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Nonpremixed flames subject to steady but spatially varying straining flows were studied to examine one
aspect of nonpremixed flames in strongly turbulent flows or near quenching conditions (e.g., near a burner
rim), where strain-rate gradients are present and local strain rates may be high enough to cause local
flame-front extinguishment. The spatially varying strainirg flon were created using an opposed slot-jet
burner with slightly nonparallel jet exits. The most significant ut.ervation was that steady flame “cdges”
could be created where the flame would exist in the low-strain region but would be extinguished in the
high-strain region. The local strain at the location of the stationary flame =dge was almost always lower than
the strain required to extinguish flames in the same mixture subject to a spatially uniform strain. The strain
rate at the edge-flame location was independent of the strain-rat di and gradual it from
edge-flame behavior to uniformly strained flame behavior were not observed, indicating that conventional
nonpremixed flames and edge flames are quite distinct structures yet each has well-defined properties. At the
flame edge, interferometer images indicate a region of locally intense burning and an abrupt transition to
nonburning conditions away from the edge. These observations were found to be qualitatively consistent with
recent lheoretncal models of flame edges. These resuits indicate lhax “Iammar ﬂamelet” models of
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INTRODUCTION

Flames subject to uniform hydrodynamic strain
are frequently used as a model of the local
interaction of flame fronts with a turbulent
flow field [1-3]. This “laminar flamelet” con-
cept treats each surface element of the flame
front as though it were a steady isolated front
subject to temporally and spatially uniform
strain. On the other hand, it is well known [4]
that the unsteadiness and nonuniformity of
turbulent strain is an important factor when-
ever the effect of strain is important because
the mean strain rate in Kuimogorov turbulence
is on the order of (u'/L,)Rel/?, where u' is
the turbulence intensity. L, is the integral
scale of turbulence, Re, = u’L /v is the turbu-
lent Reynolds number, and v is the kinematic
viscosity, and this strain occurs primarily at the
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Kolmogorov length scale L; ~ L, Re;*/%,
where viscous effects dissipate the velocity
fluctuations at a rate v/L} ~ vLi? Re}/? ~
(u' /L, )Re}/*. Thus the rate at which the strain
changes is comparable to the strain rate itself,
which is a natural consequence of the fact that
only one time or length scale can be con-
structed from the energy dissipation rate and
viscosity. Similarly, changes in the local
flame-front curvature and strain rate occur over
the spatial scale L,, and thus the scale over
which flame-front curvature and strain changes
is the same as the curvature scale itself.

As a step toward more realistic quantifica-
tion of this well-recognized limitation of
quasi-steady quasi-uniform laminar flamelet
models, spatially uniform flames subject to a
temporally varying strain rate have recently been
studied computationally [5] and experimentally
[6]. In this work, we consider the opposite case
of steady strained flames subject to a strain-rate
gradient. In particular, it is of interesi to deter-
mine how the extinction conditions compare
with flames in uniformly strained flows, i.e.,
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will extinguishment in the highly strained re-
gion inevitably spread to other regions or can a
steady flame “edge” be maintained? If a steady
flame edge is exhibited, will its location be at a
region of higher or lower strain than that of
the uniformly strained flame? Similarly,
Williams ([2], p. 409) has noted the importance
of the formation of “holes” in flame sheets to
understanding of nonpremixed combustion in
highly turbulent flows. Buckmaster [7] notes
other conditions where edge flames may ap-
pear, e.g., candle flames at microgravity and
flame spread over a flammable liquid. More-
over, the study of flame “edges” is relevant to
flame holding behind a burner rim; a theoreti-
cal study of this subject was recently presented
by Buckmaster and Weber [8].

