal) matrix-decomposition technique. UNICORN
has been validated previously by simulating vari-
ous steady and unsteady counterflow [23,24,27] and
coflow [30,36] jet diffusion flames.

3. Resultsand discussion
3.1. Burner details

The opposing-jet-flow burner used for the inves-
tigations of unsteady-flame structures was designed
by Rolon, is shown in Fig. 1, and is described in de-
tail in Ref. [20]. A flat flame is formed between fuel
and air jets having velocities of 0.69 and 0.5sn
respectively. The hydrogen-to-nitrogen ratio used for
the fuel jet is 0.38. Unsteady flames are established
by injecting vortices simultaneously from the fuel

tices may also quench the flame locally and generate
multiple vortices. Studies were performed to inves-
tigate various types of vortex-collision/flame inter-
actions by incorporating different sizes of fuel- and
air-side injection tubes and varying the injection du-
rations. Air-side vortices were generated by injecting
a specified amount of air through the syringe tube
(Fig. 1) and then through a 5.0-mm-diameter injec-
tion tube. On the other hand, fuel-side vortices were
generated by injecting a specified amount of fuel
through the syringe tube and then through either a 2.0-
mm- or a 5.0-mm-diameter injection tube. Two types
of interactions—namely, unsteady nonstationary and
unsteady stationary—are treated in the present pa-
per. Thez—r coordinate system used for the simu-
lation of flames associated with the Rolon burner is
shown in Fig. 1. Calculations for these axisymmet-
ric flames were made using a nonuniform 603801
mesh system distributed over a physical domain of
40 x 40 mm, which yielded a mesh spacing of 0.05
mm in both the axial{) and the radial«) directions

in the region between the two nozzles.
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Fig. 2. Steady-state flame structures along the centerline for the reference flame (broken ling3) any{,” flame (solid
lines). Points A-D represent mixture fractions at stoichiometric conditions.

3.2. Seady-state flame structure

Prior to the injection of vortices, a flat flame is
simulated for the experimental conditions described
earlier. The computed steady-state flame in the form
of isotemperature distributions is shown in Fig. 1,
along with the schematic diagram of the burner. Note
that the gravitation force in this simulation is ne-
glected. The slight upward curvature of the flame
surface develops as a result of the lower density of
the hydrogen fuel. Apparently, the velocity difference
used for the fuel and air jets (0.69 vs 0.5snre-
spectively) did not provide a perfect balance of mo-
mentum for the two jets, resulting in a slight shift
in the flame location from the burner mid-plane to-
ward the air jet (lower nozzle). The flame structure
along the centerline (also known as the stagnation line
in this opposing-jet-flow configuration) is shown in
Figs. 2—4 and is referred to as the reference flame. The
fuel, oxygen, and mixture-fractiort) distributions
are represented in Fig. 2 by broken lines (reference
flame). As a result of nonequilibrium chemistry, hy-
drogen and oxygen coexist in an overlap region that
is ~2 mm thick. Although several forms of mixture-
fraction definition are available in the literature [37],
no particular form has an advantage over the others
in describing the flame structure, and in many studies
a particular form of mixture fraction is selected over
others as a matter of convenience [38]. The one used
in the present study is based on the mass fraction of
fluid that originates from the fuel jet at a given lo-

cation [37]. In hydrogen flames this mixture fraction
(&R) is computed from the following equation:

(i i)
WH,0;
YH
(wH )]
Here, Y; represents the mass fraction of tlth
species,w; represents the molecular weight of the
ith species, and the superscript 0 represents the state
in the fuel jet. The stoichiometric value of the mixture
fraction Estoich), calculated based on the flow condi-
tions used in this study, is 0.5264. This stoichiometric
condition is established (Location A in Fig. 2) on the
oxygen-rich side of the reaction zone.

Fig. 2 shows that the mixture fraction for the ref-
erence flame did not increase monotonically from
zero on the air sidez(= 0) to unity on the fuel side
(z =40 mm). Rather, it reached a peak value at about
z =195 mm and then stayed at a plateau before rising
to unity. This nhonmonotonic behavior suggests that
the laminar flame shown in Fig. 1 cannot be uniquely
described in the mixture-fraction domain. For exam-
ple, several locations on the flame along the centerline
have the same mixture-fraction value of 0.63 (Fig. 2),
while the temperatures at these locations vary be-
tween 1195 and 1510 K.

The nonmonotonic variation in mixture fraction
across the flame, shown in Fig. 2, is specific to the hy-
drogen/air opposing-jet flow considered in this study.
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Fig. 3. Mixture fraction and scalar dissipation rate along the centerline for the reference flame (broken ling3) anbj,”

flame (solid lines).

0.6 T T T T

0.4

0.2

200

150

‘max

d100e
stoich B »
g o g
= =
jo=] K \. _,';
a ‘n
02 s - vt
04F, -k
.0‘() -
1 1 1
0 5 0 15

z (mm)

Fig. 4. Velocity, temperature, and strain rate along the centerline for the steady-state flame shown in Fig. 1.

To investigate whether such behavior appears in other fects associated with hydrogen flames. The stoichio-

forms of mixture fractions, variations of mixture frac-
tions obtained from the elemental mass fractions of
the oxygen atom&p) [37] and the hydrogen and oxy-
gen atomsgngo) [39] are displayed in Fig. 2 using
solid and open symbols, respectively. Note that the
latter form of mixture fraction was proposed by Bilger
[39] to take into account the preferential-diffusion ef-

metric mixture fraction for all three forms is 0.5264.
The mixture fraction £§o) obtained using the ele-
ment originating from the oxidizer jet (which is O)
increases smoothly with distance, and stoichiometry
occurs atz = 19.66 mm (Location C), which is on
the fuel side of the reaction zone. As expected, the
mixture fraction éqgo) calculated based on elements
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originating from both the fuel and the oxidizer jets
falls betweerty and&p, and stoichiometry occurs at
z=19.45 mm (Location D).

