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RESEARCH OBJECTIVES

There are a number of important, and to date unresolved, issues related to the structure and

the propagation of premixed turbulent flames, including their geometric properties, the effect of flame

stretch and Lewis number, and the sources of flame-generated turbulence. In order to address these

issues, a more fundamental understanding of flame-turbulence interactions is required. In this study,

the interaction between individual vortices and a premixed laminar flame was investigated in order to

characterize the underlying dynamics of flame-turbulence interactions and thereby gain an improved

understanding of premixed turbulent flames. In addition, previously obtained two-dimensional flame

structure measurements made in turbulent premixed flames were re-analyzed in order to obtain flame

curvature and orientation statistics.

RESEARCH RESULTS

The results of this research are described in detail in four papers which are included as

Appendices A through D of this report. The first and second papers are entitled, "Curvature and

Orientation Statistics of Turbulent Premixed Flame Fronts" and "Surface Properties of Turbulent

Premixed Propane/Air Flames at Various Lewis Numbers," respectively, and present results of an

analysis of previously reported flame structure measurements made over a range of u'/SL from 1.42

to 5.71, and Le from 0.98 to 1.86. These are the same measurements for which we previously

reported fractal dimensions, but now have re-analyzed in terms of flame curvature and orientation

statistics in order to provide data which is more consistent with recent numerical predictions such as

those of Pope, Poinsot, and others. The major conclusions which we have drawn from this work are

as follows:

(i) The flamelet curvature distributions are symmetric with respect to the zero mean and

can be approximated by Gaussian distributions.

(2) The mean positive (negative) flamelet curvature increases (decreases) with increasing

u'/SL, and is governed by a nearly square-root dependence on u'/SL.
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(3) The mean flamelet radius of curvaiure is approximately twice the Taylor scale of

turbulence in the approach flow, suggesting that the length scale of turbulence has a

more important role than U'/SL or Le in determining the flame curvature.

(4) The flame orientation exhibits an evolution from anisotropy toward a more uniform

distribution with increasing u'/SL at a similar rate for all Lewis numbers tested, and

isotropy is estimated to occur for u'/SL t 10.

(5) The flame surface area ratio, PT/PL, is observed to vary from 2.9 to 5.2 when u'/SL is

increased from 1.42 to 5.71, while thermodiffusively unstable mixtures (Le< 1) exhibit

larger flame surface area by up to 30% in comparison to flames with Le> 1.

(6) Pockets of both reactants and product gases in two-dimensional images are observed at

the conditions studied accounting for up to 25% of the total flame area with the

fraction of flame pocket area tending to be larger for Le < 1.

The third and fourth papers are entitled, "Flame Front Geometry and Stretch During

Interactions of Premixed Flames with Vortices" and "Local Response and Surface Properties of

Premixed Flames During Interaction with Kirmin Vortex Streets," respectively, and present results

from our study of flame-vortex interactions. The motivation for this work being the notion that the

interaction between an individual vortex and a premixed laminar flame front can be viewed as the

basic "building block" from which to develop an improved understanding of the underlying processes

involved in flame-turbulence interactions. This work was initially intended to be entirely

experimental; however, we have also had considerable success in developing a relatively simple

model based on a kinematical relationship between convection due to fluid motion and normal flame

propagation. From the experimental and numerical results obtained to date, we have drawn the

following major conclusions:

(I) The flame front geometry during the interaction of premixed laminar flames with

KArmin vortex streets can be simulated by a kinematical relationship between
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convection and flame propagation, although for quantitatively accurate reconstruction,

the effect of the flame on the vortex properties needs to be considered.

(2) Vortex strength, size and spacing are important parameters in determining the

geometry of the wrinkled flame fronts; in particular, vortex spacing parallel and

perpendicular to the flame affect the spatial frequency and the time for development of

the wrinkled structures, respectively.

(3) Flame stretch during flame-vortex interactions is non-uniform in space and time, with

flow strain and curvature effects causing a spatial fluctuation from positive to

compressive flame stretch while the overall flame stretch is positive and time-

dependent.

(4) Local flame properties during interactions with vortices exhibit responses consistent

with the results of stretched laminar flame theories in that the OH LIF intensity

increases when the local flame curvature becomes positive (negative) for

thermodiffusively unstable (stable) flames.

(5) Departure of the peak OH LIF intensity for hydrogen flames ranges from 20 to 150%

of the value for unstretched flames (zero flame curvature) for flame curvature ranging

from -1.5 to 0.7 mm"1, while for propane/air flames, the variation is within + 20% of

the value at zero curvature. Thus, the widely-used approximation of assigning constant

local flame speed in turbulent premixed flames may be subject to significant errors for

hydrogen flames for which the magnitude of (1/Le-1) is relatively large, while for

typical hydrocarbon flames, this approximation appears to be more reasonable.

(6) The variation in the averaged peak OH LIF intensity is nearly linear with respect to a

variation in flame curvature from -1.2 to 0.8 mm"1, indicating that the application of

stretched laminar flame theory to turbulent premixed flames in which the local flame

speed is a linear function of the flame stretch and Markstein length is reasonably accurate.
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(7) The flame area during interactions with Klrmin vortex streets increases as a relatively

weak function of UO/SL, while the vortex size affects the flame area, in that smaller

vortices are less effective in generating flame area. The effect of Lewis number on the

flame front is to enhance (suppress) the amplitude of the wrinkles generated by vortices

for thermodiffusively unstable (stable) flames, thus resulting in larger (smaller) flame

area.

(8) The flame curvature pdfs for flames interacting with Krmn vortex streets exhibit a

bias toward positive flame curvature due to the large area of positively-curved flame

elements that develop downstream along the V-flame. A decrease in vortex size tends

to increase the flame curvature and thus broaden the pdf's, while u6/SL and Lewis

number have relatively small effects on the flame curvature pdfs.

(9) The flame orientation distribution is peaked near the normal direction of flame

propagation for small uO/SL, while an increase in uO/SL results in broadening of the

flame orientation distribution and a shift toward larger flame angle due to the increased

distortions in the flame front and increases in the effective flame propagation speed,

respectively. An increase in the vortex size and decrease of Lewis number below unity

for similar reasons results in broadening and a shift of the flame orientation

distributions, although the effect is not as pronounced.
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APPENDIX A

Curvature and Orientation Statistics of Turbulent
Premixed Flame Fronts

T.-W. LEE. G. L. NORTH and D. A. SANTAVICCA Turbulent Combustion
Laboratory,. Propulsion Engineering Research Center, Department of
Mechanical Engineering, Penn State University

(Received April 23, 1991; in final form September 17, 1991)

Abstract-The curvature of turbulent premixed flame fronts is an important spatial property that needs to
be quantified over a range of turbulence conditions. In this study, measurements of flamelet curvature along
with orientation statistics for u'/SL = 1.42-5.71 are obtained from OH planar laser-induced fluorescence
images of the flame boundary by applying a curve-tracing difference formula with interval length of the
order of the inner cutoff scale. Use of this particular interval length is essential for accurate tracing of the
flame boundary with implicit filtering of extraneous noise that can introduce significant errors in the
curvature measurements. The distributions of flamelet curvature are found to be symmetric with respect
to the zero mean, while the variance increases with increasing U'ISL. These distributions can be approximat-
ed by Gaussian distribution functions. The positive and negative mean curvatures show a nearly square-
root dependence on U'ISL. whereas the mean flamelet radius of curvature is approximately a factor of two
larger than the Taylor scale of turbulence in the approach flow. The effect of Lewis number on flamelet
curvature is evidenced by a 20% increase in mean cuvatures which is attributed to the unstable flame fronts
at Lewis number less than unity. The evolution of flamelet orientation with increasing u'ISL shows a trend
toward isotropy. which is estimated to prevail when u' becomes an order of magnitude larger than SL. For
unstable flame fronts (Le < 1). flamelets are more randomly orientated and thus isotropy may be achieved
for somewhat smaller ratio of U'ISL.

INTRODUCTION

Recently, analyses of turbulent premixed combustion within the wrinkled laminar
flamelet reggime have involved the use of various spatial statistical properties of flame
fronts. These include fractal analysis (Gouldin, 1989) in which the fractal dimension
and cutoff scales determine the ratio of turbulent to laminar burning surface areas:
the strained laminar flamelet calculations of Cant and Bray (1988), where the mean
reaction rate is related to spatial or temporal flamelet crossing frequency; the stochastic
flamelet model (Pope and Cheng, 1988) in which the effects of curvature and orien-
tation on the evolution of the flamelet area are modelled under idealized conditions,
and the spectral method of Weller et al. (1990) where the spectral distribution of flame
wrinkling is computed. Experimental evaluations of spatial flame properties to date
are numerous and include, for example, the measurements of fractal dimensions
(Mantzaras et al., 1989: North and Santavicca, 1990; Wu et al.. 1991), inner cutoff
scales (Shepherd et al., 1990; North et al., 1991), spatial and temporal flamelet
crossing frequencies and flamelet orientation (Cheng et al., 1988; Chew et al., 1990).
However, thus far. measurements of flamelet curvature have not been reported, except
in one instance (zur Loye and Bracco, 1987); and perhaps for this reason curvature
characteristics have not been extensively treated in modelling efforts.

Since the local laminar flame speed is determined by the Lewis number and flame
stretch. to which both flow strain and curvature contribute, curvature and its statistics
are an essential component in a rigorous treatment of wrinkled flamelet combustion.
Experimental and theoretical investigations have shown that the combined effects of
curvature with preferential diffusion and flow strain can greatly affect flame speeds
and extinction limits (Mikolaitis, 1984a and 1984b; Asato et al., 1988). In addition,
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experimental work of Echekki and Mungal (1990) reveals that flame speed is non-
linearly dependent upon flame curvature and can increase by a factor of up to 6.25
with respect to unstrained flame speed in the presence of large curvature. Therefore.
it is of considerable interest to determine the range of flamelet curvature encountered
under turbulence conditions characteristic of practical combustion devices, as
flamelet curvature has potentially significant effects on turbulent combustion. On the
other hand, some authors (Cant and Bray. 1988; Becker et al.. 1990) have argued that
the overall effect of flamelet curvature on the burning rate integrates to zero if the
curvature distribution is symmetric. Thus. an experimental investigation of flamelet
curvature and its statistics at this point would prove to be useful.

Furthermore, there are some interesting questions concerning the orientation of the
flamelets that need to be answered for accurate modelling as well as for fundamental
understanding of the phenomena. For example. within the stochastic flamelet model
(Pope and Cheng. 1988) the area-reduction term that determines the development of
flamelet element area becomes infinite if flamelets are assumed to be randomly
orientated, thus requiring a correction term called the orientation factor. At relatively
low turbulence intensities, the flamelet crossing angle data by Chew el al. (1990) show
a high degree of anisotropy in flamelet orientation indicated by the predominance of
"forward-facing" flamelets. However, as the turbulence level increases, it is intuitively
obvious that the flame front will become more convoluted resulting in a more
randomly distribution of flamelet orientation angles. At sufficiently high turbulence
intensities, the flamelet orientation is expected to be isotropic; and an assessment of
the evolution of the flamelet orientation distribution toward isotropy is an issue that
is addressed in this investigation.

Finally, as Pope et al. (1989) have considered the curvature of material surfaces in
isotropic turbulence using direct numerical simulation, a parallel consideration of the
curvature of a flame front, which is a nonuniformly propagating surface, is of interest.
Such a comparison of curvature together with an examination of flamelet orientation
distribution can provide insight into how propagation modifies the curvature of
material surfaces and conversely how turbulence affects the geometry of flame fronts.
In view of this, the aim of the present investigation is to experimentally determine the
curvature and orientation statistics at various turbulence intensities and equivalence
ratios, and examine the consequent implications on the interaction between turbu-
lence and premixed flame fronts.

EXPERIMENTAL METHODS

Nearly one-dimensional, freely propagating, premixed turbulent flames were produced
in an experimental device called a pulse flame flow reactor, which is schematically
illustrated in Figure 1. Using this device, flames propagating downward into a
high-intensity turbulence approach flow can be repetitively generated for ensemble-
averaging of various flame properties. Details of the operation of this device are
published elsewhere (Videto and Santavicca. 1991). In order to investigate various
spatial properties of flame fronts. OH planar laser-induced fluorescence (PLIF) was
used. The schematic of this setup is shown in Figure 2. The second harmonic of a
Nd YAG was used to pump a tunable pulsed dye laser, the output of which was
frequency-doubled to generate a 284nm uv-beam of ca., 1Ons in pulse duration.
Following beam expansion to 20 mm diameter, a spherical-cylindrical lens combina-
tion was used to produce a beam sheet with a measured thickness of approximately
150pum. The excitation-detection scheme involved excitation of the blended Q2(8) and
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FIGURE I Pulsed-flame flow reactor.

Q, (9) lines in the (1,0) A2y -X 2 -I transition, followed by broadband detection of the
rovibrationally relaxed (1. 1) and (0. 0) fluorescence signal near 315 nm. 8 mm x 8 mm
images of the flame fronts were taken using a uv-transmitting camera lens (f/l.1) in
conjunction with a dual microchannel-plate intensified Reticon camera. The image
acquisition process was initiated by the trigger signal from an optical flame arrival
detector indicating flame arrival within the field of view (North and Santavicca. 1990).

PULSED DYE LASER Nd YAG LASER

FREQUENCY DOUBLER

Z84.* BEAM

FOCUS ING FLAME ARRIVAL

OPTICS DETECTOR

A R R A Y C A M E R A FR A M EG R AB B E R C M U E

TEST [UTE

HeC-Te BEAM IOCAMERA CONTROL

LASER STOP

FIGURE 2 Schematic of OH PLIF imaging system.
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TABLE I
Summary of test conditions

1' ,' /SL ReL Da Le <H> 611 a,
(m/sec) (mm-') (mm')

0.75 0.5 1.42 154 56 1.86 0.017 0.664 0.75
0.75 1.0 2.85 314 29 1.86 -0.007 1.075 0.65
0.75 1.5 4.29 500 20 1.86 -0.017 1.117 0.65
0.75 2.0 5.71 667 15 1.86 0.112 1.677 0.65
1.00 0.6 1.42 185 67 1.40 0.001 0.804 0.75
1.25 0.5 1.42 154 56 0.98 0.025 0.827 0.75

This trigger signal caused the laser to pulse while simultaneously activating the gate
on the intensified array camera. An intensifier gate of ca., I 'm was sufficient to
eliminate the ambient noise due to flame luminescence.

Propane/air mixtures of equivalence ratios ranging from 0.75 to 1.25 were used.
At a fixed equivalence ratio of 0.75, the turbulence intensity was varied from u' =
0.5 m/sec to 2.0 m/sec. corresponding to U'/SL values from 1.42 to 5.71. Also, at a fixed
U'/SL of 1.42. the equivalence ratio was varied from 0.75 to 1.25, resulting in a Lewis
number variation of 0.98 to 1.84. The test conditions are summarized in Table I.