No experimental studies of flames in spa-
tially varying strain or edge flames have been
conducted to date. The only relevant theoreti-
cal studies are those by Buckmaster and col-
laborators [7-9]. In their initial study [7], which
is the one most relevant to the experiments
performed here, the configuration chosen is a
mixing layer of fixed half-thickness (L) with a
fixed concentration of fuel supplied on one
side and a fixed concentration of oxidant sup-
piied on the other side. The half-thickness L is
a prescribed parameter which in practice would
depend on the local flow conditions, geometry,
mixture properties, etc. For example, in a re-
gion of uniform strain, e.g., in an opposed-jet
configuration, L would be proportional to
(a/s)'/?, where « is the mixture thermal dif-
fusivity and s is the strain rate. In [7], L is
assumed to be constant, thus spatially varying
strain is not considered, but the model does
allow for variations in properties in the trans-
verse coordinate and thus allows for the possi-
bility of edge flames. The Lewis number (ratio
of mixture tliermal diffusivity to reactant mass
diffusivity) of oxygen was assumed to be unity,
but the fuel Lewis number (Ley,,,) was allowed
to vary such that B(Leg,, — 1) is a quantity of
order unity in the limit B — «, where B =
E/RT* is the nondimensional activation en-
ergy, E is the activation energy, R is the gas
constant, and T* is the flame-front tempera-
ture for an adiabatic uniform nonpremixed
flame with complete reaction, which in general
is a function of the Lewis numbers of fuel and
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oxidant [10] as well as the thermodynamic
properties of the reactants. The model incor-
porates finite-rate chemistry effects through a
Damkéhler number (Da) defined as wl?/a,
where w is a characteristic chemical reaction
rate. For a region of uniform strain, Da would
then be w/s. Buckmaster’s analyses ailow for
and predict flames with advancing, retreating,
or stationary edges depending on Da.

The key prediction of Buckmaster’s models
that might be compared to experiments is the
relative resistance of uniform flames and flame
edges to extinction. For stationary edge flames,
Buckmaster predicted that the ratio of Da at
the flame edge to the extinction Da for a
uniformly strained flame given by B(1 — £)/e?,
where e = 2.718..., e = T,,/T*, and T, is the
ambient temperature, thus the ratio of the
strain rate at the steady flame edge, 5., t0
the extinction strain rate of a uniformly
strained flame, $,,itorm> 18
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In the asymptotic limit B — %, Sype/Sunitorm
— 0, and thus edge flames are much weaker
than uniformly strained flames. One physical
explanation of this prediction is that the addi-
tional heat losses that occur from the flame
edge to the unburned gases in the direction
parallel to the flame sheet inevitably outweighs
the benefits of premixing and more intense
burning that occurs in the vicinity of the flame
edge. Since practical values of 8 and & are
typically 10-20 and 0.15-0.2, respectively,
Scage/Sunitorm 18 typically only slightly less than
unity and thus edge flames are expected to be
only moderately weaker than the uniformly
strained flames.

Another prediction from [7] is that in the
vicinity of the flame edge, the rate of heat
release per unit area is larger than that of the
nonpremixed flame sheet far behind the lead-
ing edge by a factor of B and that on the
nonburning side of the flame edge, in the
direction parallel to the flame sheet, there is a
exponential temperature decay to ambient
reminiscent of premixed flame fronts. The
thickness of this zone scales with KL, such that
the temperature profile T(x) =T, + (T, —

scdgc
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Ty)e /KL where K is a constant that depends
on the edge speed and is unity for stationary
edges. This edge and preheat zone structure is
clearly a result of the fact that the edge is
adjacent to a nonburning region and thus is
subject to a higher heat flux away from the
reaction zone and a highe1 reactant flux to the
reactant zone than the burning region behind
the flame edge.