Since the mixture fraction is extensively used in
characterizing the structure of a diffusion flame, it is
useful to identify the underlying flame properties for
the nonmonotonic behavior of the mixture fraction.
In laminar nonpremixed flames, mixing takes place
through diffusion only; and if the diffusivities of all
species are equal, then the mixture fraction becomes
an independent variable with respect to the choice
of species. However, in hydrogen flames the diffu-
sivity of hydrogen (into nitrogen) is approximately
three times that of oxygen, and the mixture frac-
tion does not become an independent variable#

&0 # EHgO), as shown in Fig. 2. To demonstrate the
preferential-diffusion effect on mixture fraction, cal-
culation of the steady flame in Fig. 1 is repeated by
assuming that the diffusion coefficients of all of the
species are identical to that of hydrogen and by en-
forcing the Le= 1 condition for heat transport. The
distributions of fuel and oxygen concentrations and
the mixture fraction for the D; = Dy,” flame are
shown in Fig. 2 with solid lines. The flame became
thicker than the reference flame as a result of in-
creased oxygen diffusion. In thi); = Dy,” flame,

the mixture fraction was monotonically increased to
unity from zero, and the stoichiometric value (0.5264)
appeared at = 19.1 mm (Location B), where the
mole fraction of oxygen is nearly twice that of hy-
drogen.

In the reference flame oxygen diffuses much more
slowly (~0.3 times) than hydrogen. Because of this
lower diffusivity, the oxygen-concentration profile on
the air side is steeper (Fig. 2) than that in thg; ‘=
Dy,” flame; this, in turn, causes the mixture-fraction
(&n) profile to be steeper on the air side. Similarly,
water diffuses more slowly in the reference flame than
in the “D; = Dy," flame. This increases the water
concentration in the flame zone (Fig. 3) and, thereby,
the local value of the mixture fraction—Ileading to a
peak in the profile. Note that the stoichiometric value
of the mixture fraction in the reference flame appears
at a location that is slightly shifted from the stoichio-
metric condition based on the reactant mole fraction
(i.e., Xo, = 2Xy,) toward the air side. In fact, none
of the mixture-fraction definitions yielded stoichio-
metric conditions at their respective stoichiometric
values.

The scalar dissipation rapeis often used to char-
acterize a stretched diffusion flame. Based on the mix-
ture fraction,y is defined as

ol 2]
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Here, D is the diffusion coefficient and, for simplic-
ity, may be considered to be 1/5?. Variations of the
scalar dissipation rate and the mole fractions ¢OH
along the centerline are shown in Fig. 3 for both the
reference and theD; = Dy,,” flames. The steep gra-
dient in&y in the former flame resulted in values pf
that were significantly higher than those obtained in
the latter flame. Furthermore, the reference flame ex-
hibits more than one peak in thedistribution; this is
true for all of the scalar-dissipation-rate profiles that
were obtained for this flame by employing various
mixture-fraction definitions. The existence of double
peaks in the scalar dissipation rate is a particular char-
acteristic of a diffusion flame in which preferential-
diffusion and non-unity-Lewis-number effects are
significant. The stoichiometric values of the scalar
dissipation rates for both reference and; "= Dp,”
flames are indicated in Fig. 3 by solid circles. In both
flames the maximum scalar dissipation rates occur
on the air side of the stoichiometric location. The
peak value ofy in the reference flame is about 20%
higher than that at stoichiometric location and appears
~1 mm on the air side. Since there is no particular
advantage in using one form of scalar dissipation rate
over the other for characterizing a hydrogen diffu-
sion flame, the scalar dissipation rate calculated from
Eq. (1) is used in the present study for convenience.

The velocity, temperature, and strain-rate distrib-
utions along the centerline for the steady flame are
shown in Fig. 4. Several investigators have used strain
rate to characterize an opposing-flow jet diffusion
flame. However, as seen in Fig. 4, this flame has no
single (or unique) strain rate. The various strain rates
that can be defined for this flame are as follows:

(1) global strain rate based on nozzle separation and
exit velocities(kgiop) = 29.75 71,

(2) air-side strain raték,) = 489 s™1,

(3) fuel-side strain raték ;) = 59.6 2,

(4) strain rate at the stoichiometric surfa@iich
=689s1,

(5) peak strain ratékmax) = 1125 s 1.

The air- and fuel-side strain rates are obtained from
the locations where the temperature initially begins to
increase from room conditions on the respective sides.
In a steady-state flame, as shown in Fig. 4, the air- and
fuel-side strain rates match the local peak values on
the respective sides of the flame zone. However, such
a criterion does not necessarily hold in the case of un-
steady flames. Therefork, andk  are obtained from
the temperature gradient rather than the peak values
for all of the unsteady flames discussed in the present
paper.

The steady-state flame shown in Fig. 2 represents
a weakly strained laminar flame. The peak strain rate
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on the fuel side is greater than that on the air side as a tube and fuel through a 2-mm-diameter injection tube.

result of the difference in the density of the two jets.
Even at this low strain rate, the fuel and oxidizer are
not completely consumed simultaneously in the flame
zone. In an overlap region f2 mm, both H and &

are present (cf. Fig. 2). The flame (peak-temperature
region) is located at = 19.2 mm, and its temperature
of 1560 K is only slightly lower than the correspond-
ing adiabatic equilibrium temperature of 1598 K.

The steady-state strain rate of the opposing-jet
flame can be increased by gradually increasing the
velocities of the fuel and air jets. Calculations were
repeated with the jet velocities being varied, and it
was found that a stable steady-state flame could be
obtained for fuel and air jet velocities of 16 and
14 my/s, respectively. These velocities yielded an air-
side strain ratek ), a fuel-side strain ratek{), and
a strain rate at the stoichiometric surfa@gioic) of
1410, 1678, and 246073, respectively. The max-
imum scalar dissipation rategfax) and the scalar
dissipation rate at the stoichiometric surfaggiich
for this extinction condition are 1.28 and 0.78, re-
spectively. The corresponding peak (flame) tempera-
ture was 1130 K. The extinction strain rate and flame
temperature agree favorably with calculations made
by Gutheil et al. [40]. A small increase in either
air- or fuel-jet velocity from these extinction limits

Evolution of the vortices and their interaction with
the flame surface depend on the injection duration.
In general, with shorter injection durations, the gen-
erated vortices travel faster toward the flame surface
and affect its structure as the local-flow time scales
approach the chemical time scales. Calculations and
measurements are performed to capture the colliding-
vortex/flame-interaction process for various injection
velocities.