CURVATURE ANALYSIS

From the OH PLIF images, a threshold pixel intensity was identified as the minimum
value between bimodal intensity peaks corresponding to the burned and unburned gas
regions in the intensity histogram. Using this threshold, the images were put into a
binary format, from which the perimeters demarcating the burned/unburned regions
were detected and digitized into numerical coordinates. A 4th-order Newton's divided
difference formula, which is a 5-point curve-fitting scheme allowing for uneven
interval lengths, was then applied to obtain a polynomial function for these perimeters.
In a separate study (North et al., 1991), fractal analysis was applied to the same OH
PLIF images (included in the aforementioned article) in order to resolve inner cutoff
scales. i.e., the smallest scales of the flame fronts, yielding inner cutoffs ranging from
0.4 to I mm. Therefore, interval lengths in the difference formula were restricted to
values between 0.25 and 0.625mm. This is an important element in the present
analysis in that interval lengths much smaller than the inner cutoff can result in false
tracking of small-scale digitization noise in the perimeter while interval lengths larger
than the inner cutoff can cause the perimeter tracing routine to miss relevant features
in the flame front. Using 0.5 mm as the interval length for most of the perimeters,
accurate tracing of the flame boundaries resulted with implicit filtering of extraneous
noise smaller than the minimum scale present in the flame front. This method
eliminates any ambiguities associated with analyzing perimeters containing noise, and
is consistent with the concepts of fractal geometry in that using intervals of the order
of the inner cutoff insures correct tracing of the perimeters.

As the difference formula cannot accept perimeters with infinite slopes, a threshold
value in the vertical slope was set and detection of slopes higher than this threshold
caused a 900 rotation in the coordinate system, resulting in high slopes being converted
into nearly zero slopes. This method was also used to handle what would otherwise
be intractible multi-valued perimeters. Another threshold in the horizontal slope was
also set since the 900 rotation of the coordinate system can convert nearly zero slopes
into unacceptably high slopes. Simultaneous detection of slopes exceeding both the
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FIGURE 3 Typical performance of the perimeter tracing routine.

vertical and horizontal thresholds resulted in the rejection of that particular segment
of the perimeter. Since the simultaneous occurrence of slopes exceeding both threshold
limits is not directly dependent on curvature but on the coincidental orientation of
two or more sections of the perimeter, this is not expected to introduce a bias in the
subsequent analysis of curvature. In any event, the analysis provided better than a
90% acceptance rate: thus, bias associated with the thresholding in the perimeter
tracing routine, if any. is expected to be minimal. After the polynomial function was
obtained in this manner from the raw perimeter, the coordinate system was rotated
back 90' to restore the original direction of flame propagation. As the accuracy of
data obtained from these perimeters is critically dependent upon the accuracy of the
perimeter traces, the entire set of ca., 250 perimeter traces was plotted and checked
by directly comparing with the raw perimeters, as in Figure 3 where typical per-
formance of the perimeter tracing routine is shown. Figure 3 is a sampling of flame
perimeters obtained from four separate realizations: and the direction of propagation
is globally from top to bottom as noted by the reactant and product sides of the flame
perimeters. Local degradations of the raw perimeters can occur due to digitization
noise, slight misfocussing and the effects of beam nonuniformity even after beam
normalization. The importance of using the inner cutoff as the interval length is
demonstrated in Figure 3, where it can be seen that selection of an interval length
much smaller than the inner cutoff would cause the tracking of occasional small-scale
noise and result in erroneously large curvature measurements.

Once the 4th-order polynomial functions of the perimeters were thus obtained and
checked, the orientation and curvature of the flamelets represented or. the perimeters
could be analyzed in a straightforward manner since the first derivative of the
polynomial gave the tangent from which the normal direction could easily be com-
puted and the second derivative could be used to calculate the curvature. Curvature
was defined positive for flamelets convex toward the reactants, while the orientation
angle was measured with respect to the positive horizontal axis. 400 to 500 flamelet
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FIGURE 4 Evolution of flamelet curvature probability density functions for uOSL = 1.42-5.71 at
4, = 0.75.

elements of ca., 0.5 mm in length were analyzed for each condition, while the slight
variations in flamelet element length were accounted for by statistical area-weighting.

RESULTS AND DISCUSSION

The evolution of the probability density function (pdf) of flamelet curvature with
increasing U'/SL at a fixed equivalence ratio of 0.75 is shown in Figure 4. Inspection
of the pdf's and the flame perimeters indicate that the cusping of the flame front
toward the product side which is observable in weakly turbulent flames is seldom
observed at these conditions; and flamelets with large curvature are as likely to be
convex as they are to be concave toward the product side. The pdf's exhibit a
symmetric shape with respect to the zero mean. while the width (variance) increases.
as expected. with increasing U'/SL. At high u'/SL, the ability of the flame to dampen
the wrinkles caused by turbulence is reduced resulting in increased flamelet curvature.
Moreover. with increasing u' or turbulence Reynolds number the relevant scales in the
turbulent flow become smaller, again contributing to increased flamelet curvature.
More will be said later on the scales of turbulence and their efects on flamelet
curvature. The maximum statistically significant curvature. i.e.. maximum curvature
with nonnegligible number frequency. ranges from 1.5mm'- at U'ISL = 1.42 to
3 mm -' at U'ISL = 5.71. Comparing these results with flame speed measurements as
a function of flame curvature reported by Echekki and Mungal (1990). flamelet
curvature in this range is sufficient to cause more than a three-fold increase in local
laminar flame speed with respect to the unstrained value. Flamelet curvature as high
as 8 mm -' is observed, translating to radius of curvature of 0.125 mm. Presence of
radii of curvature smaller than the inner cutoff, however, does not contradict the inner
cutoff results of the fractal analysis since isolated occurrences of high curvature does
not lead to an increased surface length.
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FIGURE 5 Mean flamelet curvatures as a function of (u'.'SL)' - at V = 0.75.

The flamelet curvature pdf's can be approximated by Gaussian distributions as
shown in Figure 4. The parameters used in the Gaussian distribution are the measured
mean and variance of the flamelet curvature, where the variance is corrected by a
factor close to 0.7 in order to account for the overestimation of the variance due to
outlying data points. This correction is necessary for the Gaussian fit due to the
non-zero probability of flamelets with high curvature while statistically significant
curvatures are bounded by this Gaussian fit as shown in Figure 4. The correction
factors, a,. are listed in Table I along with the means and variances.

From the measured pdf's of flamelet curvature, positive and negative components
can be separately averaged to yield respective means. A logarithmic plot of these mean
curvatures against U'ISL yields slopes near 0.5. Thus anticipating a dependence of
flamelet curvature proportional to (u'ISL)' 2. mean curvatures are plotted against
the square root of U'/SL as in Figure 5. Here, the flamelet curvatures plotted are
unnormalized due to ambiguities in defining the flame thickness, which in any case is
estimated to be 60 pm for these conditions. It can be observed in Figure 5 that there
is an approximately linear increase (decrease) for positive (negative) components of
flamelet curvature while the overall mean stays near zero. Least-square fit lines
through the data points extrapolate toward zero curvature at u'ISL goes to zero, which
is reasonable since in the limit of zero turbulence intensity or infinite laminar flame
speed the flame front is expected to be perfectly planar exhibiting no wrinkles in the
absence of intrinsic instabilities. These observations indicate that the two-dimensional
behaviour of flame front curvature is governed by a nearly square-root dependence
on u'ISL.

Next. we take the arithmetic mean of the absolute value of positive and negative
flamelet curvatures at a given U'ISL. and then compute the inverse of that quantity.
to yield the mean radius of curvature which is plotted in Figure 6. The mean flamelet
radii of curvature encountered range from 4.2mm at u'/SL = 1.42 to 1.8mm at
u'/SI= 5.71. Mean flamelet radius of curvature of 1.6mm has been reported for
premixed-charge flames at U'ISL z- 4.0 in an IC engine by zur Loye and Bracco
(1987). although the inner cutoff data being unavailable at the time the step size in the
perimeter analysis of that study was varied as a parameter that sensitively affected the
resultant measurements. Normalizing by the estimated flame thickness of 60 pm and
again referring to Echekki and Mungal (1990). it is found that curvature effects alone
can result in 10-30% change of flame speed in the mean from the unstrained laminar
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flame speed. Also plotted in this figure are the Taylor (;-T) and Komogoroff 0qK) scales
of turbulence in the approach flow, calculated through dimensional arguments
(Hinze. 1975) using the measured turbulence intensity and integral scale. and also the
Kolmogoroff scale multiplied by 12. This last quantity is of importance because
through direct numerical simulation performed at a Taylor Reynolds number of 39
(Pope et al.. 1989), which is roughly comparable to Re;. = 48 at u'/SL = 1.42 in the
present data. it has been found that the mean radius of curvature of material surfaces
in isotropic turbulence is approximately 12 times the Kolmogoroff scale. Although
this result is restricted to a single turbulence Reynolds number, some interesting
observations can be made by comparing the mean flame radius of curvature with this
scale as well as other relevant scales of turbulence. It is also of interest to note that
in the numerical simulation by Pope et al. (1989) 12 r/ is found to roughly coincide
with the Taylor scale of turbulence at this condition.

Before any direct comparison is made, the present data must be corrected for
three-dimensional effects since 12 11k is the radius of curvature of three-dimensional
material surface defined as:

R, = (H1 + Hý,)",

where H, and H, are the principal components of curvature. Here, for flamelet
curvature the orthogonal components is taken to be equal to the measured curvature,
i.e.. H, = H,., yielding R, = l/\,/2R. This correction is reasonable since the measured
curvature is a random sampling of flamelet curvatures with no preferred direction.
Recently. Ashurst (1991) used a zero-thickness. constant-density premixed flame
model to show that the three-dimensional geometry of the flamelets are asymmetrical
in that one curvature component is at least three times larger than the orthogonal
component. However, random two-dimensional sampling of flamelet curvature in this
geometry results in a correction factor of 1/./2.5, which is a relatively small deviation
from the present correction factor. Therefore. for the comparison discussed below the
correction factor of l/\/2 is retained. The comparison in Figure 6 shows that the
corrected mean radius of curvature of the flame front, as expected, is larger than that
of the material surface, represented by 121k, while the slope of ca., - 0.55 is closer to
that of ;.T (-0.46) than 12 rk (-0.74). Multiplying tT by two roughly gives the
corrected flamelet radius of curvature, with agreement diminishing at higher U'/SL.
Thus, if material surfaces in isotropic turbulence can be assumed to possess a mean
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FIGURE 7 Mean flamelet curvatures as a function of equivalence ratio at uI/SL 1.42.

radius of curvature of the order of ;-r or 1 2 rhk even at higher turbulence Reynolds
numbers, then a possible mechanism for curvature generation in flame fronts is that
turbulence by itself produces mean radius of curvature close to 4'. and the effect of
flame propagation is to smoothe this surface and thereby increase the radius of
curvature by a factor of up to 2, which possibly depends on the effects of Lewis
number and flame stretch.

The effect of Lewis number on flamelet curvature is also investigated by fixing u ISL
at 1.42 and varying the equivalence ratio from 0.75 to 1.25, corresponding to a
variation between diffusively stable (Le = 1.84) and marginally unstable (Le = 0.98)
conditions. The result is illustrated in Figure 7. For the stoichiometric case, u' was
increased in order to keep U'ISL constant, while for equivalence ratios of 0.75 and 1.25
the laminar flame speeds are identical and adjustment of u' was not necessary. Here,
again curvature is plotted without normalizing by flame thickness since this would
imply that flamelet curvature scales with flame thickness whereas we have seen in
Figure 6 that flamelet curvature is more likely to scale with the length scale of
turbulence in the approach flow. The increase in flamelet curvature resulting from
unstable flame fronts is reflected by an almost 20% increase in the absolute values of
positive and negative mean curvatures and a similar increase in the variance.

It is worth mentioning that the mean flamelet radius of curvature of 3.6mm at
= 1.25 is comparable to the integral scale of flame wrinkling measured by Chew

et al. (1990), which was found to be nearly constant at ca., 4 mm for similar U'ISL and
equivalence ratio; although in that study a Bunsen flame has been used and turbulence
characteristics are somewhat different. Flamelet radius of curvature has been used as
a representative length scale in theoretical studies (Matalon and Matkowsky, 1982).
and is a natural scale defining the characteristics of flame front wrinkling. Also, since
curvature directly contributes to the modification of the local laminar flame speed due
to stretch effects. the distribution of flamelet radius of curvature, along with the
orientation statistics to be presented next and fractal data such as the fractal dimen-
sion and cutoff scales, can provide a complete spatial characterization of turbulent
premixed flame fronts.

The orientation of the flamelet, o, is defined in the present analysis as the angle that
the normal vector of the flamelet element makes with respect to the positive horizontal
axis, yielding -90' as the direction of downward propagation. Figure 8 shows the
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evolution of the flamelet orientation distribution with increasing u'[S, at an equiva-
lence ratio of 0.75. The distribution at u'IS. = 1.42 is qualitatively very similar to the
distribution of flamelet crossing angle measured by Chew et al. (1990) as most of the

flamelets propagate in the forward direction with orientation angle between - 180'
and 0' while "reversed" flamelets, i.e., propagating upward with orientation angle
between 0* and 1800, are less frequent in occurrence. Although in the present analysis
the orientation angle is simply the normal direction of flamelets whereas the flamelet
crossing angle data of Chew et al. (1990) are measured with respect to surfaces of
constant mean reaction progress variable, it is reasonable to expect that the distribu-
tion of these quantities will behave in a similar manner since the surface of constant
reaction progress variable in the present experiment, where flames propagate freely
downward, is likely to be nearly horizontal. With increasing u'/SL, the orientation
becomes more uniformly distributed, i.e., from mostly forward facing orientations at
u'/SL = 1.42 the flamelets tend toward isotropy at u'SL = 5.71 where all directions
of propagations are observed in significant number frequencies. However. complete
uniformity in the orientation distribution is not achieved even at u'SL = 5.71,
indicating that the flamelets at this condition are not yet completely isotropic.

A measure of the anisotropy of flamelet orientation is the variance in the number
frequency of orientation angle with respect to the mean number frequency normalized
by the mean number frequency. denoted orf/<.f. For a uniform distribution, the
variance of number frequency is zero since the number frequencies are all identical.
thus af/(f> equals zero. An estimate of the isotropy condition can be made by
plotting afl~f > against u'SL and extrapolating to find u'/SL where af ~f > goes to
zero as shown in Figure 9; here for consistency af /<f > is plotted against the square-
root of u'/SL. A least-square fit line through the data points show that in order for
af/(f> to be zero (u'SL)P2" • 3.3 or u'SL ýZ 10. Therefore, u' must be approxi-
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FIGURE 9 Estimate of isotropy condition.

mately an order of magnitude larger than SL for isotropy to be achieved. Inspection
of OH PLIF images show that multiply-connected flamelets. i.e.. packets of burned
and unburned gases occur at negligible frequency at U'ISL = 1.42. while this fre-
quency increases with increasing U'ISL. Although three-dimensional topology of flame
fronts cannot accurately be assessed using a single-sheet two-dimensional methods
(Mantzaras et al., 1988) such as used in this study, shadowgraph measurements by
Abdel-Gayed et al. (1989) demonstrates the possible mecharisms of flame front
fragmentation and pocket formations. Therefore, for u' > SL it may be hypothesized
that the flame front can no longer be singly-connected resulting in so-called -packet"
combustion and within this regime since flame fronts form many separate and locally
closed surfaces the flamelet orientation is likely to be isotropic. Strictly, however, the
present results apply only to the two-dimensional behavior of the flame fronts. If the
flame front is Lhermodiffusively unstable, af/<f> becomes smaller as shown in Figure 9
where two additional data points corresponding to equivalence ratios of 1.00 and 1.25
are included, indicating that the flamelets are more randomly orientated and that
isotropy may be achieved for slightly smaller u'/SL.