Buckmaster’s edge-flame model predicts that
stationary flame edges may be obtained with-
out a gradient in Da along the flame front, but
the edge is stationary only for one specific
value of Da and not over a range of Da.
Consequently, in an experiment one would not
expect to be able to maintain a steady flame
edge without closed-loop control. According to
the model, however, edges could be stable if a
gradient in Da were present. To see this, we
note that Buckmaster’s results can be manipu-
lated to show that the nondimensional edge
velocity (U) is given by

U=—-‘/-K—, )

where A = Da/Da,, and Da, is the value of
Da for which U = 0. Equation 2 indicates that
U > 0 (corresponding to advancing edges) for
A <1 and U < 0 (corresponding to retreating
edges) for A > 1. As noted by Buckmaster, this
relationship is very similar to one proposed
heuristically by Miiller et al. [11] in a study of
partially premixed turbulent flames. Thus, when
a gradient in Da is present, a flame in the
high-Da region with an edge located at Da =
Da, will be stable, because if the burning
region retreats (advances) toward higher
(lower) Da, U will be greater than (less than)
zero and the edge will advance (retreat) toward
the location where Da = Da,, and thus U = 0.
Furthermore, the edge location should be in-
dependent of the gradient, at least for gradi-
ents that are sufficiently small that Eq. 2 would
apply, i.., when ds/dx < s/L.

In the mixing-layer configuration, Buckmas-
ter [7] also predicted that oscillations would
occur for stationary flame edges when

Ty

a> 1+ —— =—.
Lwi> 1+ g5y =7

(3)
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The mechanism of these oscillations is analo-
gous to the diffusive-thermal mechanism of
premixed flames, for which oscillations in burn-
ing velocity are predicted [12] for sufficiently
high Leg,, and have recently been observed
experimentally {13, 14]. For sufficiently low
Leg,.» cellular flames are predicted by the dif-
fusive-thermal mechanism and have been ob-
served for both premixed [15] and non-
premixed [16] flames. Cellular flame edges are
predicted by Buckmaster’s model for advanc-
ing edges at sufficiently low Le,,,, but are not
predicted for stationary edges regardiess of
Ley.. Furthermore, for |Le — 1] an O(1)
quantity, it is predicted [7] that for a certain
range of Da, at sufficiently high Le, there may
be inherently unsteady edges with no station-
ary (constant U) structure.

In this study simplc experiments were per-
formed to address some of the questions raised
in the preceding text in relation to flames in
spatially varying strain and to compare the
results to Buckmaster's models of flame edges.
The proposed stability of flame edges in
strain-rate gradients was exploited in the de-
sign of the apparatus. While in principle, ei-
ther premixed or nonpremixed flames could be
studied with the apparatus we employed, in the
current study only nonpremixed flames were
examined because only for the nonpremixed
case is a theoretical model available and be-
cause of the possible complications associated
with the twin-flame structure of premixed
flames in a counterflow experiment.

EXPERIMENTAL APPARATUS AND
PROCEDURES

The most common apparatus for studying
strained spatially uniform flames is a pair of
opposed counterflowing round jets [17], which
provides an axisymmetric flame and straining
flow field. A similar but less frequently em-
ployed apparatus is a pair of opposed counter-
flowing slot jets, which ideally provides a nearly
plane strain flow. In either case, the imposed
strain rate (s) is proportional to V/d, where V'
is the jet exit velocity and d is the spacing
between the jei exits. For ideal potential plane
strain flow, s = 2V /d. In this work, the op-
posed slot-jet configuration is employed with
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one important difference: the jet exits are in-
tentionally misaligned slightly to produce a
gradient in strain rate along the length of the
slot. When the angle of divergence is suffi-
ciently small, i.c., only a few degrees, it is
expected that at each location (x) along the
slot length, the local strain rate s(x) can be
estimated as 2V /d(x). The exit velocity V' can
be made constant in x through the use of
flow-straightening elements at the jet exits.

The experimental apparatus we employed is
shown schematically in Fig. 1. It consists of a
counterflow burner configured as two opposed
7.6 cm X 1.0 cm rectangular nozzles. The in-
ternal construction of the burners consisted of
steel wool and aluminum honeycomb to ensure
uniformity of the exit flow. Steel mesh screens
were placed above and below the flame loca-
tion to minimize external disturbances and
buoyancy effects. Commercial mass flow con-
trollers were employed to deliver the gases to
the burner and were commanded using a PC-
based digital-to-analog converter board and
custom software.