While calculations for peak injection velocities
of <2 m/s yielded flames that were stretched and
wrinkled but not extinguished anywhere, calcula-
tions for higher velocities resulted in flame quench-
ing along the stagnation line and propagation of the
flame edge into the multivortex flowfield. Experi-
ments were also performed for some of the injection
conditions in an attempt to understand the flame-
guenching pattern during the vortex—flame—vortex
interaction process. The computed and experimental
results for the+-5/—5-m/s injection case at different
stages of the interaction process are shown in Fig. 5.
The computed temperature and OH-concentration
distributions are plotted on the left and right halves
of Figs. 5a-5c. The instantaneous locations of the
particles that were released from the air and fuel
nozzles are also shown in these figures to aid vi-

first caused the flame temperature to decrease below sualization of the flow structures. Air injected from
1130 K and then caused the flame to extinguish, with the 5-mm-diameter tube generated a vortex, and it
its temperature reaching 300 K inl ms. Based on grew to 12 mm in diameter by the time (8.1 ms) it
these calculations a steady-state-extinction criterion reached the flame surface (Fig. 5a). Similarly, dur-
of 1130 K has been established and was used in the ing the same time period, the fuel vortex grew to
later studies on unsteady flame extinction. Analysis of 5 mm from its initial size of 2 mm. The collision
unsteady flames (shown in a later section) suggested of these two vortices at the flame surface stretched
that the 1130-K criterion for defining extinction is  the flame. The temperature of the flame along the
valid for unsteady flames also. stagnation line decreased to 1140 K, which is near
An unsteady strain rate was imposed on the flame the quenching limit of 1130 K. In another millisec-
shown in Fig. 1 by issuing vortices simultaneously ond, the double-vortex/flame interaction completely
from the fuel (top) and air (bottom) nozzles. Various quenched the flame that was sandwiched between the
unsteady flames were generated by injecting air and vortices in the region around the centerline (Fig. 5b).
fuel through the respective syringe tubes in such a As the vortices continued to push against each other in
way that the peak values of the exit velocities were in the hole formed on the flame surface, the edge of the
the range of 2—19 rts. In the following sections, the  flame wrinkled and propagated into the fuel vortex, as
dynamics associated with these vortices is discussed, evident in Fig. 5c. Similar behavior was observed in
followed by the changes to the flame structure caused the OH-concentration distributions obtained in the ex-

by the impingement.

3.3. Interaction with colliding vortices of
different sizes

periment through the use of the planar laser-induced-
fluorescence (PLIF) technique (Figs. 5d-5f). Details
of the PLIF measurements made in the Rolon burner
are given in Refs. [41,42]. Considering the difficulties

associated with the alignment of the small tubes that

Vortices are shot toward the flame surface simulta- were separated by 40 mm, the symmetric nature of
neously from the air and fuel sides by injecting a spec- the flowfield obtained in the experiments during the
ified amount (2.2 cr%) of air and fuel through the re-  double-vortex/flame interactions is reasonable. The
spective syringe tubes. The flame-quenching process predictions are qualitatively in good agreement with
with colliding vortices of different sizes is studied the measurement results. The injection velocities for

by injecting air through a 5-mm-diameter injection the vortices in the present calculations were estimated
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12 0 12

Fig. 5. Comparison of simulated ((a), (b), and (c)) and measured ((d), (e), and (f)) double-vortex/flame interactions at various
instants. Particle locations are superimposed on temperature (left) and OH (right) fields of computed data. Raw data from PLIF
of OH shown in experimental images. (a) and (djpains, (b) and (e) afy + 1 ms, and (c) and (fjp + 2 ms.

from the total amounts of fluid used for injections the utilization of 5-mm-diameter injection tubes on
in the experiment—not from the actual velocities— both the air and the fuel sides.
which may have contributed to the discrepancy noted
between the experiments and calculations in Fig. 5. 3.4. Interaction with colliding vortices of the

The collision of vortices of different sizes at the samesize
flame surface not only generated unsteady stretching
on the flame but also shifted the flame location dur- A wide range of strain rates was imposed on the
ing the interaction process. As discussed earlier and in flgme by forcing vortices from the fuel- and air-
Ref. [23], the translation velocity of the flame duringa  injection tubes simultaneously by (1) changing the
vortex/flame-interaction process alters the extinction maximum injection velocity and (2) changing the rise
strain rate, thereby complicating the relationship be- times, as shown in Fig. 6. Here, the imposed velocity
tween the unsteady strain rate and extinction. To alle- with respect to time at the exit of the air-injection tube
viate this problem, investigations were performed by is shown for different injection schemes. Identical
injecting vortices of the same size from the fuel and negative-velocity profiles were superimposed on the
air sides simultaneously. This was achieved through steady flow emanating from the fuel-injection tube.
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Fig. 6. Imposed velocity profiles at exits of fuel and air nozzles for generating various types of double-vortex/flame interactions.

In the case where the maximum velocityfax) was
changed, the rate of increasg)) for the imposed ve-
locity was set at 2450 yig? (for example, 1, 2, and 3

in Fig. 6); and in the case where the rise times were
changed, the maximum velocity was set at 1/tior
example, 3 and 4 in Fig. 6). Calculations were per-
formed for each case until the interaction reduced the
flame temperature to 1000 K, which was well below
the extinction temperature of 1130 K.