CONCLUSIONS

From the considerations above, the following conclusions are made concerning the
curvature and orientation statistics of turbulent premixed flame fronts:
(1) The flamelet curvature distributions are symmetric with respect to the zero mean

and can be approximated by Gaussian distributions.
(2) The mean positive (negative) flamelet curvature increases (decreases) with increasing

U'ISL, and is governed by a nearly square-root dependence on u'/SL.
(3) The mean flamelet radius of curvature is larger than but of the order of Taylor

scale of turbulence in the approach flow.
(4) The mean flamelet curvature increases when the flame front becomes diffusively

unstable (Le < 1).
(5) Isotropy in flamelet orientation is estimated to occur for u' nearly an order of

magnitude larger than SL, whereas the required ratio is expected to be somewhat
smaller for unstable flame fronts.
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APPENDIX B

SURFACE PROPERTIES OF TURBULENT PREMIXED PROPANEIAIR FLAMES AT
VARIOUS LEWIS NUMBERS

T.-W. Lee, G.L North and D.A. Santavicca
Turbulent Combustion Laboratory

Department of Mechanical Engineering
Propulsion Engineering Research Center

Penn State University

ABSTRACT- Surface properties of turbulent premixed flames including the wrinkled flame

perimeter, fraction of the flame pocket perimeter, flame curvature and orientation distributions have

been measured for propane/air flames at Lewis numbers ranging from 0.98 to 1.86 and u'/SL= 1.42-

5.71. The wrinkled flame perimeter is found to be greater for the thermodiffusively unstable Lewis

number (Le <1) by up to 30% in comparison to the most stable condition (Le = 1.86) tested, while

the fraction of the flame pocket perimeter shows a similar tendency to be greater for Le< 1. The

flame curvature probability density functions are nearly symmetric with respect to the zero mean at

all Lewis numbers throughout the range of U'/SL tested, and show a much stronger dependence on

u'/SL than on the Lewis number. Similarly, the flame orientation distributions show a trend from

anisotropy toward a more uniform distribution with increasing u'/SL at a similar rate for all Lewis

numbers. Thus, for turbulent premixed propane/air flames for a practical range of Lewis number

from 0.98 to 1.86, the effect of Lewis number is primarily to affect the flame structures and thereby

flame surface areas and flame pocket areas, while the flame curvature and orientation statistics are

essentially determined by the turbulence properties.



INTRODUCTION

Within the laminar flamelet regime of turbulent premixed combustion, the turbulent burning

velocity as a first approximation can be set equal to the ratio of the wrinkled flame area to the

undisturbed laminar flame area. In spite of this simplification, a rigorous method of estimating the

turbulent burning velocity as a function of the turbulence and mixture properties remains elusive.

For this reason, recent modelling and experimental research efforts have focused on the surface

properties of turbulent premixed flames. One modelling approach to predict the turbulent flame

surface area is based on the fractal analysis [1] where the fractal dimension and cutoff scales as a

function of turbulence intensity provide a quantitative description of convoluted turbulent flame

surface areas. Experimental measurements in support of the fractal analysis include those of

Mantzaras et al. [21, Shepherd et al. [3], North and Santavicca [4], Wu et al. [5], North et aL [6] and

references cited therein. Other approaches to estimate the flame surface area include the works of

Cant et al. [7] and Weller et al. [8]; while experimentally investigators have considered surface

properties such as the flame surface areas measured directly using laser tomography [5,9], spatial and

temporal flamelet crossing frequency [3,10,11] and flame curvature [9,12] and orientation [3,12].

Recently, direct numerical simulations of turbulent premixed flames under simplifying assumptions

of either two-dimensional turbulence or zero heat release [13-15] have also been important in

extending the knowledge of the surface properties of turbulent premixed flames.

Insofar as the flame surface properties are concerned in the laminar flamelet regime, flame

surface area, flame curvature and orientation statistics provide a complete set of geometrical

descriptions of turbulent premixed flame surfaces [16], although additional topological information

such as the fraction of the flame pocket area would be required for corrugated flamelets, i.e. flames

involving multiply-connected flamelets. The flame surface area is important as an indicator of the

degree of flame front wrinkling, as well as being a measure of the turbulent burning velocity. The

flame curvature probability density function (pdf) indicates how the flame wrinkle scales are
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distributed, while the flame orientation data shows the distribution of flame normal vectors in space.

Furthermore, since flame curvature contributes to flame stretch, considerations of flame stretch

effects on turbulent premixed flames require a knowledge of the flame curvature distributions. Many

flamelet models of turbulent premixed combustion [17,18] have considered only the effect of

tangential flow strains on the flame, while neglecting the contribution of flame curvature to flame

stretch. Recent computational results of Haworth and Poinsot [14] have indicated that the local

flame properties at non-unity Lewis numbers correlate more strongly with flame curvature than with

the tangential strain rates, thus further necessitating the knowledge of flame curvature distributions

at various turbulence conditions and Lewis numbers. The flame orientation is also important as a

fundamental flame surface property as well as having potential applications in several modelling

approaches, in which the flame crossing angle is required for the computation of the local mean

reaction rate [19] and modelling of source terms in the governing equation for the flame surface-to-

volume ratio [7].

In addition to turbulence properties, the Lewis number is an important independent variable

in determining the surface properties of turbulent premixed flames. Not only the local flame

properties at a given flame stretch vary at different Lewis numbers, but also the flame surface

undergoes significant changes depending on whether the thermodiffusive instabilities amplify or

suppress the wrinkles caused by turbulence. For example, larger flame areas have been observed for

Le<1 in turbulent premixed flames [5,9,14], while the Lewis number enters into consideration in

order to rationalize the observed variations in turbulent burning velocities when different fuel/air

mixtures are tested [20]. Another important aspect of turbulent premixed combustion is the

propensity of the flames to form pockets under certain conditions, since this contributes to an

increase in flame area as well as having an effect on pollutant formation processes [21,22]. In view

of this, the aim of the present investigation is to characterize the flame surface properties in terms

of the flame surface area or wrinkled flame perimeter observable in two-dimensional images, fraction
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of flame pocket perimeters, flame curvature and orientation distributions for turbulent premixed

propane/air flames at various turbulence conditions and Lewis numbers.

EXPERIMENTAL METHODS

Premixed flames propagating freely toward a nearly isotropic turbulent flow field were

generated in a device called a pulsed-flame flow reactor, schematically shown in Fig. 1. A slug of

propane/air mixture is produced upstream by introducing the fuel into the air flow for a selected

interval via a solenoid valve controlling the fuel flow. Intense turbulence was generated as the

mixture went through the slot plate and one-dimension contraction section. Once ignited by the

spark electrodes above the test section, a turbulent flame propagated downward into the test section

until it reached the end of the propane/air mixture. This process of generating the fuel/air mixture

slug and igniting the mixture could be repeated in approximately 1/4 Hz cycles in order to obtain

ensemble averages of flame properties over many realizations. The turbulence properties were

quantified by measuring the intensity and the integral length scales in the longitudinal and transverse

directions, which were nearly identical verifying the isotropy of the turbulent flow field within the test

section. Using this device, turbulence intensity, u', ranging from 0.4 to 2.0 m/s for mean flow

velocities of 1.2 to 4.8 m/s could be obtained with corresponding turbulence Reynolds number, ReL,

of 150 to 670. Further details of the experimental apparatus and turbulence measurements which

shows that the turbulence properties are well-characterized and reasonably uniform within the test

section can be found in Videto and Santavicca [23). For a given turbulence condition, three different

equivalence ratios, 0, were used in order to assess the effects of Lewis number on flame surface

properties. Equivalence ratios of 0.75, 1.0 and 1.25 for propane/air mixtures corresponded to Lewis

numbers of 0.98, 1.40, and 1.98, respectively. Complete test conditions are tabulated in Table 1. The

laminar flame speed, St., was identical at 4' = 0.75 and 1.25, while it is higher at stoichiometry. Thus,

in order to isolate the Lewis number effects from the effects of u'/SL, the turbulence intensity for
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fr=1.0 was raised by an amount necessary to keep U'/SL constant at all equivalence ratios. However,

since the turbulence intensity was already near the maximum capability of the pulsed-flame flow

reactor at u'/SL = 5.71, only q = 0.75 and 1.25 mixtures were tested at u'/SL = 5.71.

Two-dimensional images of the turbulent flames were obtained using OH planar laser-induced

fluorescence (PLIF). As is well known, OH radicals exist in large quantities within the preheat zone

and in the burned gas regions, and provide a convenient marker for flame fronts. A Nd:YAG laser-

pumped tunable dye laser was used to produce a laser beam of ca. 10 ns pulse duration tuned to an

excitation wavelength of OH radicals. A cylindrical-spherical lens combination was used to obtain

a beam sheet with a measured minimum thickness of approximately 150 jIm. The resultant

fluorescence signal was collected by a UV-transmitting camera lens and focused onto an intensified

array camera. Further details of the OH PLIF setup can be found in Lee et al. [9]. In order to

capture the propagating flame within the camera field of view, the image acquisition process was

synchronized to a trigger signal from an optical flame arrival detector which indicated the presence

of a flame within the field of view when a He-Ne laser beam was deflected off a photodiode by the

density gradients at the flame tip. The trigger signal caused the laser to pulse, while activating the

image acquisition hardware. An intensifier gate of ca. 1 jis was used to eliminate the noise due to

flame luminescence. For each condition, typically ten 20 mm x 20 mm images were taken which have

pixel and feature resolutions of 150 jim and 300 jtm, respectively; and comparison with 8 mm x 8 mm

images (pixel and feature resolutions of 60 Vim and 125 pim, respectively) showed that the flame

curvature and orientation statistics were nearly identical between the two fields of views, while there

is less bias for the measurements of the total and pocket flame perimeters when larger field of view

of 20 mm x 20 mm is used. Thus, the results presented in this study represents those obtained from

20 mm x 20 mm images, while the 8 mm x 8mm images provided via fractal analysis the required

interval length used in the curvature analysis.

For the OH PLIF images thus obtained, a threshold pixel intensity selected from the intensity
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histogram was used as a cutoff to differentiate burned and unburned regions during the binarization

of the images. The intensity histograms typically yielded nearly bimodal distributions as most of the

pixels were located in burned or unburned regions while a small percentage of the pixels in the

preheat zone exhibited pixel intensities between these two peak intensities. The use of the threshold

intensity as the average of these two peak intensities resulted in well-characterized flame boundaries

due to the small thickness of the preheat zone and nearly parallel nature of the OH LIF iso-intensity

lines within the preheat zone. From the binarized images, the flame perimeters were detected and

their Cartesian coordinates stored for analyses. A 4th-order Newton's divided difference formula,

which is a 5-point curve-fitting scheme, was then applied to obtain the flame coordinates as smoothed

functions of a variable, s, which is the distance along the flame f.ont from a fixed origin on the flame

front. Tihe curvature, H, then can be obtained in a straight-forward manner using: H = [(d2x/ds2)2

+ (d2y/ds2)21"2. Use of the independent variable, s, provides an improvement over the previous

analytical method [12] since the flame curvature and orientation can be analyzed regardless of the

slope and complexity of the flame contours. The flame curvature is defined positive if the flame

element is convex toward the reactant. The orientation angle, a, which denotes the angle that the

flame normal vector makes with the positive horizontal axis, can also be computed from the flame

coordinates. The interval length used in the curve-fitting scheme was kept within 0.5 to 0.9 mm

range, which corresponded to the inner cutoff scales obtained for these flames from fractal analysis

[6], i.e., the smallest scales of flame front wrinkles. The fractal analysis [61 has shown that the inner

cutoff is of the order of the flame thickness and invariant with respect to the changes in turbulence

conditions; therefore interval length of the order of the flame thickness can be used in similar

analyses of flame curvature and perimeters. The choice of the inner cutoff scale as the interval

length in the curvature analysis is important for both flame curvature and flame perimeter

measurements since by sampling of the digitized flame coordinates at too close intervals can result

in tracking of small-scale digitization noise leading to excessively large curvatures; and conve-sely, use
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of large interval lengths can cause the curve-fitting scheme to miss relevant features in the flame

fronts. The wrinkled flame perimeter was also measured using this interval length by adding all the

intervals traced on the flame perimeter. With the interval length within 0.5 to 0.9 mm, the number

of flame elements analyzed per condition ranged from 400 to 750, with the number being larger for

higher U'/SL due to the larger wrinkled flame perimeter observed per image. With the number of

samples analyzed, the mean flame curvature, for example, is accurate within ±10-15% with 95%

confidence. Both flame curvature and orientation statistics were weighted by the length of each

analyzed flame element.

RESULTS AND DISCUSSION

Typical binarized images of the turbulent flames at U'/SL = 1.42 - 5.71 are shown in Figs. 2-4

for Lewis numbers of 1.86, 1.40 and 0.98, respectively (equivalence ratios of 0.75, 1.0 and 1.25). With

increasing U'/SL at all Lewis numbers, smaller scales of flame front wrinkles are observed which

contribute to the increase in flame surface area. In addition, large scale "folding" of the flame sheets

(e.g. Figs. 2(a)-(d)) similarly can increase the flame area; i.e., the flame structure in Fig. 2(a) is that

of a curved flame front with small-scale fluctuations, while with increasing u'/SL the large scale

undulations such as a "peninsula" at U'/SL = 2.85 and several layers of folded flame sheets at U'/SL

= 4.29 and 5.71 become more prominent in Figs. 2(b)-(d). Formation of flame pockets is another

contributor to the flame area. Although pockets of reactants and products are observable at

relatively low u'/S, they become increasingly frequent in occurrence at high U'/SL and for

thermodiffusively unstable mixture, e.g., Figs. 4(c) and (d). While the variations in the flame

structures with increasing u/SL are substantial for Le=1.86, more dramatic changes in the flame

structures can be observed for the thermodiffusively unstable flame fronts (Le< 1) in Figs. 4(a)-(d).

For example, the flame front tends to be very strongly convoluted along with the presence of flame
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pockets (e.g. Figs. 4(c) and (d)). Comparisons with the flame front images at Le= 1.86 at identical

U'/SL'S show that the flame fronts are in general more convoluted and exhibit larger wrinkled flame

areas with flame pockets being observed in higher frequency. These observations of the flame

structures indicate that the higher degree of flame front distortions at higher u'/SL and at

thermodiffusively unstable condition results in larger flame surface areas and greater frequency of

flame pockets, as will be quantified subsequently. Moreover, at all the Lewis numbers the curvature

of the flame front wrinkles increases with increasing u'/SL which is noticeable even in cursory visual

examinations. However, at a fixed u'/SL the changes in flame curvature at different Lewis numbers

does not appear to be pronounced. Another important observation from these flame front images

is the relative lack of cusps at any Lewis number under consideration, which has an important impact

on the flame curvature distributions. As for the flame orientation, the increase in u'/SL leads to

changes in the flame structures such as the appearance of small-scale wrinkles, large-scale folding of

the flame sheets, and flame pockets, which can contribute to the increasing randomness in the flame

orientation distributions. However, the large-scale folding of flame sheets in Fig. 2(d) and fragmented

flame fronts with flame pockets in Figs. 4(c) and (d) can contribute in equal degrees to the changes

in length-weighted flame orientation statistics, and the effect of the Lewis number on the flame

orientation distribution may be relatively minor in spite of the differences in the appearance of the

flame fronts at different Lewis numbers. In the subsequent quantitative analyses of these flame front

images, first the flame curvature and orientation statistics will be presented, to be followed by the

wrinkled flame perimeters and the fraction of the flame pocket perimeters.