To obtain a variety of Lewis numbers, two
fuels with different diffusivities were em-
ployed: methane and propane. For both fuels
the oxidizer stream was O,. Various ratios of
fuel mole fraction in the fuel stream to oxygen
mole fraction in the oxidizer stream were em-
ployed. In order to maximize the range of
Lewis numbers, for the CH,-O, flames each
stream was diluted with CO, and for the
C,;H;-0, flames each stream was diluted with
N, or He. The estimated Lewis numbers at
ambient temperature are as follows: CH, in
CO, = 0.70; O, in CO, = 0.84; C;Hy in N, =
1.74; O, in N, = 1.02; C;H; in He = 3.55; O,
in He = 1.69. For all experiments V' was set to
a fixed value in each jet and the fuel and

Computer Controller
Fig. 1. Experimental apparatus block diagram.
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oxygen concentrations were varied, keeping the
ratio of fuel to oxygen fixed, to obtain local or
global extinction. Through the use of our com-
puterized flow system, it was possible to con-
trol all gas flows simultaneously in order to
accomplish this adjustment scheme. The most
desirable flow configration is matched jet exit
velocities because this simplifies modeling. Be-
cause of buoyancy effects, it was found that in
many cases a more uniform flame could be
maintained and edge flames could be obtained
over a wider range of conditions when the exit
velocity for the upper jet (V) was larger
than the exit velocity of the lower jet (V),,.,).
Both matched and unmatched jet exit veloci-
ties were employed in this study; in the latter
case the reported strain rate is the value aver-
aged across the jet gap, ie., s(x) = (V.. +
Viower)/d(x). Of course for all real flows, espe-
cially those with the thermal expansion in-
duced by heat release, s is not constant across
the gap; however, the average s employed here
is useful for the primary objective of compar-
ing flames in uniform and nonuniform strain.

RESULTS AND DISCUSSION
Visual Observations

It was found that it was indeed possible to
obtain conditions where a flame “edge” was
stabilized within the region between the two
slot jets. The flame would exist where d(x) was
larger and thus s(x) was smaller than a critical
value. Direct photographs of typical edge
flames are shown in Figs. 2a, 3a, 4a, and 5a.
These figures show that the transition from
burning to nonburning conditions at the flame
edge is quite sharp; no region of gradually
decreasing flame luminosity is evident.

The location of the flame edge could be
varied by adjusting the fuel and oxidant mole
fractions: increasing (decreasing) the fuel and
oxidant mole fractions moved the flame edge
toward smaller (larger) d(x) and thus larger
(smaller) s(x) and smaller (larger) Da. No hys-
teresis was observed in this process. No oscil-
lating flame edges were observed even when
the edges were recorded using a video camera
with a 0.001 s shutter speed. Also, there was no
evidence of cellular flame structures at low
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(€1

©)
Fig. 2. Images of an edge flame. Arrows in (b) and (c)
denote the location of the visible flame edge. The scale in

(a) is cm. Upper stream: 37.8% O, in CO,, ¥, e = 14.3
cm/s; lower stream: 189% CH, in CO,, Vi, =39
cm/s. Slot angle 3.69°. (a) Visidle flame. (b) Interferome-
ter image, horizontal fringes. (c) Interferometer image,
vertical fringes.
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Fig. 3. Images of an cdge flame. Arrows in (b) and (¢)
denote the location of the visible flame edge. The scale in
(a) is cm. Upper stream: 70.6% O, in CO,, ¥y, = 90
cm/s; lower stream: 10.6% CH, in CO,, V. =90
cm/s. Slot angle 3.69°. (a) Visible flame. (b) Interferome-
ter image, horizontal fringes. (c) Interferometer image,
vertical fringes.
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Fig. 4. Images of ar edge flame. Arrows in (b) and (c)
denote the location of the visible lame edge. The scale in
(a) is cm. Upper stream: 27.1% O, in Ny, V., = 148
cm/s: fower stream: 5.4% C Hy in Ny, Viwe = 3.6. Slot
angic 4.10°, (a) Visible flame. (b) Interferometer image,
horizontal fringes. (c) Interferometer image, vertical
fringes.
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{c)
Fig. 5. Images of an edge flame. Arrows in (b) and (0)
denote the location of the visible flame edge. The scale in