Vortex and flame structures at two instants for two
cases with different maximum velocities are shown in
Fig. 7. In both cases, the rate of increase for the super-
imposed velocity was set at 245Q/a%, and the max-
imum velocities were set equal to 5/mfor the first
case (Figs. 7a and 7b) and 13 rfor the second case
(Figs. 7c and 7d). Temperature is shown on the left
side, and OH-concentration distributions are shown
on the right. Instantaneous locations of the particles
are superimposed on the temperature-OH plots to dis-
play the structures of the fuel and air vortices. The im-
posed velocity functions that generate these vortices
are shown as Profiles 1 and 2 in Fig. 6. The injec-
tion velocity with a 5-mf's maximum value, failed to

being dynamically stretched; this established a sta-
tionary unsteady (no translational component) strain
rate on the flame. The flame in the 13mmaximum-
velocity case was nearly extinguished at the centerline
in 6.1 ms (Fig. 7d), and the temperature decreased to
1190 K.

3.5. Unsteady flame structure

The flame structures along the centerline at three
instants for the+13/—13-m/s interaction case are
shown in Fig. 8. As the flame was being stretched,
its thickness and temperature decreased, while the
peak-temperature location remained nearly the same
(z ~ 19.2 mm). Also, the reactant fluxes (gradients)
near the flame zone increased with flame stretch.
The amounts of fuel and oxygen crossing the flame
(Fig. 8) due to nonequilibrium chemistry increased
with flame stretch. The variations in strain rate, mix-
ture fraction, and scalar dissipation rate along the cen-
terline at 5.7 and 6.1 ms are shown in Figs. 9 and 10,
respectively. The important quantities, & ¢, kstoich
Xstoich @Nd xmax are represented in these figures by
filled circles. While the strain-rate distributions in the

cause flame extinction. The temperature decreased 10 flame that is sandwiched between the two vortices are

1190 K in 8.35 ms (Fig. 7b) and then remained at this
value during the remainder of the interaction process.
It is evident from Fig. 7 that the flame did not travel
axially while being stretched between the fuel- and
air-side vortices for both velocity cases. In fact, for
all of the velocity cases considered for colliding vor-
tices of the same size, the flame did not travel while

quite different from that of the steady-state flame, the
scalar-dissipation-rate distributions in unsteady and
steady-state flames remain similar. Even though the
strain rate has increased significantiy2000 §1) on
both sides of the flame at 5.7 ms (Fig. 9), this high
strain rate has not yet applied on the flame surface.
Air- and fuel-side strain rates have increased only to
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Fig. 7. Interaction of equal-sized counter-traveling vortices with flame at different instants: (a) and (b) ferafan(c) and (d)

for 13-my/s peak-injection-velocity cases. Isotemperature and
respectively.

1120 and 1416, respectively, while the maximum
scalar-dissipation rate has increased to 1.08 s

At + = 6.1 ms the flame temperature decreased
to 1150 K, and quenching of the flame was not ob-
served. However, the air- and fuel-side strain rates
increased to values that were well above the corre-
sponding steady-state strain rates for extinction. In-
terestingly, the stoichiometric value of the scalar-
dissipation rate deviated significantly from its maxi-
mum value (Fig. 10).

3.6. Extinction criterion for unsteady flames

The unsteady hydrogen flame is considered to
be extinguished when its temperature falls below
1130 K, based on the steady-state-extinction crite-
rion discussed earlier. Defining an extinction criterion
for unsteady flames based on a critical temperature

OH-mole-fraction contours are plotted on the left and right sides,

seems appropriate since the chemical kinetics and the
heat-release rate (or temperature) are closely associ-
ated and such a criterion is often used in determining
the extinction concentrations for fire-extinguishing
agents [43,44]. The accuracy of this approach is eval-
uated in this section by investigating several unsteady
flames under near-extinction conditions. Variations of
flame temperature and heat-release rate with time dur-
ing a slow, a moderate, and a fast vortex/flame interac-
tion are shown in Fig. 11a. Similarly, the variations in
peak production and destruction rates of the OH rad-
ical are shown in Fig. 11b, and those of the H radical
are shown in Fig. 11c.

As the stretch on the flame is increased, increas-
ingly more reactants are forced into the flame zone.
As aresult, (1) consumption of reactants in the flame
zone increases—yielding an increase in the heat-
release rate—and (2) the temperature decreases as
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Fig. 9. Mixture fraction, scalar dissipation rate, and strain rate along the centerline &tms during double-vortex/flame
interaction produced using a 13/minjection velocity.

a result of the inability of the flame to consume flame begins to extinguish, all the quantities in Fig. 11
(burn) all of the reactants. An increase in reactant decrease rapidly. It is important to note that extinc-
consumption also increases the production and de- tion of a flame is not an instantaneous event but a
struction rates for all of the species, with the excep- process which takes place over a period of time. In
tion of the OH radical. The production rate of OH flame studies, however, the instant at which the ex-
decreases monotonically, as shown in Fig. 11b, to tinction process begins is of most interest and is the
zero as the flame is stretched. In any case, once the one investigated in the present study. In steady-state
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Fig. 12. Variations of flame temperature and strain rates with time during two double-vortex/flame interactions.

flames it was observed that the temperature and heat- guished are significantly higher than those at which
release rate increase with stretch rate and that the steady-state flames are extinguished [9,23]. Since the
extinction process begins when the flame tempera- strain rate has been found to be an inadequate quantity
ture decreases to 1130 K. As evident from Fig. 11a, for describing the extinction behavior of an unsteady
the heat-release rate in unsteady flames also reachesflame, several researchers have examined other vari-
a maximum value when the temperature decreases ables that might be used for this purpose. The variable
to 1130 K, and any further decrease in temperature often used is the scalar dissipation rate [45]. The re-
is associated with a sharp decrease in heat-releasesults obtained for double-vortex/flame interactions in
rate. This temperature/heat-release-rate behavior is the present study were used to investigate the ade-
the same in all of the unsteady flames simulated using quacy of the strain rate and scalar-dissipation rate for
a wide range of vortex velocities (or vortex/flame- describing the quenching process associated with un-
interaction times) and strongly correlates with the be- steady flames.