Flame curvature pdf's at various u'/SL and Lewis numbers are shown in Fig. 5. Similar to

earlier results at a single equivalence ratio of 0.75 (Le=1.86) [12], the flame curvature pdf's are

nearly symmetric with respect to the zero mean at all Lewis numbers under consideration, while the

width of the pdf's increases with u'/SL in a nearly identical manner for all Lewis numbers. The

number frequency at zero flame curvature decreases by a factor of two for a four-fold increase in
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u'/SL, also indicating that the flame curvatures are distributed at larger curvatures for higher u'/SL.

Although a very weak bias toward positive flame curvature is observed at some conditions, the degree

of departure from symmetry is within the experimental uncertainties and no firm conclusions can be

drawn from it. The maximum curvatures range from approximately 2.0 mm1I at u'/SL = 1.42 to 4.5

mm-1 at u'/SL = 5.71, which converts to radii of curvature of 0.2 to 0.5 mm that are roughly in the

order of the laminar flame thickness. The symmetry of the flame curvature pdf's along with the flame

front image of Figs. 2-4 indicate that throughout the range of Lewis numbers covered in the present

study the cusping of the flame fronts associated with weakly turbulent and/or thermodiffusively

unstable flames are seldom observed. Cusped flame fronts typically involve a large area of positively

curved (convex toward the reactant) flame front terminated by a cusp, so that the corresponding

curvature pdf's contain a strong bias toward positive curvature while the cusp manifests itself as a

large negative curvature with small frequency of occurrence due to the negligible flame area that it

occupies. The mechanism of cusp formation in weakly turbulent flames is that once the flame front

is wrinkled by the velocity fluctuations normal flame propagation causes the positively-curved (convex

toward the reactant) flame elements to grow in area while the negatively-curved flame elements move

toward and eventually collide with one another, thus resulting in a cusp. Thus, for cusps to occur,

the velocity fluctuations in the turbulent flow field needs to be weak and spatially sparse so that the

flame front wrinkles have time to develop their features. For turbulent flow fields where the strength

and spatial distribution of the vortices are such that the flame front is continuously wrinkled by the

vortices and not allowed to fully develop its features through normal flame propagation, the flame

curvature pdf's exhibit nearly symmetric shape, as shown in Fig. 5. Another important observation

is the insensitivity of the flame curvature pdf's for the Lewis number variation from 0.98 to 1.86. This

is in apparent contrast to the observed changes in flame structures when the mixture becomes

thermodiffusively unstable in Figs. 4(a)-(d). A possible explanation for the insensitivity of the

curvature pdf's to Lewis number variations is that if the amplitude of the flame front wrinkles alone
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is increased due to the thermodiffusive instabilities then both large curvatures at the "crest" and

"trough" of the wrinkles and small curvatures in between are generated with equal contributions to

the length-weighted flame curvature pdf's. That is, the flame structures and flame area can be

affected by thermodiffusive instabilities due to the increase in the amplitudes of the wrinkles, with

length-weighted flame curvature statistics subject to relatively minor changes. Thus, Fig. 5 shows that

flame curvatures are strongly dependent on u'/SL and relatively insensitive to the variations in the

Lewis number for U'/SL from 1.42 to 5.71. In a stagnation flame configuration, Goix and Shepherd

[9] have also observed that at low u'/SL of 1.2 the flame curvature pdf's are symmetric with respect

to the zero mean and insensitive to the changes in the Lewis number even though there is a

substantial increase in the flame surface area. Recent computational results similarly indicate that

the flame curvature pdf's for constant-density [13] and two-dimensional turbulent flames [14] are

nearly symmetric with respect to the zero mean; the maximum flame curvature does not exceed the

inverse of the flame thickness; and the flame curvature pdf's are relatively insensitive to the variations

in Lewis number (Le=0.8-1.2) [14].

From the flame curvature pdfs, the positive, negative and overall mean flame curvatures,

<H+>, <t1'> and <H> respectively, can be computed. The positive and negative mean curvatures,

when plotted against (u'/SL)31 2 in Fig. 6, show a nearly linear dependence and tend toward zero

curvature when u'/SL is extrapolated to zero, indicating that the mean curvatures scale reasonably

well with (u'/SL)12 for all Lewis numbers under consideration. This square-root dependence is

interesting in view of the fact that the length scale of flame curvature, defined as

<R>=2/(<H+>+I<H>I), is for all the test conditions as shown in Table 1 approximately twice

the Taylor scale of turbulence in the approach flow, which has a square-root dependence on the

turbulence Reynolds number. Since the measured integral length scale varies by a small amount from

4.9 to 5.2 mm, the Taylor scale in the present experiment has a nearly square-root dependence on

u'. Thus, a possible explanation for the square-root dependence of mean flame curvatures on u'/SL
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is that an appropriate length scale of turbulence, the Taylor scale in this case, determines the mean

flame curvatures. For material surface in isotropic turbulence, the mean curvature has been found

to be close to 12 times the Kolmogoroff scale which equals the Taylor scale for the turbulence flow

field investigated by Pope et al. [24]. A related study of flame/vortex interactions [25] has shown that

the mean flame curvature of a premixed flame front wrinkled by an array of vortices has been found

to be of the order of the vortex diameter, while the vortex rotational velocity normalized by the

laminar flame speed, comparable to u'/SL in this study, certainly acts to increase the flame area but

has relatively minor effect on the characteristic flame curvature. Thus, above results indicate that the

length scale of turbulence has significant influence on the mean flame curvatures of turbulent

premixed flames. Various length scales of turbulence for the present test conditions along with the

overall mean, <H>, and variance in flame curvature are included in Table 1.

The distributions of flame orientation angles, a, are plotted in Fig. 7 for various equivalence

ratios. As noted earlier, the flame orientation angle is measured with respect to the positive

horizontal axis, and thus the downward direction of normal flame propagation is assigned the value

of -900. It can be observed in Fig. 7 that for low u'/SL = 1.42 and 2.85, the flame orientation is

predominantly in the downward direction (-1800 < a < 00) due to the fact that wrinkling of the

flame front is not sufficiently strong to cause extensive local reversal in the flame propagation

consistent with the observations in the flame front images of Figs. 2-4. Similar observations of flame

orientation distributions centered around the normal direction of flame propagation have been

observed for premixed Bunsen burner flames [10] at low turbulence levels (u'/SLul. 9). At higher

u'/SL, the appearance of the small-scale wrinkles, large-scale folding of the flame fronts and

increased frequency of pocket formations cause the flame elements to be oriented randomly in space

and contribute to the flame orientation distributions tending toward isotropic distributions. In spite

of the differences in the flame structures at different Lewis numbers as observed in Figs. 2-4, no

consistent trend is observed in Fig. 7 concerning any dependence of the flame orientation on the
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Lewis number due to the fact that small-scale wrinkles, large-scale folding of flame sheets and the

presence of flame pockets can contribute in equal degrees to randomizing the flame orientation

distributions.

As Fig. 7 shows, the flame orientation distribution evolves from a highly anisotropic one

toward a more uniform distribution with increasing u'/SL. A measure of the degree of isotropy in

the flame orientation is the variance of the number of frequencies with respect to the mean number

frequency in the flame orientation distributions [12] in Fig. 7. That is, for a perfectly isotropic flame

front the variance in the number frequency about the mean number frequency will be zero since the

distribution is perfectly uniform at all angles, while for a highly anisotropic flame front the variance

will be large. The variance in the number frequency in the flame orientation distribution normalized

by the mean number frequency, oa/<f>, at various Lewis numbers is plotted as a function of u'/SL

in Fig. 8. In spite of scatter in these data at low u'/S, Fig. 8 shows a trend toward isotropy, i.e.,

o1<f> approaching zero with increasing u'/SL, while the effect of the Lewis number is difficult to

discern due to the scatter in the data. An extrapolation of the data in Fig. 8 indicates that the

isotropy in the flame orientation is achieved for u'/SL = 10, similar to earlier results from this

laboratory [12].

The wrinkled flame perimeter normalized by a reference laminar flame perimeter, PTRt'L, are

plotted in Fig. 9 as a function of u'/SL at various Lewis numbers. The reference laminar flame

perimeter is defined as the distance between the maximum and minimum horizontal coordinates of

the flame front in a given image. Typically, since the field of view in the image is filled with the

flame front, this reference flame perimeter is equal to the width of the field of view. PT/PL is not

only an indicator of the degree of flame front wrinkling, but also a measure of the turbulent burning

velocity if the local flame speed does not differ appreciably from the unstrained laminar flame speed.

PV/L in Fig. 9 ranges form 2.9 to 5.2 when u'/SL is varied from 1.42 and 5.71, and these values are

well within the range of observed turbulent burning velocities as compiled by Abdel-Gayed et al. [20],
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although the rate of increase in PVrL as a function of U'/SL is somewhat lower than the observed

slope of the compiled data [201 possibly due to the fact that P-9 L is a two-dimensional wrinkled

flame perimeter data and owing to the differences in the detailed turbulence properties such as the

length scales, the spatial intermittency of velocity fluctuations, and burner configurations. As noted

earlier, increase in the frequency of small-scale wrinkles, large-scale folding of flame sheets, and

formation of pockets contribute to the increase in flame surface areas with increasing u'/SL. This

effect appears to be accelerated for the thermodiffusively unstable mixtures (Le=0.98) as indicated

by the higher flame perimeters in Fig. 9 at nearly all u'/SL in comparison with mixtures with larger

Lewis numbers. Amplification of flame front wrinkles and an increase in the propensity to form

flame pockets at the unstable condition thus leads to changes in flame structures, as observed in flame

front images of Figs. 2-4, and higher wrinkled flame perimeters by up to 30% as shown in Fig. 9.

Similar increases in flame surface areas for thermodiffusively unstable flames has been observed by

Wu et al. [51 for hydrogen/air premixed flames; by Haworth and Poinsot [141 for premixed flames in

two-dimensional turbulence; and by Goix and Shephard [9] for stagnation flames. Thus, for turbulent

premixed flames for U'/SL from 1.42 to 5.71 at the range of Lewis number considered in this study,

the effect of the Lewis number is primarily to affect the flame structures and enhance the flame

surface areas while the flame curvature and orientation statistics are essentially determined by the

turbulence properties.

The tendency of the turbulent flames to form pockets can also be quantified by measuring

the ratio of the flame pocket perimeter and the total wrinkled flame perimeter, which is plotted in

Fig. 10. Formation of a reactant pocket is a purely kinematical phenomenon in which fluid dynamic

straining and normal flame propagation cause different flame elements to collide with one another

thus forming a closed surface enveloping the reactant, and is easily observed in turbulent premixed

flames [51 and in flame/vortex interactions [21,22]. Formation of a product pocket, however, involves

local quenching or "tearing" of the flame front for the pocket to be separated from the contiguous



34

flame front; and two-dimensional images are insufficient to conclude that observed product pockets

are truly separate pockets of product gases in three-dimensions [26]. However, experimental evidence

using shadowgraph photography exists in support of the formation of product pockets in sufficiently

strong turbulence [27]; and in any event, we adopt a two-dimensional definition of product pockets

since they contribute to an apparent increase in two-dimensional flame surface areas. Within this

definition, the entire perimeter of the flame pockets should be observable within the field of view

for the objects to be classified as flame pockets. It can be observed in Fig. 10 that for a given u'/SL

the flame pocket perimeter tends to be larger for Le=0.98 (q6 = 1.25), although at stoichiometry the

flame pocket perimeter exhibits relatively small values. The instability mechanism can enhance

pocket formations since the increase in the amplitudes of the flame front wrinkles increases the

probability that the different flame elements will be contacted thus forming a pocket of reactant;

furthermore local quenching of the flame can cause separations from the contiguous flame front to

form pockets of products. The flame pocket perimeter ranges from 5-25% of the total wrinkled

flame perimeter; thus for strong turbulence and/or thermodiffusively unstable mixtures, formation of

pockets can be an important contributor to the increase of turbulent burning velocities, and

constitutes an important feature of turbulent premixed flames at these conditions.

CONCLUSIONS

From these results, the following conclusions concerning the surface properties of turbulent

premixed propane/air flames are made:

1. Two-dimensional images of turbulent premixed propane/air flames have been obtained for

u'/SL=1.42-5.71 and Le=0.98-1.86, which show that the flame fronts are more strongly convoluted

with increasing u'/SL and for thermodiffusively unstable mixtures (Le< 1). Flame structures at these

conditions include such features as small-scale wrinkles, large-scale folding of flame sheets and flame
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pockets.

2. The flame curvature probability density functions are found to be nearly symmetric with

respect to the zero mean for all the Lewis numbers and turbulence conditions tested; and the mean

flame radii of curvature are approximately twice the Taylor scale of turbulence in the approach flow,

suggesting that the length scale of turbulence has a more important role than u'/SL or Lewis number

in determining the flame curvature.

3. The flame orientation exhibits an evolution from anisotropy toward a more uniform

distribution with increasing u'/SL at a similar rate for all Lewis numbers tested, and isotropy is

estimated to occur for u'/SL=10.

4. The normalized wrinkled flame perimeter, PT/PL, is observed to vary from 2.9 to 5.2 when

U'/SL is increased from 1.42 to 5.71, while thermodiffusively unstable mixture (Le< 1) exhibits larger

wrinkled flame perimeter by up to 30 % in comparison to flames with Le> 1.

5. Pockets of both reactants and product gases in two-dimensional images are observed at these

conditions accounting for up to 25% of the total wrinkled flame perimeters with the fraction of the

flame pocket perimeters tending to be larger for Le< 1.
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Table 1. Summary of test conditions.

4 Ua up U'/SL 8 Lb Le ReL LC x Td <R>e a1  1
(m/s) (m/s) (mm) (mm) (mm) (mm) (mm")

0.75 1.2 0.5 1.42 0.7 1.86 154 4.8 1.5 3.0 0.93
0.75 2.4 1.0 2.85 0.7 1.86 314 4.9 1.1 2.7 0.99
0.75 3.6 1.5 4.29 0.7 1.86 500 5.2 0.9 2.3 1.22
0.75 4.8 2.0 5.71 0.7 1.86 667 5.2 0.8 1.5 1.92

1.00 1.4 0.6 1.42 0.6 1.40 185 4.8 1.4 3.1 0.88
1.00 2.9 1.2 2.85 0.6 1.40 377 4.9 1.0 2.7 0.99
1.00 4.3 1.8 4.29 0.6 1.40 600 5.2 0.8 2.1 1.35

1.25 1.2 0.5 1.42 0.7 0.98 154 4.8 1.5 3.1 0.95
1.25 2.4 1.0 2.85 0.7 0.98 314 4.9 1.1 2.3 1.24
1.25 3.6 1.5 4.29 0.7 0.98 500 5.2 0.9 1.9 1.51
1.25 4.8 2.0 5.71 0.7 0.98 667 5.2 0.8 1.8 1.54

aMean flow velocity; bflame thickness (SL= 4 .6a/SL where a is the mean thermal diffusivity);
Cintegral length scale; dTaylor length scale (.T=L(15/ReL)I(); emean flame radius of

curvature (<R> =2/(<H+> +I<H'>O); tvariance in flame curvature.
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Figure Captions

Fig. 1. Pulsed-flame flow reactor.