(a) is cm. Upper stream: 41.0% O, in He, Ve, = 10.0
cm/s; lower stream: 4.1% C,Hy in He, Vig,., = 9.0 cm/'s.
Slot angle 4.51°. (a) Visible flame. (b) laterferometer im-
age, horizontal fringes. (c) Interferometer image, vertical
fringes.
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Ley,.. Moreover, no behavior reminiscent of
tribrachial flame structures, which sometimes
appear under conditions of uniform strain but
spatially varying composition spanning stoi-
chiometry [18], were observed.

For T, = 300 K, Eq. 3 predicts oscillations
would occur for Ley,, > 1.75, which is close to
the value of 1.74 for the C;H, fuel in N, (see
preceding text). Note also that the Lewis num-
ber of O, in N, is about 1.02, which is close to
the unit value assumed by Buckmaster. Thus,
the experimental conditions for the C,H,-
N,/0,-N, flame are very close to the pre-
dicted conditions for marginal stability; how-
ever, no such instabilitics were observed for
this case or even the C;H,-He/O,-He case.
which has much higher Ley, . Whether this is
due to differences between the model configu-
ration (a stagnant mixing layer) and the experi-
ment (a strained flame), an cffect of the Da
gradient (a factor not present in the model), or
some other factor is not known. As discussed
in the Introduction, ccllular flame edges are
not predicted for stationary edges and, as noted
previously, cellular cdges were not observed
even for the CH,-CO./0.-CO, flame which
has Leg, < 1.

Effect of Strain Rate and Strain-Rate Gradient

Examples of data on the strain rate at the edge
location as a function of the fucl concentration
in the fuel stream are shown in Fig. 6a—d. Also
shown for these plots are the extinction strain
rates for parallel slots with the same V. and
Viswer @s the nonuniformly strained flames, in
which case extinction is obtained by varying
the slot gap d. The following features may be
noted:

» For a given composition the extinction strain
for the uniform flarne is larger than (or in a
few cases equal to) the strain rate at the
flame edge for the nonuniform flame. Also.
the minimum fuel concentration at which a
flame can be maintained is larger in the case
of the spatially varying strain. Thus, edge
flames are weaker than uniformly strained
flames.

« The angle between the slot burners has prac-
tically no effect on the values of s at the
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cdge location. This indicates that under these
conditions the strain-ratc gradient used to
stabilize the edge flames does not affect the
cdge-flame properties significantly. The an-
gle independence of the results also suggests
that any flow in the dircction along the length
of the slot (the x-direction) induced by an-
gling the slots is insignificant: otherwisc. the
flame edge would have to move to different
x-locations having different d and thus dif-
ferent Da in order to balance the edge veloc-
ity U with the local flow velocity in the
x-direction.
There is no gradual transition in behavior
from cdge-flame to uniform-strain behavior
as the divergence angle was decreased and
thus the strain-rate gradient decreased. Thus,
cdge flames are distinct from uniformly
strained flames; cach type of flame cexhibits
consistent but different response to strain.
The extinction curves for uniformly strained
flames arc C-shaped. such that at very low
flow velocities the fuel concentration at ex-
tinction increases with decreasing flow veloc-
ity. This is likely due to a transition from a
strain-induced extinction to a heat-loss ex-
tinction mechanism. In this case, the heat
loss is probably conductive loss to the burner
rims. This dual-limit extinction behavior of
nonpremixed flames has been demonstrated
previously both theoretically [19] and experi-
mentally [15, 20]. Since most of the data for
the edge flames were obtained at higher
strazin rates than the strain rate at the turn-
ing points for the uniform flames, it is rca-
sonable to conclude that the data for the
edge flames are not strongly influenced by
conductive heat losses.
e There is no qualitative difference in edge-
flame behavior for different Lewis numbers.
o For flows in which the upper jet has a larger
exit velocity, edge flames can be maintained
over a larger range of fuel concentrations,
probably due to partial suppression of buoy-
ancy effects.