havior observed in steady-state flames. Consequently,

the 1130-K criterion found in steady-state flames is 3.8. Vortices with different injection masses

extended to unsteady flames for determining the time

at which extinction begins. Interestingly, OH and H The double-vortex/flame interaction shown in
destruction rates (Figs. 11b and 11c) reach their peak Figs. 7a and 7b stretched the flame significantly but
values slightly before the temperature decreases to did not cause flame extinction. On the other hand, the
1130 K, and production of OH ceased ms prior to interaction shown in Figs. 7c and 7d caused local ex-
this event. For the fast vortex/flame interaction, OH tinction. These two interactions were obtained by in-
production ceased at= 3.6 ms and was not apparent  jecting fluids at different peak velocities. The changes

in Fig. 11b. in temperature and various strain rates during these
interaction processes are shown in Fig. 12. When the

3.7. Characterization of extinction in injection peak velocity was 3 s, the flame temper-

unsteady flames ature gradually decreased 101300 K and then re-

mained at that level, accompanied by some weak os-
Simulations made for various double-vortex/flame cillations (~20 K in magnitude). Typically, soon after
interactions resulted in local flame extinction along the collision at the flame surface, the double vortices
the centerline. Traditionally, extinction is character- generate secondary vortices; this, in turn, creates os-
ized by the strain rate imposed on the flames [1,3]. cillations in the flame temperature. Nevertheless, for
However, it has been shown by several authors that this injection the flame was not extinguished. The air-
the strain rates at which unsteady flames are extin- side strain rate increased, as expected, with time dur-
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ing the double-vortex/flame interaction and reached a
maximum value of 108078, This value is well be-
low the steady-state extinction strain rate of 1416;5
hence, flame quenching would not be expected for
this injection condition. The fuel-side strain rate and
that at the stoichiometric location also increased with
time during the interaction process. Interestingly, the
stoichiometric strain rate began to deviate increas-
ingly from k, andk s as the flame was stretched.
Similar plots for the 13-ms peak-injection-velo-
city case are also shown in Fig. 12. In this case the
flame temperature decreased rapidly to room temper-
ature, with flame quenching occurring at1130 K.
As discussed earlier, this temperature limit was ob-
tained from the steady-state quenching study. The
temperature and various strain rates at the instant
of flame extinction are indicated by solid circles in
Fig. 12 for the 13-njis peak-injection case. It should
be noted that the air-side strain rate at the time of
extinction is~2600 §1, which is nearly twice that
required to quench the flame in a steady-state man-
ner. The air- and fuel-side strain rates seem to in-
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eral, the strain rate at which extinction takes place
increases with applied maximum injection velocity.
It is also evident from this figure that an opposing-jet
flame survives at a strain rate that is much higher than
the steady-state extinction limit (1410"9—if the
flame is subjected to that strain rate rapidly. In other
words, the faster the flame stretches, the higher the
strain rate it can withstand without being quenched.
Similar behavior was observed in other characteristic
parameters such &g, kstoich Xmax, andxstoich
Vortices generated using a fixed rate of increase
(ag = 2450 m/sz) in injection velocity traveled to-
ward the flame surface and caused the flame to stretch.
However, as evident in Figs. 13 and 14, the stretch
applied on the flame surface did not increase in pro-
portion to the peak value of the injection velocity, and
the maximum imposed air-side strain rate was limited
to ~2635 s because of the apparent saturation in
vortex-penetration velocity. Vortices generated with
peak values-10 my/s caused extinction prior to the
injection velocity reaching its specified peak value;
thus, the peak value became trivial with regard to

crease at the same rate during the interaction process;the quenching process. To circumvent this saturation
the stoichiometric strain rate, on the other hand, in- problem, vortices were generated by injecting fluid
creases much more rapidly, and the value at extinction at different rates of increase in the injection velocity
(~5750 §1) is nearly 2.3 times that obtained for a  (2450-4900 MSZ) and by maintaining the peak in-
steady-state flame. jection velocity at 19 rps, as shown in Fig. 6. Such a
To aid the understanding of the extinction behavior high peak value was chosen to ensure that extinction
of an unsteady flame, the temperature and strain-rate would occur prior to the injection velocity reaching
behavior for all of the peak-injection-velocity cases the peak value even at the slowest rate of injection
are plotted in Figs. 13 and 14, respectively. Flame ex- (2450 nys?).
tinction is observed only for the cases with peak injec-
tion velocities greater than 5 fa. As the peak injec-
tion velocity is increased above this value, the flame
temperature decreases rapidly. However, the response  Calculations for the double-vortex/flame interac-
of the flame to the changes in peak injection veloc- tions were made using the above-mentioned constant-
ity diminishes at higher peak values. For example, the peak-velocity injection scheme. The changes in flame
decrease in temperature remains nearly the same for temperature along the centerline during the interac-

3.9. \Vortices with the same injection mass

the 12- and 13-ifs peak-injection cases. Note that
all of the double-vortex/flame interactions shown in
Figs. 13 and 14 were obtained by imposing the same
rate of increase for different peak-injection-velocity
cases, as shown in Fig. 6. This suggests that in the
higher peak-injection-velocity cases, the primary vor-
tex growth—and, thereby, flame extinction—occurs
prior to the injection velocity actually reaching the
peak value, which renders a further increase in the
maximum velocity trivial with regard to the flame-
extinction process.

The increases in air-side strain rate, X during
various double-vortex/flame interactions are shown
in Fig. 14. The extinction conditions for cases with
peak injection velocity-5 m/s, determined based on
the 1130-K temperature limit, are indicated by filled-
circles. The envelope passing through these circles
separates the flame from its extinction state. In gen-

tion process for all of the cases are plotted in Fig. 15.
The extinction process in the flame was considered to
begin when the temperature decreased to 1130 K. Fur-
ther decrease in temperature after the flame is locally
extinguished results from the diffusion and conduc-
tion of products and heat, respectively, from the flame
zone. As expected, the flame responds uniquely to
changes in the acceleration of fluid injection. The time
at which extinction occurs is inversely proportional to
the rate of increase:g) in the injection velocity.