Figs. 2(a)-(d). Binarized flame front images at 0=0.75 (Le=1.86) for U'/SL=i.42-5.71 (20 mm x 20

mm field of view; black represents the reactant and the direction of global flame propagation

is from top to bottom).

Figs. 3(a)-(c). Binarized flame front images at 0=1.00 (Le=1.40) for U'/SL=i.42-4.29.

Figs. 4(a)-(d). Binarized flame front images at 0=1.25 (Le=0.98) for u'/SL=1.42 -5. 7 1.

Fig. 5. Flame curvature probability density functions.

Fig. 6. Mean flame curvatures.

Fig. 7. Flame orientation distributions.

Fig. 8. Variance in number frequency of the flame orientation angles normalized by the mean

number frequency.

Fig. 9. Normalized wrinkled flame perimeter as a function of U'/SL for Le=0.98-1.86.

Fig. 10. Ratio of the flame pocket perimeter to the total wrinkled flame perimeter.
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Fig. 1. Pulsed-flame flow reactor.
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(a) (b) (c) (d)

Figs. 2 (a)-(d). Binarized flame front images at (A=0.75 (Le=1.86) for U'/SL=1.42-5.71 (20
mm x 20 mm field of view; black represents the reactant and the direction of global flame
propagation is from top to bottom).



42

(a) (b) (C)

Figures 3 (a)-(c). Binarized flame front images at 40=1.00 (Le=1.40) for u'/SL=1. 4 2-4 .29 .
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(a) (b) (C) (d)

Figures 4 (a)-(d). Binarized flame front images at 0=1.25 (Le=0.98) for U'/SL=l.4 2 -5.71.
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FLAME FRONT GEOMETRY AND STRETCH DURING INTERACTIONS OF PREMIXED
FLAMES WITH VORTICES

T.-W. Lee and D.A. Santavicca

Turbulent Combustion Laboratory
Department of Mechanical Engineering

Propulsion Engineering Research Center
Penn State University

Abstract- Flame front geometry and flame stretch during interactions of premixed flames with

vortices at various configurations are computationally investigated using a kinematical relationship

between vortex-induced velocity and flame propagation velocity, in conjunction with Lagrangian

coordinates to represent the flame front. The maximum flame stretch that can occur during an

interaction with a single vortex is found to be very close to UG/rm+SL/2rm, while the mean flame

stretch has a maximum that asymptotes to 18 - 23 % of this value for vortex radii between 1.25 and

5.0 mm as UO/SL is increased to 2. For flames interacting with a counter-rotating vortex pair, the

flame stretch near the flow symmetry axis increases when the spacing between the vortices increase

to align the velocity vectors with the flame front; while the flame stretch away from this region is

relatively independent of the action of the opposite vortex and is determined primarily by the vortex

velocity and length scale similar to the single vortex case. For flame contours caused by vortex arrays,

the flame curvature scales more strongly with vortex size than vortex velocity; and the mean flame

curvatures for both vortex arrays and a single vortex are bounded bewteen 1/d. and 1/(2dm) except

in an instance where the vortex produces negligible wrinkles on the flame front. The tcffect of

decreasing the tangential spacing in the vortex array is to increase the coupling of actions of dliacent

vortices which leads to an increase in flame area and a positive shift in the flame curvature pdf; while

variations of normal vortex spacing have less effect on the flame front geometry. The maximum

flame stretch for flames interacting with vortex arrays is found to be close to the value caused by a

single vortex, whereas the mean flame stretch and higher statistical moments are significantly different

due to the additional strains caused by the coupling of actions of adjacent vortices.
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NOMENCLATURE

Ao undisturbed flame area

Aw wrinkled flame area

dm characteristic vortex diameter (2 rm)

H flame curvature

Kmax maximum flame stretch during interaction

<K>s,max maximum in area-weighted mean flame stretch during interaction

K* estimate of maximum flame stretch during interaction

nf unit flame normal vector

r radial distance from vortex center

rm characteristic vortex radius

ReD Reynolds number based on the vortex generating rod diameter

ReL turbulence Reynolds number

s distance along flame contour

SL laminar flame speed

t time

U~f flame element velocity vector

UM vortex-induced velocity vector

EUm mean flow velocity vector

U0  maximum vortex tangential velocity

x horizontal distance

I~f flame element position vector

y vertical distance

I" vortex strength parameter
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8L laminar flame thickness

An normal vortex spacing

At tangential vortex spacing

P•K skewedness in flame stretch

OaK variance in flame stretch

Tc characteristic interaction time

< +> area-weighted positive mean

< "area-weighted negative mean

INTRODUCTION

Current understanding and predictive capabilities for turbulent premixed flames are limited

in spite of their wide practical applications and their importance as one of the central problems in

combustion fluid dynamics. One of the well-known difficulties is the lack of a rigorous method to

predict the turbulent flow field. One approach devised in order to circumvent this difficulty is to

describe the turbulent flow field as an array of deterministic vortices that obey a certain energy

distribution and focus on the behavior of premixed flames responding to this flow field. This

approach has been used by Ghoneim et al. (1983) and Ashurst and coworkers (1983,1987) to model

turbulent premixed flames by simulating the flow field with a set of discrete vortices and computing

the flame front motion via a simple-line interface calculation (SLIC) algorithm (Noh and Woodward,

1976). Another similar approach is to consider the effect of a unit vortex on the premixed flame and

to integrate the effects of individual vortices over a hierarchy of vortex scales that make up the

turbulent flow field. For example, a method by Weller et al.(1990) considers the flame area
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generated by a vortex of a given scale and integrates over the eddy strength distributions, while

including the interaction between different eddy scales. A recent model by Meneve .a and Poinsot

(1991) similarly superposes the flame stretch imposed by a single vortical structure over the vortex

spectrum in order to calculate the overall flame stretch.

In this regard, two important elements of flame-vortex interactions emerge as fundamental

components in understanding and modeling of turbulent prcmixed flames. First, the full

characteristics of flame fronts interacting with the simplest vortex structure, i.e. a "unit" vortex, need

to be accurately known. The most fundamental unit vortex is, of course, a single isolated vortex.

However, flames interacting with a c-ý- nter-rotating vortex pair have received recent research

attention (Poinsot et al., 1991; Roberts and Driscoll, 1991; Wu and Driscoll, 1992) due to the

convenience with which the results can be compared with experimental data since a single isolated

vortex is not easily generated experimentally. During such an interaction, of interest are (1) the

changes in fluid dynamic properties across the flame such as the baroclinic vorticity generation and

changes in vortex structures due to heat release effects, (2) the flame surface properties such as the

flame area increase, flame curvature and topological changes (singly-connected or multiply-connected

flames); and (3) the flame stretch distribution along the flame front since this can lead to departure

of flame properties from unstrained laminar values and under severe flame stretch to quenching.

Some of these issues have been, or are actively being, investigated by various researchers (Rutland

and Ferziger, 1991; Ashurst and McMurtry, 1988, Poinsot et al., 1991; Roberts et al., 1992; Chate and

Cant, 1988). The second important element in flame-vortex interactions is the effect of multiple

vortices upon the above-mentioned characteristics, since usefulness of the above-mentioned

information depends in some applications on the knowledge of how the effects of individual vortices

can be integrated to yield an overall picture of turbulent premixed flames.

In view of this, this study will investigate aspects of premixed flame fronts interacting with

vortices at various configurations by using a numerical scheme that simulates flame front motion via
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a kinematical relationship between vortex-induced velocity and flame propagation velocity. In

particular, flame stretch, flame curvature and their dependence on vortical properties and

configurations will be investigated by examining interactions with a single vortex, a vortex pair, and

a vortex array. The information concerning the interaction with a single vortex can clarify some of

the issues regarding the flame behavior caused by a unit vortex, while results concerning vortex pairs

and vortex arrays are expected to bring insight as to how the presence of multiple vortices affect the

nature of these fundamental flame-vortex interactions.

NUMERICAL METHODS

The present numerical algorithm considers the flame as a two-dimensional propagating surface

convected by the fluid motion while advancing at the local laminar flame velocity. The flame front

is represented by discrete points whose coordinates evolve in time according to the kinematical

relationship between the vortex-induced rotational velocity (Ui), the normal propagation velocity

(SLnf) and the mean flow velocity (11m):

uf(xf,t) = -YU+SLn!f+Um (1)

where uf and nf are the velocity and the unit normal vectors of a point at xf on the flame front,

respectively. The principle embodied in Eq. (1) has been used by various researchers (Ghoneim et

al., 1983; Ashurst, 1987; Kwon et al., 1992) in conjunction with SLIC algorithm for simulations of

turbulent premixed flames and also for statistical treatment of flame surface properties in isotropic

turbulence (Pope, 1988). Use of Lagrangian grid points on the flame front in the present numerical

algorithm in place of SLIC has advantages in enhanced spatial resolution with minimal computational

requirements and in its unique ability to directly compute local flame stretch rates at each time step,



55

while the self-intersections of flame fronts at cusp points can be detected and excluded by comparing

simultaneously the positions and slopes of all the points on the flame front. However, detection of

the self-intersections itself requires moderate computational time; and in instances where the self-

intersections of the flame fronts are so numerous as in high Reynolds number turbulent flames it may

be preferable to use the G equation method or SLIC method similar to Ashurst and Sivashinsky

(1991) and Kwon, et al. (1992), respectively.

The positions of the vortices are fixed in space, while the rotational velocity of an individual

vortex is given the same functional form used by Rutland and Ferziger (1991):

111i I= (I'r/rm2)exp(-r2/2rm2 ) (2)

where r' and r are the vortex strength parameter and distance from the vortex center, respectively.

The maximum vortex rotational velocity of U#=I"e-1 /2/rm occurs at the radial distance of rm, and

these quantities are used as the characteristic vortex velocity and length scales, respectively. For

multiple flame-vortex interactions,the effects of individual vortices are summed as in Eq. (1). The

flame speed, SL, is assumed to be constant, although the local instantaneous flame stretch along the

flame front is available from the computation and can be used to determine the modified local

laminar flame speed. Also, implicit in this formulation is the assumption of constant properties across

the flame. The most important consequence of this assumptioiA is that the vortex properties are

"frozen" (Rutland and Ferziger, 1991) across the flame when in reality the vortices become dilated

and elongated as they pass through the flame. This assumption of fluid dynamics being unaffected

by the presence of the flame is widely used in studies of turbulent premixed flames (Ashurst and

Sivashinsky, 1991; Yakhot, 1988; Kwon et al., 1992; Cant et al., 1990) and flame-vortex interactions

(Chate and Cant, 1988; Wu and Driscoll, 1992), since the alternative is to perform a direct numerical

simulation which is certainly not feasible at present for high Reynolds number turbulent flows. The
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limitation of thi- assumption therefore should be further investigated since baroclinic vorticity

generation and heat release effects on the flow field can have feedback effects on the flame

structures. For flame-vortex interaction studies, the full coupling of fluid dynamics and heat release

has been treated by Rutland and Ferziger (1991), Ashurst and McMurtry (1988), and Poinsot et al.

(1991), although the limitations of the frozen vortex assumption have not been directly addressed in

these studies. A detailed consideration of the validity and limitations of this assumption is outside

the scope of the study and will be addressed elsewhere (Lee et al., 1992b).

The computational procedure is schematically illustrated in Fig. 1. Equidistant grid points are

embedded along an undisturbed planar flame front far from the vortices. Initially, there is no flow

disturbance due to the vortices, thus each point on the flame surface propagates normal to itself. As

the flame front approaches the vortices, the rotational velocity of the individual vortices starts to

wrinkle the flame front. The first step in the computation involves putting the flame coordinates in

an (r,0) coordinate system and calculating the flame normal vector components using centered

differencing. Next, the distance and angle from the vortex centers to each point on the flame front

are calculated to give the magnitude and direction of the vortex tangential velocities. Finally, the

normal flame propagation and vortex velocity components are added in (r,0) coordinates, and the

flame front motion is advanced in time using Euler integration. Due to fluid dynamic strain and

flame curvature, i.e., flame stretch effects, initially equidistant surface points can drift further apart

or be compressed closer together. By computing the time rate of change of the distance between

adjacent points, the local instantaneous flame stretch along the flame front can be conveniently

calculated. This is a unique feature in the present computation that allows an efficient calculation

of flame stretch in contrast to the conventional method which involves tedious calculations of the

scalar product between the strain tensor and the flame tangent vector while simultaneously computing

the flame curvature contribution (Candel and Poinsot, 1990). The number of grid points necessary

to achieve optimum spatial resolution depends on the flame stretch imposed on the flame front: 400-
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4000 points encompassing 40 mm in real space are used for U9 /SL ranging from 0.25 to 2.0.

Computations are performed on a VAX-1I computer and typically require less than 1 hour of CPU

time.

RESULTS AND DISCUSSION

Figures 2(a) and (b) show, respectively, flame contours caused by a counter-rotating vortex pair

and a single isolated vortex for a characteristic vortex radius of 5 mm. Flame contours similar to

those in Figure 2(a) have been observed experimentally by Roberts and Driscoll (1991) for flames

interacting with a three-dimensional vortex ring, which in two dimensions can be represented by a pair

of counter-rotating vortices; although the relative velocity between the flame and the vortices are

fixed in this case at the flame propagation speed. Figure 2(a) shows that for sufficiently high U00

fluid dynamic straining can overtake the flame propagation velocity that can result in the formation

of reactant pockets similar to the experimental findings (Roberts and Driscoll, 1991). For Ue/SL =

2.0, the flame front elements near the symmetry axis will propagate toward one another and intersect

before the flame elements in the concave region can propagate and consume the reactants in the

pocket. This pocket formation process is due to the kinematics between flame propagation and fluid

dynamic straining; thus, not only UA/SL and rm but also the vortex spacing and the number and sense

of rotation of vortices determine the propensity of flames to form reactant pockets. For example,

for a single vortex with identical strength the formation is somewhat more difficult as shown in Figure

2(b), since a much stronger roll-up action is required to close the small concave region near the

vortex center before flame elements propagate toward one another to "fill" this region. The flame

contours for a single vortex in Figure 2(b) are comparable to the results of direct numerical

simulations performed by Rutland and Ferziger (1991) for both full and frozen vortex interactions,

although for frozen vortex computations at similar UO/SL the direct numerical simulations show a
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somewhat more extensive concave (toward the ractant) region. In Figure 2(b), the convex region is

extended due to the outward flame propagation at positively curved (convex toward the ractant)

regions. This difference may be due to finite flame thickness in the direct numerical simulations and

the difference in the time at which the flame contours have been sampled.

In Rutland and Ferziger (1991), attention is focused on the changes in vorticity distribution

across the flame and the effect of Damk6hler number on the nature of the flame-vortex interaction,

but flame stretch during the interaction is not included in the computations. Flame stretch is an

important charateristic of flame-vortex interactions since it not only defines the rate at which the

flame area is growing but also determines the departure of flame properties from unstrained values.