It was not possible to obtain edge flames at
very low divergence angles. The minimum an-
gle was about 2.5° and was nearly the same for
all conditions tested. For smaller angles, the
flame would either fill the entire slot width or
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Fig. 6. Strain rates at the flame-edge location (for nonuniformly strained flames) and extinction strain rates (for uniformly
strained flames) as a function of the fuel concentration in the fuel stream for varying angles of divergence of the slot jets.
(a) Upper stream: O,/CO,; lower stream: CH,/CO,, unmatched exit velocities. (b) Upper stream: O,/CO,; lower
stream: CH,/CO,, matched exit velocities. (c) Upper stream: O,/N,; lower stream: C3Hg/N,, unmatched exit velocities.
(d) Upper stream: O,/He; lower stream: C;Hy/He, matched exit velocities.

extinguish completely, as if the flame were
uniformly strained. Thus, the value of the
strain-rate gradient does seem to play a role in
determining whether edge flames can be stabi-
lized or not. This may be due to the fact that
as the gradient in Da decreases, the strength of
the proposed stabilizing mechanism described
in the Introduction will decrease, which may
allow small flow disturbances, for example, due
to buoyancy-induced fluctuations, to prevent
stabilization. A rough estimate of the magni-
tude of these disturbances can be made as
follows. The sloshing of an inviscid gravity wave
of wavelength A along the flame front would
have a frequency of (g/A)'/2, which would
result in a strain-rate gradient of (g./*)'/% =

[(980 cm/52) /(7.6 cm)*}/? = 155! /cm. The
typical minimum strain-rate gradient corre-
sponds to an angle of 2.5° such that d(x)
increases from 0.5 to 1.16 cm. For a typical
Vipper T Viower = 18 cm/s, this corresponds to
a strain-rate gradient of (18 cm/s)[(0.5 cm)~!
~ (1.16 cm)~'}/(7.6 cm) = 1.5 s~' /cm, which
is on the same order of magnitude as the
estimated buoyant-flow driven value. Thus it is
reasonable to propose that buoyancy-induced
flow disturbances are responsible for our in-
ability to sustain edge flames at very low diver-
gence angles.

The ratio $.45./Sunitorm foT the data shown in
Fig. 6 away from the turning points, where
heat loss (a factor not present in the model)
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may be important, varies from about 0.65 to 1.
This is in agreement with the theoretical pre-
diction (see Introduction) that thc nonuni-
formly strained flame is weaker than the uni-
formly strained flame. Quantitatively, the
agreement between the model and experiment
is fair; for .typical hydrocarbons E = 40,000
cal/mol and thermocouple measurements in-
dicated typical near-extinction values of T*
were about 1700 K, thus according to Eq. 1 the
predicted ratio s,,./$ = (.75.

uniform

Thermal Properties

To test some of the predictions concerning the
structure of the edge flame, a shearing inter-
ferometer system [21] was employed. This sim-
ple system provides a qualitative, nonintrusive
means of imaging the thermal field. The shear-
ing interferometer causes a phase object to
interfere with itself, offset by a distance called
the shear distance, rather than with a refer-
ence phase object as in other types of interfer-
ometry. Thus, in the shearing interferometer,
the displacement cf the fringes from their lo-
cation in a uniform density field is proportional
to the index of refraction gradient, rather than
to the difference in the index of refraction
between the test and the reference object. In
this sense, the shearing interferometer re-
sponds in a manner similar to a Schlieren
system but with the fringe displacement rather
than the gray level indicating the gradient.

Of course, like all deflectometry devices, the
shearing interferometer integrates the phase
difference along the ray paths and thus does
not readily yield quantitative information at a
point or in a plane in the manner of, for
example, planar laser-induced fluorescence.
Attempts to obtain point temperature mea-
surements via thermocouples were unsuccess-
ful; inevitably the presence of the thermocou-
ple would case the flame edge to move in
unpredictable ways. (Thermocouples were use-
ful, however, for determining 7* far behind
the flame edge which was necessary for esti-
mating a theoretical value of s.ysc/Sunitorm iN
the previous section.)