The changes in air-side strain rate during the
vortex/flame-interaction process are shown in Fig. 16
for variousag cases. The stain rates at which extinc-
tion took place were obtained from the 1130-K-cutoff
criterion and are indicated by filled circles in this fig-
ure. A linear decrease in extinction strain rate with
time can be observed. All of the interactions in Fig. 16
occur more rapidly than those in Fig. 14 and are
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Fig. 13. Variations of flame temperature with time for double-vortex/flame interactions simulated using various peak injection
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Fig. 14. Variations of air-side strain rate with time for double-vortex/flame interactions simulated using various peak injection
velocities.

sustained to much higher air-side strain rates. The ex- tion of an unsteady flame. In other words, the value of
tinction strain rate increased from 2600 to 3200 s the air-side strain rate at which extinction occurs in an
when the injection-fluid accelerations were increased unsteady flame depends on the rate at which the flame
from 2450 to 4900 ms2 The data in Figs. 14 and 16 ~ was strained. Changes in fuel-side and stoichiometric
clearly indicate that using a unique value of air-side strain rates with time for various double-vortex/flame
strain rate, one cannot predict the quenching condi- interactions (forumax = 19 m/s cases) are plotted
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Fig. 16. Variations of air-side strain rate with time for double-vortex/flame interactions simulated using various rates of increase
in injection velocity. Extinction values based on the 1130-K-temperature criterion are indicated by solid circles.

in Figs. 17 and 18, respectively. Similar to the be- rate values. Figs. 15-17 suggest that none of these
havior of the air-side strain rate, both the fuel-side strain rates can characterize an unsteady extinction
and the stoichiometric strain rates increase with time. process uniquely. However, among the three strain
It is important to note that these extinction-strain- rates, the air-side one is the least sensitive to unsteadi-
rate values (obtained from the 1130-K-cutoff criterion ness. It decreased by only 585lswhen the vortex

and indicated by solid circles) also decrease with interaction time was increased by 1.77 ms, while the
time—similar to the behavior of the air-side strain- fuel-side and stoichiometric strain rates decreased by
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Fig. 17. Variations of fuel-side strain rate with time for double-vortex/flame interactions simulated using various rates of increase
in injection velocity. Extinction values based on the 1130-K-temperature criterion are indicated by solid circles.
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Fig. 18. Variations in strain rate at the stoichiometric location with time for double-vortex/flame interactions simulated using
various rates of increase in injection velocity. Extinction values based on the 1130-K-temperature criterion are indicated by solid
circles.

860 and 2000 s, respectively. The reason for the strained flamedy = 4099 m/sz) just prior to extinc-
dependence of extinction strain rate on vortex—flame tion are compared in Fig. 19. The fuel and oxygen
interaction time is explained below. fluxes (gradients) into the flame zone, the temperature
The structures along the centerline of a slowly distributions, and the widths are nearly identical for
strained flame dg = 2450 m/sz) and a rapidly both flames (Fig. 19a). The mixture-fractiagy( dis-
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Fig. 19. Comparison of structures along the centerlines of
slowly and rapidly strained flames at time of extinction.
(a) Temperature and reactant mole fractions; (b) velocity and
mixture fraction.

tributions are also quite similar, as shown in Fig. 19b.
For all practical purposes, based on the temperature
and species distributions, one might consider these
two flames to be chemically identical. However, as
shown in Fig. 19b, their flow structures are quite
different. The rapidly strained flame is subjected to
higher velocity gradients (solid line) across the re-
action zone than the slowly strained flame (broken
line). Since strain rate describes the flow structure,
the air-side, fuel-side, and stoichiometric strain rates
are all higher for the former flame. That means that
even though the chemical structures of the two flames
are identical, the strain rates acting on them can be
different if the flow structures are different.

In a diffusion flame, fuel and oxygen consumed in
the reaction zone enter through convection and diffu-
sion. On the other hand, convective flow also influ-
ences the fuel (or oxygen) distribution and, thereby,
modifies the diffusion flux. For example, an increase
in convective flow in the direction in Fig. 19a brings
more fresh oxygen into the flame zone; this, in turn,
increases the oxygen-concentration gradient, even-
tually increasing the diffusive flux of oxygen into
the flame zone. When a vortex travels toward the
flame surface, it induces convective flow upstream
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Fig. 20. Comparison of structures along the centerline at two
instants near extinction for a rapidly strained flame. (a) Tem-
perature and reactant mole fractions; (b) velocity and mix-
ture fraction.

of the vortex through a pressure wave. Consequently,
through diffusion, the fluid in the vortex will be dis-
tributed in the region surrounding the vortex. How-
ever, since diffusion velocities are only on the order of
0.4 nys (in a 0.8-mm-thick flame), a considerable de-
lay will occur between the fluid diffusion and the ve-
locity imposition—leading to a flow-nonequilibrium
situation. The delay between the imposed velocity
and the resulting diffusion was also observed by Egol-
fopoulos and Campbell [7] and Takahashi and Katta
[46] in moderately strained flames.

The two flames shown in Fig. 19 are in a flow-
nonequilibrium state, with diffusion not yet fully ad-
justed to the imposed velocity. As the delay between
the diffusion and the imposed velocity increases with
vortex-convection speed, the rapidly strained flame
requires a longer period of time to achieve equilib-
rium than the slowly strained flame; the result is iden-
tical chemical but different flow structures.