In a related work, Candel and Poinsot (1990) derive a general erpression for flame stretch, but only

compares the contribution of curvature and strain to flame stretch at the flow symmetry axis for one

condition. A more extensive computation of flame stretch can be found in Meneveau and Poinsot

(1991); however, in that work, the growth rate of the total reaction rate was assumed to be the

characteristic flame stretch for flames interacting with a vortex pair. While this is useful information

and in fact has been used in their model to predict quenching of turbulent premixed flames, two

aspects of flame stretch during flame-vortex interactions should be further investigated in flame

stretch calculations. First, the growth rate of the total reaction rate is more representative of mean

flame stretch during a flame-vortex interaction, and it would be worthwhile to examine the entire

flame stretch distribution along the flame contour since local variations in curvature and strain can

lead to significant departures from the mean flame stretch that can cause, if severe enough, local

quenching of the flame. Secondly, while vortex pairs are observed in turbulent flows, a more

fundamental vortex structure is a single isolated vortex; thus, it would be useful to study the flame

stretch during an interaction with a single vortex for various vortex velocities and sizes.

Figure 3 shows the flame stretch distribution for the single vortex configuration shown in Figure

2(b) as a function of the distance along the flame front, s, at various times during the interaction.
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The variable s increases from negative to positive as y increases from zero to 0.04 m in Figure 3(b).

Initially, when the flame front is relatively far from the vortex strain field, there is only a simple weak

fluctuation from negative to positive flame stretch. As time increases, a structure in flame stretch

along the flame front develops where peaks in positive and negative flame stretch appear near the

vortex center; while the flame stretch structures in the outer region are primarily due to curvature

effects, since the distance from the vortex center is relatively large and thus fluid dynamic strain

relatively weak. The region associated with the maximum positive flame stretch grows more and more

extensive due to the positive flame curvature that causes the flame front to propagate outward, thus

increasing the flame area. Outward flame propagation also decreases the flame curvature; and at

later times when flame front moves away from the vortex, diminishing contributions from both

curvature and strain cause the positive flame stretch to decrease after reaching its peak. The peak

in the negative flame stretch, on the other hand, is associated with negative flame curvature whose

magnitude increases in time with inward flame propagation. Thus, the negative peak grows

indefinitely in time until finally a cusp is formed on the flame front. In real flames, the flame

curvature is limited by the flame thickness and the magnitude of the minimum negative flame stretch

is expected to be of the order of SL/8 L and highly localized to a small region.

From flame stretch distributions such as those shown in Figure 3, three quantities are of interest.

One is the maximum positive flame stretch since this determines the maximum departure of flame

properties from unstrained values, aside from cusp points. Similarly, area-weighted mean flame

stretch defines the mean change in the flame properties from unstrained values, as well as

determining the growth rate of the overall flame area. Finally, the characteristic interaction time

represents the duration that the flame front is subject to flame stretch in the absence of additional

translational velocities.

These quantities are plotted in Figures 4 and 5. In Figure 4, the maximum flame stretch

encountered during the interaction, Kmax, normalized by UdIrm does not differ appreciably for
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different vortex radii, indicating that Kmas can be scaled by the inverse of the vortex radius.

However, the ratio of Kmas to U0/rm ranges from about 3 to 1 as U0/SL is increased from 0.25 to 2,

which suggests that Kmax does not scale with U0 in a simple fashion. This is due to the fact that at

low UALSt, curvature contribution to flame stretch can be significant and the estimate of fluid dynamic

strain alone represented by U0Irm underestimates the actual maximum flame stretch by a factor of

2-3 when UALS' is less than one. As UA/SL increases, however, Kmax/(U0/rm) approaches one, which

is reasonable since fluid dynamic strain contribution to flame stretch is expected to dominate over

flame curvature at high U0/SL. It has been customary to use the ratio of fluid dynamic velocity and

length scale, U0/rm in this case, to estimate the characteristic flame stretch in premixed flames;

however, Figure 4 shows two things in regard to this estimate: (1) quantitatively, U0/rm should be

associated with the maximum local flame stretch that occurs for a given flow field; and (2) flame

curvature effects should be included in order to obtain a generalized expression for the maximum

flame stretch that is valid throughout the range of U0/S., In fact, by adding SL/2rm, a curvature

contribution term, to U0/rm and plotting it on the same graph, a very good agreement between this

estimate (K*) and the actual maximum flame stretch during flame-vortex interactions can be obtained.

This is tantamount to approximating the characteristic flame curvature that contributes to the

maximum flame stretch with 1/2 rm; and in instances where the vortex strength is so weak that no

wrinkles are produced on the flame front the characteristic flame curvature is obviously zero and the

curvature contribution to the maximum flame stretch is also zero. The maximum in area-weighted

mean flame stretch, <K>s,max also approaches a constant vah.;. as U0/SL increases; however,

<K>s,max asymptotes to different values depending on the vortex size, ranging from 18-23% of Kmas

for vortex radius of 5 to 1.25 mm. This trend is similar to the correlation of Meneveau and Poinsot

(1991) where the characteristic flame stretch is equated with the ratio of the vortex velocity and

length scales multiplied by a correction factor that tends to be larger for larger vortices. However,

one major difference is that the vortex pair size or the distance between two counter-rotating vortices
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was used to characterize the vortex length scale in Meneveau and Poinsot (1991), whereas the vortex

core radius is used in this case as the fundamental vortex length scale.

A characteristic vortex interaction time, "rc, is defined as the time interval between Kmax and

e'IKmax, and is plotted in Figure 5 after normalization by rm/U0 and by 1/K*. Again, normalized

interaction time does not differ significantly for different vortex radii, while it increases monotonically

with increasing U0L. The interaction time tends to be of the order of rm/U0 or inverse of K*,

although due to the decay period following the occurence maximum flame stretch the actual

interaction times are longer than -c by approximately a factor of two.

The results thus far pertain to flame fronts interacting with a single isolated vortex. An

important extension, therefore, is an examination of configurations involving multiple vortices, since

turbulent flames involve the superposition of effects of many vortex scales acting upon the flame

front. Thus, it is worthwhile to consider flames wrinkled by vortex arrays in order to study how the

characteristics of a unit flame-vortex interaction is altered by the presence of multiple vortices. As

an intermediate step, we will briefly examine the flame stretch for premixed flames wrinkled by a

counter-rotating vortex pair, since this configuration has received considerable attention recently in

both computational and experimental investigations (Poinsot et al., 1991; Roberts and Driscoll, 1991).

Figure 6 shows that the top half of the flame contours and flame stretch profiles caused by a

counter-rotating vortex pair at various vortex spacings denoted by At, sampled at a reference time that

corresponds to the instant when an undisturbed flame front would intersect the vortex centers. For

multiple vortices, vortex spacing becomes an additional variable, as can be observed by the changes

in flame front geometry and flame stretch, particularly near the symmetry axis if Figure 6. At At/rm

= 1, the velocity vectors are nearly perpendicular to the flame front at the centerline (y = s = 0.0),

and therefore the tangential strain rate is very small. Thus, due to the negative flame curvature at

this point, the resultant flame stretch is weakly negative, as shown in Figure 6. As At/rm increases,

the velocity vectors induced by two vortices become more aligned with the flame front, and since they
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point in opposite directions, extensive tangential strain occurs to cause positive flame stretch at the

symmetry axis. The flame stretch in the outer region, however, is subject to relatively small change

with respect to the variation in At due to the fact that the vortex action here is far and independent

from the action of the opposite vortex. The changes in flame stretch when vortex spacing is varied

has also been observed in direct numerical simulations of Poinsot et al.(1991), who demonstrated that

when vortices are brought to close proximity, the increase in negative flame curvature at the

symmetry axis offsets the positive fluid dynamic straining to prevent flame quenching. The vortex

spacing, as defined in this work, corresponds to vortex size as defined in Poinsot et al. (1991);

however, as shown in Figure 6, the flame stretch near the symmetry axis is affected by the vortex

spacing, while the flame stretch in the outer region is similar to that caused by a single vortex. In

Poinsot et al. (1991) and Roberts et al. (1992), flame quenching, when it occurs, takes place near the

symmetry axis; whereas in Figure 6 the flame stretch at the centerline is less than the maximum flame

stretch that occurs elsewhere. However, the condition for flame quenching is given at UA/SL of nearly

30, for example ir Poinsot et al. (1991) , and thus is not comparable to the condition in Figure 6,

where U0/SL = 1. At such high U/SL, a stronger tangential strain at the symmetry axis may cause

a more severe flame stretch. Furthermore, if there is an additional translation velocity component

to the vortex pair, flow stagnation at the leading edge of the vortex structure may cause additional

positive tangential strain.

In order to examine the effect of multiple vortices, we can construct a vortex array such as

shown in Figure 7. Turbulent flames can be viewed as flames interacting with a series of vortex

arrays depicted in Figure 7, where the constituent vortices obey a certain energy spectrum and spatial

distribution. The flame fronts in Figure 7 are subject to the coupling of actions of adjacent vortices,

not only in the direction parallel but also perpendicular to the flame front. This is an inherent

feature in turbulent flames in which many vortices simultaneously act upon curved flame fronts

already wrinkled by preceding vortices. Thus, vortex configurations shown in Figure 7 can be used



63

to investigate the manner in which effects of individual vortices are superposed on the flame front.

In contrast to a turbulent flow field, each vortex in the array is assigned the same value Uf U/SL and

rm in order to remove the complexity of multiple vortex scales, while tangential and normal vortex

spacings (At and An, respectively, as defined in Figure 7) are fixed for a given configuration. In

Figure 7, features reminiscent of turbulent flames are observed in spite of the relative simplicity of

the vortex configuration and fixed values of vortex velocity and scale. Furthermore, very different

flame shapes result through a simple permutation of vortex signs or vortex sense of rotations In

turbulent flames, the vortex velocity, size, tangential and normal vortex spacings, and vortex signs

continuously vary giving rise to an astronomical number of permutations of possible vortex

configurations that can act upon the flame front, thus resulting in complex flame shapes. In the

following, flame curvature and stretch statistics are obtained by analyzing and averaging over the

three representative configurations shown in Figure 7 at a fixed reference time that corresponds to

the instant when an undisturbed flame front coincides with the centers of the top and bottom

vortices.

The effects of vortex velocity and size on the flame front geometry are exemplified in Figure 8,

where flame contours and area-weighted flame curvature probability density functions (pdrs) are

plotted. The flame curvature is analyzed by a 5-point curve-fitting routine with a 1 mm interval

length and is calculated by:

H = [(d2x/ds2 )2 + (d2y/ds2)2j1/2 (3)

The interval length of I mm is used for computational efficiency but primarily to avoid near-infinity

curvature at cusp points by smoothing over these points with a step size of the order of the flame

thickness. Thus, cusp points manifest as negative flame curvature close to the inverse of the interval

length of 1 mm in flame curvature pdfs. Flame contours shown in Figure 8 show that at a fixed
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vortex radius, higher U/L produces more flame area, but there does not appear to be a significant

difference in local flame curvature when Ue/SL is varied by a factor of two. A more obvious change

in flame curvature is observed when the vortex radius is increased by a factor of two at fixed UO/SL.

The increase in the scale of the flame wrinkles caused by the larger vortex size has a more direct

effect on the flame curvature. This effect is verified in the flame curvature pdlfs which shows that

when U0/SL is decreased from 1.0 to 0.5 at a fixed vortex radius, there is a shift in the flame

curvature distribution toward weak negative curvature; however, this change is small in comparison

to that corresponding to a variation in the vortex radius that causes the pdf to sharply peak at a small

flame curvature when vortex radius is increased to 5 mm. This suggests that the flame curvature

depends more sensitively on vortex size than vortex velocity.

This trend can be verified by plotting mean positive and negative flame curvatures as a function

of vortex radius for U0/SL = 0.25-1.0, as in Figure 9. It can be observed that at a fixed vortex radius,

higher UV L increases the flame curvature; but a more significant variation occurs with changes in

vortex size. The two data points that lie outside the dotted band correspond to a condition where

the vortices are not sufficiently strong to cause appreciable flame front wrinkling. With that

exception, the mean flame curvatures are observed to scale with the inverse of the vortex size and

are bounded by I/dm and 1/(2dm). Furthermore, the mean flame curvature caused by a single vortex

(represented by the dark symbols in Figure 9) also tends to be of the order of dm"1, similar to vortex

arrays in spite of the complex flame shapes caused by multiple vortices. The scaling trend observed

in Figure 9 may explain the experimental observation that the mean flame curvature in turbulent

flames is inversely proportional to the Taylor scale of the approach flow turbulence for RCL ranging

from 140 to 570 (Lee et al., 1992), although a hierarchy of vortex scales exists in turbulent flows and

further study is needed to resolve the behavior of flame curvature in the presence of multiple vortex

scales. Nonetheless, flame curvature is an important property that not only characterizes the flame

surfaces, but also contributes to flame stretch regardless of the shape of the flame curvature pdf; and
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scaling behavior shown in Figure 9 can assist in estimating and incorporating flame curvature effects

in turbulent flame modeling.

The effect of tangential and normal vortex spacing is investigated, as shown in Figure 10. A

prevalent modeling approach in turbulent premixed flames is to consider the effects of a unit vortex

on the flame and integrate these effects over the spectrum of vortices that make up the turbulent

flow field in a linear superposition. An example is the approach by Meneveau and Poinsot (1991)

mentioned earlier where characteristic flame stretch is correlated with a vortex of a given velocity and

length scale and the mean flame stretch, for instance, is obtained by integrating the characteristic

flame stretch over the vortex scale distribution. An implicit assumption in this approach is that the

distance between adjacent vortices is sufficiently large so that the action of an individual vortex is

independent from the actions of other vortices or that the coupling of actions of adjacent vortices

are simple enough so that a modelling constant can fully account for this effect. However, turbulent

flames are a complex amalgam of actions of neighboring vortices, and as the vortex spacing becomes

of the order of the vortex diameter, nonlinear effects on the flame front geometry and flame stretch

result which cannot be treated through a simple superposition procedure. Figures 10 (a) and (b)

show, in this regard, the effect of vortex spacing on the flame curvature pdf and flame area. For

example, at At/rm = 2 the flame curvature pdf undergoes a pronounced shift toward positive

curvature from a pdf with very small asymmetry at At/rm= 4 . This is due to the fact that the flame

curvature distribution for a single vortex at this reference time has a very small asymmetry with

respect to zero curvature; and as the tangential vortex spacing increases, the vortices are acting upon

the flame front in a nearly independent manner from the interference from the neighboring vortices

thus causing a flame curvature distribution not significantly different from that of a single vortex. In

contrast, the effect of the normal vortex spacing is such that the flame front is wrinkled by the leading

vortex, but in time, this wrinkle relaxes to yield a weak curvature that interacts with subsequent

vortices, and thus, the changes in both flame area and flame curvature pdf are minimal. Figure 10
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(b) illustrates the significant effect of tangential vortex spacing on the flame area. At large At/rm of

4, the coupling of actions of neighboring vortices is weak and yields relatively small flame area

increase, while for At/rm of 2 the fractional area increase in nearly a factor of two larger at all U&/SL.

The fractional area increase for At/rm of 4 does not differ appreciably from the single vortex data

(dark symbols), which is reasonable since for a relatively large At/rm each vortex in the array acts

upon the flame in a nearly independent manner from the actions of adjacent vortices.

Area-weighted flame stretch statistics can also be examined as shown in Figure 11. In typical

Eulerian computations of flame stretch, the strain tensor is calculated at all of the grid points and a

scalar product with flame tangent vectors is obtained, which gives the fluid dynamic tangential strain

rate. In addition, curvature along a constant property surface, say a constant reaction progress

variable, is computed to give the flame curvature contribution to flame stretch. This type of

computation can obviously be expensive. In contrast, a relatively simple algorithm involving

Lagrangian coordinates used in the present method allows an efficient calculation of flame stretch

along the flame front exactly according to the definition of flame stretch. Figure 11 shows the flame

stretch pdf's for U0/SL ranging from 0.25 to 1.0 while the other vortex parameters are kept constant.