Interferometer images of edge flames show-
ing transverse gradients (corresponding to dis-
placements of horizontal fringes) are shown in
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Figs. 2b, 3b, 4b, and 5b. Interferometer images
showing streamwise gradients (displacements
of vertical fringes) are shown in Figs. 2c, 3c, 4¢,
and Sc. The largest fringe displacements are
seen in Fig. 2b and ¢ simply because the CO,-
diluted mixtures have the largest densities and
thus the largest index of refraction gradients.
The smallest displacements are seen in the
helium-dituted mixtures (Fig. 5b and c) be-
cause these mixtures have the smallest densi-
ties. All of these images show that a sharp
change in density gradients occurs near the
visible flame edge which implies a sharp change
in temperature. The scale of this temperature
change in the direction along the flame front is
comparable to the scale of temperature change
in the direction orthogonal to the flame front.
Away from the edge, the scale is much larger
in the direction along the front than in the
direction orthogonal to it. This is consistent
with the predictions of the edge-flame models
discussed in the Introduction. Also, as ex-
pected, the fringe displacements are signifi-
cantly larger on the burning side of the edge
than on the nonburning side.

SUMMARY AND CONCLUSIONS

A study of nonpremixed flames in nonuni-
formly strained flows indicates a substantial
influence of strain-rate gradients on extinction
conditions. In particular, it was found that
flame “edges” were formed in the presence of
such gradients. The strain rate at the flame
edge is lower for a nonuniformly strained flame
than the extinction strain rate for a uniformly
strained flame having the same reactants. Also,
the edge flames that appear in nonuniformly
strained flames are distinct from uniformly
strained flames in that gradual transitions from
one to the other were not observed. These
results are qualitatively consistent with the
predictions of recently developed theoretical
models.

The properties of these edges were practi-
cally independent of the strain-rate gradient;
however, the strain-rate gradient did influence
whether edge flames could be stabilized or not,
probably because of the influences of buoy-
ancy. In strongly turbulent flows, buoyancy
would not be a factor but the strain-rate gradi-
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ent (and the strain rate itself) would change
sign and would be time-variant. These factors
would need to be incorporated into more com-
plete edge-flame models for turbulent combus-
tion.

The results have implications concerning the
applicability of the often invoked flamelet
modeling assumption for nonpremixed flames,
especially near extinction conditions. Since tur-
bulent nonpremixed flames are frequently
modeled using “laminar flamelet libraries,” and
since edge flames, like uniform flames, have
well-defined responses to strain, it is proposed
that the range of applicability of laminar
flamelet models could be extended by adding
“cdge-flame libraries” to existing laminar
flamelet libraries. This addition is facilitated by
the apparent independence of cdge-flame
properties on strain-rate gradients, thus, at
least at the first stage, the strain-rate gradient
does not need to be a parameter in cdge-flame
libraries. Of course, rules for merging edge
flames and locally uniform flames would need
to be developed, since one would need to know
if a particular strain-rate gradient (and perhaps
strain-rate history) would cause the flame to
exhibit uniform-flame or edge-flame character-
istics.

In future work, laser Doppler velocimetry
will be used to examine the estimation for the
local strain rate s(x) = (Vo + Vigyer)/d(x).
Also, the dynamical properties of edge flames,
i.e., the rate of advancement or retreat of
nonsteady edges, will be measured and com-
pared to Eq. 2 or its successors. Nonintrusive
point or plane measurements of temperature
or species concentrations, €.g., via Raman scat-
tering or laser-induced fluorescence. would be
useful to obtain more quantitative information
about the ecdge-flame structure. Finally, the
limitations of laminar flamelet models dis-
cussed in the Introduction are equally applica-
ble to premixed turbulent flames, thus pre-
mixed flames in spatially varying strain will
also be examined.
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