To further verify the hypothesis concerning the
flow-nonequilibrium situation in unsteady flames, the
structures along the centerline for the rapidly strained
flame @o = 4900 m/sz) at two instants are shown
in Fig. 20. While the data represented by solid lines
atr = 4.35 ms are those shown in Fig. 19 for this
flame, those represented by broken lines were ob-
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Fig. 21. Changes in scalar dissipation rates at stoichiometry in the neighborhood of extinction when flame is subjected to
slow-, moderate-, and fast-changing strain rates. Scalar dissipation rates are calculated using mixture fractions defined based on

(a) Bilger's formula [39] and (b) Eq. (1).

tained 0.05 ms earlier in the double-vortex/flame-
interaction process. Although the vortices on the fuel
and air sides of the flame have moved very near each
other byr = 4.3 ms, the velocity has not changed
appreciably during the following 0.05 ms (Fig. 20b)
of interaction. However, as observed in Fig. 20a, the
diffusion layer moved~0.02 mm toward the peak-
temperature location. This movement is consistent
with that estimated based on a diffusion velocity of
0.4 nys. The increased fuel and oxygen flux into the
reaction zone cooled the flame (decreasd’)nand

mixture-fraction definition used. The sensitivities of
the three scalar dissipation rates (obtained based on
&4, &0, andé&pgo) to the stretching time period of
an unsteady flame are compared by computing these
rates for the three vortex/flame interactions (slow,
moderate, and fast) described in Fig. 11. In general,
all of the four scalar-dissipation-rate profiles along the
stagnation line during these three vortex/flame inter-
actions are similar to the ones shown in Figs. 9 and 10,
with two peaks occurring in the flame zone—one near
the stoichiometric location and the other on the fuel

reduced the reactant consumption (increased amountsside of the flame zone. The variations of scalar dis-

of fuel and oxygen at the stoichiometric surface).

Since the strain rate computed at a flame loca-
tion represents the flow structure at that location and
because of the flow nonequilibrium discussed pre-
viously, an accurate description of the quenching
process using strain rate alone is not possible, as
demonstrated in Figs. 14, 16, 17, and 18. In contrast,
however, since the scalar dissipation rate (defined in
Eq. (2)) represents the overall diffusion process, this
rate calculated at a flame location could be used to
describe the quenching process.

As described previously, Eq. (2) yields different
forms of the scalar dissipation rate, depending on the

sipation rate at stoichiometry with time during the
three vortex/flame interactions are shown in Fig. 21.
Only scalar dissipation rates obtained with Bilger's
mixture fraction €ygo) and H-element-based mix-
ture fraction €4) are shown here (Figs. 21a and
21b, respectively). It should be recalled from Fig. 2
that the stoichiometric location of the Bilger's mix-
ture fraction is nearest to the peak-reactivity location
(2XH, = X, location), while that of the H-element-
based mixture fraction is farthest from it. Extinction
values determined based on the 1130-K criterion are
also shown in Fig. 21. It is evident from this fig-
ure that the extinction scalar dissipation rates ob-
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Fig. 22. Variations of the peak scalar dissipation rate with time for double-vortex/flame interactions simulated using different
rates of increase in injection velocity. Extinction values based on the 1130-K-temperature criterion are indicated by solid circles.

tained withépgo (Fig. 21a) are more sensitive to
the vortex/flame-interaction time than those obtained
with &4. In fact, based on sensitivity to interaction
time (or vortex speed), the scalar dissipation rate
obtained usingy was least sensitive, followed by
that obtained withtgo, and, finally, that obtained
with £o. Because of the lowest sensitivity, the scalar
dissipation rate obtained wity is used for the eval-
uation of the scalar dissipation rate for describing the
extinction of unsteady flames.

Variations in the maximum value of the scalar
dissipation rate and the local value at the stoichio-
metric surface with time are plotted for each double-
vortex/flame-interaction case in Figs. 22 and 23, re-
spectively. The respective values at extinction for
all of the unsteady flames, determined based on the
1130-K criterion, are represented by filled circles.
From Figs. 22 and 23, it is apparent that the scalar
dissipation rategmax and xstoich @lso failed to char-
acterize the extinction process in unsteady flames
uniquely, which means that extinction in unsteady
flames cannot be predicted using scalar dissipation
rates. However, the variations in extinction values
with respect to the changes in fluid-injection velocity
seem to be smaller for scalar dissipation rates than for
strain rates. The ranges in unsteady extinction values
of various characteristic variables used in the present
study are shown in Table 1, along with the percentage
increases from the respective steady-state limits. The
extinction values forymayx in unsteady flames range
from 1.85 to 2.215 31 and are higher only by 45

to 73% than the limit obtained in steady-state flames
(1.28 s_l). Among all of the characterizing variables,
Xstoichmost nearly represents the unsteady extinction
process, with only a variation of 30 to 53% from the
steady-state limit.

3.10. Unified characterization of extinction in
unsteady flames

The fact that the scalar dissipation rate describes
unsteady flame extinction more closely than the strain
rate can be understood by considering the chemi-
cal and flow nonequilibrium processes that develop
in these flames. As the strain rate on the flame is
increased, through diffusion, increasingly more reac-
tants are transported into the reaction zone. At lower
strain rates, the chemical kinetics can consume all
of the entering reactants. However, at higher rates
of strain, the chemistry cannot cope with the large
reactant fluxes and, therefore, flame cooling occurs.
As discussed previously, the strain rate represents re-
actant fluxes transported into the reaction zone only
in the case of steady-state flames. When flow non-
equilibrium occurs, the strain rate does not take into
account the time lag between the diffusion and con-
vection processes and, hence, cannot represent the
extinction process. Since the scalar dissipation rate
describes the diffusion process, it is less sensitive to
the flow nonequilibrium that develops in unsteady
flames. However, the scalar dissipation rate can rep-
resent the chemical kinetics in the flame zone only
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Fig. 23. Variations of the scalar dissipation rate at stoichiometry with time for double-vortex/flame interactions simulated using
various rates of increase in injection velocity.

Table 1

Values of various characteristic variables at extinction in unsteady flames

Characteristic Steady-state Values at extinction in unsteady flames

variable extinction limit (3 1) Actual variation (§ 1) Percent variation above
steady-state limit

ka 1410 2610-3195 85-127

kg 1678 3240-4000 93-138

kstoich 2460 5950-7950 142-223

Xmax 1.28 1.85-2.215 45-73

Xstoich 0.78 1.02-1.193 30-53

when the diffusion time scale is far greater than the cal kinetics and heat-release rate, tlakfy /dt (rate
chemical (reaction) time scale—which exists in un- of decrease in flame temperature) represents the rate
stretched flames where the reactions are limited by of change in chemical kinetics and, in other words,
the diffusion process. When chemical nonequilibrium the rate of change in the chemical-nonequilibrium
occurs (chemistry-limited situation), the scalar dissi- state. Vortices that move more rapidly result in higher
pation rate does not take into account the time lag be- Ty /d: values at extinction, and those that move
tween the diffusion and chemical kinetics and, hence, more slowly result in lowew/ T /dt values. There-
fails to represent the extinction process. Nevertheless, fore, by defining a variable that is proportional to the
since the scalar-dissipation rate reflects changes in air-side strain rate and inversely proportional to the
diffusion more accurately than the strain rate, the for- temperature-decrease rail; /dt), one can obtain a
mer describes the unsteady extinction process more universal value for identifying the quenching process
accurately. in unsteady flames.