In addition, the pdf for HS, i.e., the curvature contribution to flame stretch, at U/L = 1.0, is

included to assess the importance of flame curvature in flame stretch statistics. The expected increase

in flame stretch with increasing UO/SL is shown in Figure 11. The pdfs at all U/L are characterized

by predominance of positive flame stretch which becomes more pronounced with increasing UG/SL,

while severe negative flame stretch occurs in very small probabilities since this is mostly associated

with the small area near the cusp points. In direct numerical simulations of premixed turbulent

flames, prevalent tangential strain rates are also observed (Haworth and Poinsot, 1992) with pdf's

qualitatively similar to those in Figure 11. The major differences, in this case, are that there is an

additional contribution from asymmetric flame curvature distribution and that a single vortex velocity

and length scale is present; thus, a direct comparison with fully turbulent cases is difficult. The
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curvature contribution at UO/SL = 1, as can be seen in Figure 11, is significant as the HSL pdf

occupies a large proportion of the total flame stretch.

In Figure 11, the maximum flame stretch is found to be similar to the values encountered during

an interaction with a single vortex. Table I lists the various statistical moments of flame stretch for

both the vortex array and a single vortex. The data for the single vortex has been sampled at the

instant that an undisturbed flame front coincides with the vortex center, comparable to the reference

time defined for the vortex arrays. It can be seen that the largest difference in Kmax is only about

10%, indicating that the information contatined if Figure 4 regarding the maximum flame stretch is

applicable to situations where a number of vortices act upon the flame front. However, the actual

flame stretch statistics are very different between vortex arrays and single vortices, as shown in Table

I. The mean flame stetch, for example, is substantially larger for the vortex arrays at all U0/SL values.

In fact, for a very small UWSL the mean flame stretch for the single vortex at this instant can be

slightly negative, although the mean flame stretch soon thereafter recovers to positive values

associated with the weak increase in flame area. The fact that the vortex arrays generate higher

mean flame stretch not only indicates that multiple vortices produce significantly higher flame areas,

as has been previously observed in Figure 10 (b), but also that the mean departure of flame

properties from unstrained values are higher for the vortex arrays. The positive mean flame stretch

(<K+>s) and skewedness (pK) both show that the bias toward positive flames stretch is much

stronger for vortex arrays than for single vortices. The results in Table I suggest that a simple

summimg of the effects of indivdual vortices is far removed from realistic situations where the

coupling of actions of adjacent vortices can produce very different flame stretch statistics.

CONCLUSIONS

From the considerations above, the following conclusions are made concerning the flame front
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geometry and flame stretch during flame-vortex interactions:

(1) A kinematical relationship between vortex-induced velocity and flame propagation velocity can

be used, in conjunction with Lagrangian coordinates to represent the flame front, to efficiently

calculate not only the flame motion but more importantly spatially-resolved time-dependent flame

stretch during flame-vortex interactions.

(2) The maximum flame stretch during an interaction with a single vortex can be estimated by K*=

U&/rm+SL/2 rm, which includes the curvature contribution term; while the maximum in mean flame

stretch asymptotes to 18 -23 % of K* for rm = 1.25 - 5 mm as U&/SL is increased to 2 and beyond.

The flame-vortex interaction time is of the order of the (K*)"I.

(3) For flames interacting with a counter-rotating vortex pair, the flame stretch near the flow

symmetry axis increases when the spacing between the vortices increase to align the velocity vectors

with the flame front, while the flame stretch structure away from this region is relatively independent

of the action of the opposite vortex and is determined primarily by the vortex velocity and length

scale similar to the single vortex case.

(4) For flame contours caused by vortex arrays, the flame curvature scales more strongly with vortex

size than vortex velocity; and the mean flame curvatures for both vortex arrays and single vortices are

bounded between l/dm and l/(2d.) except in an instance where the vortex produces negligible

wrinkles on the flame front. The effect of deceasing the tangential spacing in the vortex array is to

increase the coupling of actions of adjacent vortices that leads to an increase in flame area and

significant changes in flame curvature statistics, while variations of normal vortex spacing have less

effect on the flame front geometry.

(5) The maximum flame stretch for flames interacting with vortex arrays is found to be close to the

value caused by a single vortex; while the mean flame stretch and higher statistical moments are

significantly different duc to the additional strains caused by coupling of actions of adjacent vortices.
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Table I. Comparison of flame stretch statistics for vortex arrays and single vortices*.

UOiSL 0.25 0.5 1.0 0.25 0.5 1.0

Vortex Array Single Vortex

<K> 12.73 23.88 47.60 -0.74 3.63 28.99

aK 34.12 48.60 64.55 26.97 51.97 71.78

PIC 121.4 168.7 1028.9 -189.8 -391.6 674.24
<K 19.44 32.12 56.36 7.81 18.29 41.66

uK+ 19.32 26.65 38.67 11.15 23.86 45.15
<K-> -6.70 -8.23 -8.76 -8.54 -14.66 -12.67
aK" 17.04 25.49 26.39 19.18 35.12 32.18
Kmax 73.5 107.5 177.5 62.3 105.1 161.9

* rm= 2 .Smm; units are in s51 for flame stretch statistics.
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LOCAL RESPONSE AND SURFACE PROPERTIES OF PREMIXED FLAMES DURING
INTERACTIONS WITH KARMAN VORTEX STREETS

T.-W. Lee, J.G. Lee, D.A. Nye and DA Santavicca
Turbulent Combustion Laboratory

Department of Mechanical Engineering
Penn State University

Abstract- Premixed flames interacting with KIrmkn vortex streets have been experimentally

investigated, in which local flame responses consistent with the results of stretched laminar flame

theories are observed in that the OH LIF intensity increases when the local flame curvature becomes

positive (negative) for thermodiffusively unstable (stable) flames. Departure of the peak OH LIF

intensity for hydrogen flames ranges from 20 to 150% of the value at zero flame curvature for flame

curvature ranging from -1.5 to 0.7 mm", while for propane/air flames the variation is within ±20%

of the value at zero curvature. Thus, widely-used approximation of assigning constant local flame

speed in turbulent premixed flames may be subject to significant errors for hydrogen flames for which

the magnitude of (1/Le-1) is relatively large, while for typical hydrocarbon flames this approximation

appears to be more reasonable. Variation in the averaged peak OH LW intensity is nearly linear

with respect to the variation in flame curvature from -1.2 to 0.8 mm"1, indicating that the application

of the stretched laminar flame theory to turbulent premixed flames in which the local flame speed

is a linear function of the flame stretch and Markstein length is reasonably accurate. The flame area

during interactions with KArmfn vortex streets increases as a relatively weak function of Uv/SL, while

the vortex size affects the flame area increase in that smaller vortices are found to be less effective

in generating flame area. The effect of Lewis number on the flame front is to enhance (suppress)

the amplitude of the wrinkles generated by vortices for thermodiffusively unstable (stable) flames,

thus resulting in larger (smaller) flame area. The flame curvature pdt's for flames interacting with

KArmn vortex streets exhibit a bias toward positive flame curvature due to the large area of

positively-curved flame elements that develop downstream along the V-flame. A decrease in vortex

size tends to increase the flame curvature and thus broaden the pal's, while UA and Lewis number

have relatively small effects on the flame curvature pdf's. The flame orientation distribution is

peaked near the normal direction of flame propagation for small U/Su, while an increase in UAL

results in broadening of the flame orientation distribution and a shift toward larger flame angle due

to the increased distortions in the flame front and increase in the effective flame propagation speed,

respectively. An increase in the vortex size and decrease of Lewis number below unity for similar

reasons result in broadening and shift of the flame orientation distributions although the effect is not

as pronounced.
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INTRODUCTION

Premixed flames in turbulent flow fields exhibit complex and unpredictable characteristics due

to the multiplicity of vortex scales that simultaneously interact with the flame. A spectrum of vortex

scales not only act to produce distortions in the flame front and to cause flame stretch, but the

vorticity structures themselves are altered by the presence of the flame via thermal and baroclinic

effects. In order to arrive at a fundamental understanding of turbulent premixed flames, flames

interacting with organized vortex structures, such as a vortex ring, Khrmn vortex streets, and an

isolated single vortex, have been investigated in an attempt to isolate effects of a known vortex scale

on the behavior of the premixed flames. Recent investigations following this approach include those

of Poinsot et aL [1], Roberts et al. [2] and Wu and Driscoll [3] in which premixed flames interacting

with a vortex ring have been studied in order to identify various regimes of premixed combustion, e.g.,

wrinkled flamelet, multiply-connected or corrugated flamelet, and quenched flamelet regimes.

Computational studies of premixed flames interacting with a single isolated vortex include that of

Ashurst and McMurtry [4], where the changes in the vorticity structure arising from the flame-vortex

interactions were investigated; of Rutland and Ferziger [5], who similarly identified the changes in

the flow and flame structures as a function of the vortex strength; and of Lee and Santavicca [6], in

which the flame stretch characteristics for both single vortices and vortex arrays have been considered.

References of earlier works on flame-vortex interaction can also be found in the above-mentioned

articles.

For premixed flames, understanding of the changes in the vortex structure during flame-vortex

interactions is important not only since the vortices cause the distortions in the flame front and

corresponding increase in the flame surface area, but also due to the fact that the vorticity structure

itself is altered during flame-vortex interactions via baroclinic vorticity generation and vorticity

dissipation due to heat release effects. Also, quantitative descriptions of the flame surface properties,

such as the flame surface area, flame curvature and orientation, are important elements in
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understanding of turbulent premixed combustion. The flame surface area as a first approximation

is proportional to the propagation speed of the wrinkled flame, while the flame curvature and

orientation provide additional geometrical descriptions of the wrinkled flame surface. Furthermore,

flame stretch arising from flow strain and flame curvature can cause local variations in the flame

properties, such as the local flame speed and flame temperature. For sufficiently severe flame stretch,

departure of the flame properties from unstrained values may be so large that the flames are locally

quenched; in this regard, quantitative description of the local flame response to flame stretch is an

additional element required in a complete analysis of turbulent premixed flames. Thus, it would be

of interest to observe the variation in local flame properties in a dynamic situation as in flame-vortex

interactions, in which unsteady flow strain and flame curvature are imposed on the flame similar to

the processes involved in turbulent flames.

In view of this, the objective of the present investigation is to quantify the local response and

the surface properties of premixed flames interacting with vortices within KArm/n vortex streets. In

the following, the experimental methodology will first be described, followed by the presentation of

results concerning the local flame properties as observed by the changes in OH laser-induced

fluorescence intensity as well as the surface properties including the flame surface area, flame

curvature and orientation.

EXPERIMENTAL METHODS

Test Apparatus. The test apparatus consisted of a flow tube with 10 cm x 10 cm cross-section in

which KMrmin vortex streets generated from a cylindrical rod of various diameters were allowed to

interact with a premixed V-flame, as shown in Figure 1. Premixed fuel/air mixtures entered through

four ports at the bottom of the flow tube, and the vertically upward flow was laminarized through a

sintered porous plate and a honeycomb flow straightener. The uniformity of the flow in the absence

of the KArmAn vortex street was verified using laser Doppler velocimetry, which showed that the
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mean velocity was uniform within 1-2% while the velocity fluctuations were negligible (less than 3%).

The flame was stabilized on a steel rod (d = 1 mm) positioned at the mid-section of the tube; while

a vortex-generating rod was placed upstream at various positions with respect to the flame-holder.

The variability in the position of the vortex-generating rod allowed additional control over the vortex

parameters by adjusting the time that required for the vortices to arrive at the interaction region.

As will be shown subsequently, the vortices become weaker and larger with increasing time through

viscous dissipation. In this arrangement, the vortex streets interacted with one side of the V-flame

as shown in Figure 1.

Diagnostics. OH planar laser-induced fluorescence (PLIF) was used for flame front demarcation and

for the measurements of OH LIF intensity profiles along the flame front, while particle image

velocimetry (PIV) was used to ascertain the vortex properties within the KArmAn vortex streets. The

OH PLIF setup involved an Nd:YAG laser which pumped a tunable pulsed dye laser at 532 nm with

energy of ca. 300 mJ/pulse, while the tunable pulsed dye laser output after being frequency-doubled

was ca. 5 mJ/pulse at 283.92 nm with approximately 10 ns pulse duration. A spherical-cylindrical lens

combination was used to generate a beam sheet of 60 mm height and approximately 250 pm

thickness. The excitation of OH radicals involved tuning the laser beam to the Q2(8) and Q1(9) lines

in the (1,0) A2I+A-X2 l transition, while broadband detection of the vibrationally relaxed (1,1) and

(0,0) fluorescence signal near 310 nm was used. Typically, a 50 -m x 50 mm field of view was

employed using a uv-reflective camera lens (fVI.1) that focused the image onto a dual microchannel

plate intensified Reticon (EG&G) camera. The synchronization between the laser pulse and

intensified camera gate (1 ps duration) was accomplished through a custom-made electronic circuit.

Nonuniformity in the laser intensity across the beam sheet was normalized by a unique method of

reading the maximum OH LIEF intensity on the undisturbed side of the premixed V-flame and dividing

by this value all the observed signal intensity along that particular horizontal line. Tests with

undisturbed laminar premixed flames showed excellent normalization characteristics with uniform OH
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LIF intensity along the flame front.

Particle image velocimetry was used to verify the analytical method used to determine the

vortex properties. Two Nd:YAG lasers were used to generate spatially overlapping beam sheets with

an adjustable temporal separation of 100 ps to 10 ms. The resulting pairs of Mie-scattered signals

from the seeded titanium dioxide particles were captured using a conventional 35 mm reflex camera

(Nikon 8008) with Nikor microlens at 1:1 magnification. The photographic slides thus obtained were

analyzed via a digital imaging system employing a CCD camera and a traversing mechanism to

automatically shift the slide position. Spatial Fourier transforms were then performed in order to

locate peaks in the correlations of the paired Mie-scattering signals from which the vortex velocity

field could be constructed. A full description of the PIV system can be found in Nye and Santavicca

[7]. A conventional dual-beam backscatter laser Doppler veolcimetry was also employed in order to

check the uniformity of the flow within the test section as mentioned above and also in the

determination of the laminar flame speeds.