To represent the unsteady-extinction process unig- By considering both the chemical and flow non-
uely, one must consider a variable that takes into ac- equilibrium states of an unsteady flame, a new vari-
count both the flow- and the chemical-nonequilibrium  able ¢) is defined as the ratio of the strain rate to the
processes. Since the strain rate or scalar-dissipation rate of change in flame temperature as follows:
rate can be used to estimate the former, a parame-
ter that can be used to estimate the latter is required. ka — ka0
If one assumes that no delay exists between chemi- ¢ = WW' ®)
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Fig. 24. Variations of the new variabte with time for dou-
ble-vortex/flame interactions simulated using various rates
of increase in injection velocity.

Here, T is the flame (peak) temperature, abg is
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would shift the filled circles in Fig. 24 from the min-
ima locations. The values of calculated for the
double-vortex/flame interactions simulated with dif-
ferent peak-injection velocities (Figs. 13 and 14) are
in the range 0.39-0.4. However, calculated for the
case of the traveling unsteady flame (Fig. 5)}+i8.3,
suggesting the need to consider flame movement in
the quenching criterion. Interestingly, a variable sim-
ilar to o obtained using the scalar dissipation rate in
the numerator for representing flow nonequilibrium
failed to predict the extinction process of the unsteady
flames; in other words, its extinction value depends on
the interaction time.

4. Conclusions

Unsteady flames are often studied to gain a bet-
ter understanding of turbulent-flame structures; such
studies facilitate the development of accurate turbu-
lence-chemistry interaction models. An experimental
and numerical study has been performed to identify
the time-dependent flame structure that develops dur-
ing an interaction between multiple vortices and the

the steady-state air-side extinction strain rate. Values flame surface. A time-dependent model, known as
of o computed at several instants during various vor- UNICORN, that incorporates 13 species and 74 re-
tex/flame interactions are plotted in Fig. 24. In each actions among the constituent species has been used
case as the vortices issued from the fuel and air sides for the simulation of unsteady flames resulting from
approach the flame surface decreases with interac-  multivortex/flame interactions in opposing-flow hy-
tion time, crosses zero when the instantaneous strain drogen jet diffusion flames. In the past this model
rate reaches the steady-state extinction limit, reaches has been validated by direct simulation of several
a minimum value, and then begins to increase. In- steady-state and unsteady axisymmetric counterflow

terestingly, the minimum values ef for all of the
double-vortex/flame-interaction cases are the same—
0.39. The striking feature af became evident when
the extinction condition for each interaction case was
plotted in Fig. 24 (filled circles). The extinction con-
ditions coincided with the minima iai.

The behavior ob in Fig. 24 can be interpreted as
follows: (1) the value ot at extinction (0.39) is in-
dependent of the interaction time scales, and (2) the
extinction condition represents the minima in the
vso profile. The first observation suggests that the
new variables can be used to characterize the extinc-
tion process in unsteady flames—extinction occurs
wheno = 0.39 in any unsteady flame considered in
this study. The second observation suggests that ex-
tinction in a flame occurs when the behavior ©of
with respect tor becomes reversed (changing from
decreasing to increasing). Since no extinction crite-
rion was used when plotting variations @fwith re-
spect tot, the natural development of minima at the
extinction point suggests that the 1130-K-temperature
criterion used in this study for defining the extinc-
tion state is fairly accurate. Any extinction criterion
based on a flame temperature other than 1130 K

and coflow jet diffusion flames. Phase-locked exper-
iments were conducted, and OH-concentration mea-
surements were made using the PLIF technique.

A steady-state opposing-flow jet flame was first
established using the Rolon-burner geometry. Sev-
eral unsteady flames were then obtained by forcing
vortices toward the flame surface from both sides si-
multaneously using injection tubes placed in the fuel
and air nozzles. When the fuel- and air-side vortices
were of different sizes, the double-vortex/flame inter-
action yielded a traveling unsteady flame. The com-
puted flame-extinction process and the propagation
of flame edge into the fuel-side vortex compared fa-
vorably with the experimental results. To investigate
the differences between the steady-state and dynamic
extinction processes, stationary unsteady flames were
established by forcing equal-sized vortices from the
fuel and air nozzles.

It was found that the air-side strain rate, fuel-side
strain rate, strain rate at stoichiometric location peak
scalar dissipation rate, and scalar dissipation rate at
stoichiometric location cannot be used to character-
ize the quenching process associated with unsteady
flames. In general, the extinction values of these vari-
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ables in unsteady flames are higher than the respec-

tive ones in steady-state flames, and the differences
increase with vortex speed. Analysis of flame struc-
tures just prior to extinction revealed that dynamic
flames encounter flow and chemical nonequilibrium
environments. The former arises as a result of the time
lag between the diffusion and convection processes,
while the latter develops as a result of the time lag
between the chemical kinetics and diffusion. Since
strain rates represent neither of these nonequilibrium

processes, the values of these characteristic parame-

ters at flame extinction are found to vary significantly
with vortex/flame interaction time. Even though the
scalar dissipation rates represent the flow nonequi-
librium accurately, the values of these characteristic
parameters at flame extinction also increase with vor-
tex/flame interaction time; however, their variations

are much smaller than those observed in strain rates.

A new variable &) that is proportional to the air-
side strain rate and inversely proportional to the rate
of change in the flame temperature is proposed to

characterize the unsteady extinction process. During a

double-vortex/flame interaction, it is found thatde-
creases with time, reaches a minimum value at extinc-
tion, and then increases again. All of the stationary
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