K.ArmAn Vortex Street and Test Conditions KArmAn vortex streets consist of two nearly parallel rows

of alternating vortices, the strength and size of which depend on the Reynolds number of the flow

based on the mean flow velocity and the vortex-generating rod diameter and also on the transit time

that the vortices take in arriving at the interaction regions. For Reynolds number between 40 and

150, the vortex streets are laminar and stable vortices with well-defined characteristics within the

vortex streets are observed [8]. The vortex parameters such as the vortex rotational velocity, vortex

diameter, longitudinal and lateral vortex spacings can be determined by methods following Roshko

[8] and Schaefer and Eskinazi [9]. Each of the vortices in the street is considered to behave like a

single vortex filament with the rotational velocity of the vortex being described by:

uq=r/(27r)(l-exp(-r2/4ut)) M.)
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where r and r are the circulation and the radial distance from the vortex center, respectively. Time,

t, is the transit time that the vortices take in arriving at the interaction zone at the flame, while u is

the viscosity. Differentiating, the maximum rotational velocity of UO=0.72I/2irrm occurs at

rm=2.24(ut)'12. UO divided by the laminar flame speed, Sj., and 8v=2r, normalized by the laminar

flame thickness, S. are used as the characteristic vortex velocity and vortex size, respectively. The

circulation, 17, is estimated from 0.343U0 d/St following Schaefer and Eskinazi [9]; while the Strouhal

number, St, is obtained from the experimental correlations of Roshko [8]. The longitudinal spacing

can be obtained from the Strouhal number, since it gives the nondimensional shedding frequency of

the vortices that can be converted to spatial frequency using the mean flow velocity; while the lateral

spacing is related to the vortex size [8,91. The vortex parameters obtained in this manner have been

verified using PIV for selected conditions as shown in Table I, which shows that there is reasonably

good agreement between the data and the vortex velocities and diameters determined using the above

method; thus the above method was used to determine the test conditions as listed in Table IL

The test conditions have been selected in order first to examine the effects of Lewis number

and secondly to study the effect of the vortex velocity and size on the behavior of the wrinkled

premixed flames. A variation in Lewis number from 0.21 to 1.79 has been obtained using

hydrogen/helium/air, methane/air, and propane/air flames, as shown in Table II. The addition of

helium as a diluent was necessary for hydrogen flames in order to sufficiently slow the flame speed

so that the parameter U^_S1 could be set equal to the values for the methane/air and propane/air

flames, as shown in T'able II. The laminar flame speeds for methane/air and propane/air flames were

obtained from results of Egolfopoulos et aL[10], while for the hydrogen/helium/air flames it was

necessary to determine the flame speed using the present V-flame setup by measuring the component

of the flow velocity normal to the tilted flame. The flame thickness has been estimated using SL =

4.6a/SL where a is the thermal diffusivity, which yielded typical values near 1 mm. The remainder

of the test conditions in which UA/SL and 8 /SAL were independently varied are listed in Table IL
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RESULTS AND DISCUSSION

Figures 2-4 show typical binarized OH PLIF images of the premixed V-flames wrinkled by

the KArm/n vortex streets. Figures 2 (a)-(c) and 3 (a)-(c) correspond to methane/air flames for which

the vortex rotational velocity (USL) and vortex size (8V,/8 ) have been varied, respectively; while

Figures 4 (a)-(c) show the effect of Lewis number on the flame front wrinkle structures. All of the

images in Figures 2-4 exhibit the typical dynamics of flame fronts wrinkled by vortices: The parallel

alternating vortices in the KArmfn vortex street create a velocity defect in the middle of the street;

and as these alternating vortices interact with the flame front, this velocity defect causes the

protruding feature (convex toward the reactant) on the flame front, while the excess velocity adjacent

to this region pushes the flame back to create a concave (toward the reactant) feature. Due to the

vertically upward mean flow velocity, the flame front wrinkles thus created are convected along the

V-flame; and the wrinkles further develop into features which involve an increase in the positively-

curved (convex toward the reactant) flame element areas due to normal flame propagation, while the

negatively-curved flame elements propagate toward one another to form cusps as observed in the

upper parts of the images in Figures 2-4. Thus, cusp formation involves a kinematical process in

which normal flame propagation causes adjacent concave flame elements to collide when the wrinkles

initially created by the vortices are allowed to develop in space and time. Figures 2 and 3 also show

the effect of both the vortex velocity and vortex size in increasing the degree of flame front wrinkling

when these vortex parameters are increased, as will be quantified subsequently. The effect of Lewis

number on the flame structure is exhibited in Figures 4 (a)-(c), which correspond to images of the

hydrogen/hefium/air, methane/air, and propane/air flames, respectively, with Lewis numbers of 0.21,

0.94 and 1.79. For thermodiffusively unstable (Le < 1) hydrogen/helium/air flames, the concave

(convex) flame elements are subject to reduced (enhanced) flame speeds due to the differential rates

at which thermal energy and the deficient reactant diffuse to the surrounding, which leads to the

amplification of the flame front wrinkles initially created by the vortices for Le < 1. This effect is
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clearly evidenced in Figure 4 (a), where there is a significant penetration into the concave region on

the flame front in the upper part of the image. In contrast, a comparison of Figures 4(b) and (c)

shows that there is a substantial suppression of the flame front wrinkles for propane/air flames

(Le= 1.79) in Figure 4 (c), where the amplitude of the wrinkles is very weak compared to methane/air

flames.

Figures 5 (a)-(c) are typical contour plots showing the spatial distribution of the OH LIF

intensities normalized by the maximum observed intensity for hydrogen/helium/air, methane/air, and

propane/air flames, respectively; while the vortex properties are kept nearly constant at UA/SL = 0.8

and 8S/ 8L = 2.7-4.2. Each line in Figures 5 (a)-(c) thus represents a constant OH LIF intensity,

where the intensity scale is ranged from 0 to 100. OH LIF intensities from 3600 (60 x 60) pixels are

plotted with second-order interpolation between the pixels to generate continuous contour lines. In

all of the contour plots, the preheat zone is distinguished by steep gradients in the OH LIF

intensities, as shown by the dense and parallel iso-intensity lines along the flame front. In the post

flame regions, the OH LIF intensity gradually decreases to equilibrium levels. A very weak OH LIF

intensity is observed at the cusped region in Figure 5 (a) where the flame thickness has also been

significantly increased, distinguishable by the large distance between iso-intensity lines; while relatively

high OH LIF intensity is associated with positively-curved regions. A decrease in the OH LIF

intensity and broadening of the flame thickness indicates a decrease in local reaction rate and thus

lower flame speed; and this effect is pronounced at cusps where the most severe negative flame

stretch typically is imposed on the flame front [6]. This is consistent with the results of the stretched

laminar flame theory [1 in which the combined effects of non-unity Lewis number and flame stretch

lead to variations in flame properties. Although both flow strain and flame curvature contribute to

total flame stretch in premixed flames, in cusped regions the severe negative flame curvature usually

dominates, resulting in significant negative flame stretch [6]. The significant negative flame stretch

when combined with less-than-one Lewis number causes the OH LW intensity to decrease as shown



93

in Figure 5 (a). In contrast, methane/air flames in Figure 5 (b) with Lewis number of 0.94 exhibit

relatively uniform OH LIF intensities along the flame front since the departure of the Lewis number

from unity is minimal. Figure 5 (c) is the corresponding contour plot for propane/air flames that

shows suppressed amplitudes in the flame front wrinkles similar to Figure 4 (c) and relatively small

variations in the OH LIF intensities.

The local behavior of the premixed flames wrinkled by vortices can be examined in a more

quantitative manner by plotting the OH LIF intensity profiles normal to the flame front and grouping

them according to the sign of the flame curvature that they are subject to, as shown in Figures 6 (a)-

(c); i.e., different symbols are used to represent OH LIF intensity profiles at positive local flame

curvatures (0.1mm"1 < H < 1.Ommn'), nearly zero curvatures (-0.1mm-1 < H < 0.1mm1'), and

negative curvatures (-1.5mm"1 < H < -0.1mm-1). Positive flame curvature corresponds to convexity

toward the reactant. It can be seen that for thermodiffusively unstable hydrogen/helium/air flames

there is a large spread in the extent of the OH LIF intensity profiles, indicating that the local

response of the flame is very sensitive to the flame curvature. For example, the observed peaks in

the OH LIF intensity for positive local flame curvatures exceed corresponding peaks at zero flame

curvature by up to 50%; i.e., the local reaction rate and thus OH concentration and flame speed are

enhanced due to the positive flame stretch associated with the positive flame curvature. In contrast,

there are dramatic dropoffs in peak OH LIF intensity for negative flame curvatures; and in some

cases, the gradients in the OH LIF intensity profiles have become so small as to suggest incipient

flame quenching. These substantial dropoffs in OH LIF intensity in most cases occur at cusp points

which, as indicated earlier, are associated with severe negative flame stretch. The spread in the OH

LIF intensity profiles for H = 0 may be, to some extent, due to the variations in flame curvatures

sampled; i.e. since exactly zero curvatures are seldom observed experimentally, H a 0 corresponds

to the flame curvature between ±0.1ram"1 as noted above. Also, there are additional variations in

the local flame stretch caused by different flow strain rates that can cause such variations in OH LIF
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intensity profiles. For methane/air flames with Lewis number close to one, there are only minimal

variations in the OH LIF intensity profiles for a similar range of flame curvatures, verifying that it

is the combined effect of flame stretch and non-unity Lewis number that affects the local flame

properties in premixed flames. As expected, the local behavior of propane/air flames (Le > 1) is

reversed in comparison to hydrogen flames (Le < 1) in that OH LIF intensity is increased for

negative flame curvatures, as shown in Figure 6 (c). Furthermore, at this condition the spread in the

OH LIF intensity profiles is not as pronounced as in the hydrogen flames, which implies reduced

sensitivity of the propane/air flames to flame stretch or flame curvature. The parameter, (1/Le-1),

that determines the sensitivity of local flame properties to flame stretch [11] varies from -0.44 for

propane/air flames to 3.76 for hydrogen flames; thus not only the absolute value of (1/Le-i) for

propane/air flames is smaller than for hydrogen flames but also the sign of (1/Le-1) is opposite of

hydrogen flames, consistent with the observation that the local response of propane/air flames is less

sensitive and reversed from that of hydrogen flames. The peak OH LIF intensity variation for

hydrogen flames in Figure 6 (a) is from 20 to 150 % of the value at zero flame curvature, indicating

that the approximation of assigning a constant local flame speed to turbulent premixed flames is likely

to lead to substantial errors since the flame stretch distribution in turbulent flow field is expected to

be biased toward positive values due to the predominant positive flow strain rates [121. The

variations in peak OH LIF intensity for methane/air flames is minimal while for propane/air flames

the changes are ±20 %; thus the assumption of constant local flame speed may yield reasonably

accurate results for typical hydrocarbon flames. In most instances, the steepest gradients in the OH

LIF intensities are confined to a region of approximately 1 mm in thickness in agreement with the

flame thickness calculated by 8 L= 4 .6a/SL, except in instances where the OH LIF intensity has

dropped to anomalously low values in Figure 6 (a).

From these OH LIEF intensity profiles, correlations between the peak OH LIF intensity and

the local flame curvature can be obtained by averaging over many samples for fixed flame curvature,
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the rest *, of which is plotted in Figure 7. Since the frequency of occurrence for moderate flame

curvatures is substantially higher than for extreme flame curvatures (see Figures 10 (a)-(c)), the

number of samples averaged for -0.25mm-1 <H < 0.5mm' is 40-200, while for flame curvatures

outside this range the number of samples is typically less than ten. The effect of averaging over many

samples is to cancel out the effects of flow strain, or in the least average over the fluctuations in the

flow strain, so that the effect of the flame curvature on the peak OH LIF intensity is iecovered.

Strained laminar premixed flame calculations show that the peak OH concentration can be used as

a measure of the level of chemical activity of the flame since it is observed to depend monotonically

on the strain rate [131. Thus, by using a relatively temperature-insensitive excitation scheme for OH

LIF as done in the present study, the observed peak OH LIF intensity can be used to compare the

local reaction rate and corresponding flame speeds. It can be observed in Figure 7 that for

thermodiffusively unstable hydrogen/helium/air flames the slope of the correlation between peak Of!

LIF intensity and flame curvature is positive. For methane/air flames, the peak OH LIF intensity is

relatively insensitive to variations in flame curvature showing only a very weak positive slope since

the departure of the Lewis number from unity is minimal. A negative slope in the correlation is

observed for propane/air flames, indicating a stabilizing response of the flames with respect to the

variation in flame curvature; i.e., the flame speed is enhanced (reduced) for concave (convex) flame

elements leading to suppression of flame wrinkles as shown in earlier flame front images. For all

mixtures, the relationship between the peak OH LIF intensity and the flame curvature is nearly linear

for curvature varying from approximately -1.5 mm-1 to 1.0 mm-1, which converts to flame stretch of -

340 s-1 to 230 s-1 when multiplied by the average flame speed of 0.23 m/s. Thus, for turbulent flames

for which the flame stretch is expected to be within this range a linear relationship between the

laminar flame speed and flame stretch may be applied with reasonable accuracy. It is also interesting

to note that the negative slope of the correlation of the peak OH LIF intensity with local flame

curvature for propane/air flames is much smaller in magnitude than the positive slope for the
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hydrogen/helium/air flames, indicating a variation in the response of the premixed flames that depends

on the parameter 1/Le-1 as discussed earlier.

Next, the surface properties of premixed flames wrinkled by vortices are considered, including

the effects of vortex velocity, vortex size and Lewis number on flame area increase, flame curvature

and orientation statistics. Figure 8 shows the variations of the flame area for methane/air flames as

a function of the vortex rotational velocity for various vortex sizes. It can be observed that the flame

area increase is a relatively weak function of UAL for the present configuration. For flames

wrinkled by KArmkn vortex streets, the vortices interact with the flame in a region where the vortex

street intersects with the V-flame, while the wrinkles created in this region convect away along the

V-flame due to the mean flow velocity and further develop their structures via normal flame

propagation. Thus, in this type of flame-vortex interactions flame area is produced both through

direct interaction with the vortices and via normal flame propagation of positively curved flame

elements; and since the contribution to total flame area by normal flame propagation is nearly

independent of the vortex velocity, this explains the continuous decrease of the slope in the

dependence of flame area on UA/SL in Figure & This process is comparable to weakly turbulent

flames in which weak vortices sparsely distributed in space wrinkle the flame front and the flame front

wrinkles thus created subsequently develop large areas of positively-curved flame elements terminated

by cusps; thus flame area increases both as a direct consequence of vortex action and normal flame

propagation. In Figure 8, vortex size plays an important role in the functional relationship between

flame area and UA/SL, as these curves are shifted toward larger UA/SL for smaller vortices. Thus, for

smaller vortices it takes a larger value of U/SL in order to generate the same level of flame areas,

indicating that the smaller vortices are less effective in wrinkling the flame fronts. Other results

concerning the effect of vortex size on the flame front wrinkling include those of Poinsot et al. [11,

Roberts et al. [2], and Rutland and Ferziger [5]. While the first two studies conclude that smaller

vortices are less effective in wrinkling the flame front due to curvature and viscous effects, Rutland
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and Ferziger assert that the vortex size for a single isolated vortex interacting with the flame has a

negligible effect on the flame area. For a single vortex case, as in Rutland and Ferziger, the

undisturbed flame area used as the reference area about which the wrinkled flame area is measured

needs to be adjusted depending on the extent of the flame-vortex interaction, Le., on the vortex size

itself; while in the present case, the reference area remains fixed as the undisturbed V-flame area

within the field of view. If the vortices within the Kfrmin vortex street are smaller, then the extent

of the interaction is also reduced. Furthermore, the scale of the wrinkles developing further

downstream is decreased for smaller vortices; thus, this leads to smaller flame area increase when the

vortex size is decreased for a fixed reference flame area in the present configuration.

Figure 9 shows the effect of Lewis number on the flame area as the Lewis number is varied

from 0.21 to 1.79 for nearly constant UD/SL=O.8 and 8JSL=2.74.2. The parameter 8,/8L could not

be kept at a fixed value due to the differences in the flame thickness while the vortex diameter (8,)

itself was nearly constant as shown in Table II. However, the variation in 8" 8 L is relatively small and

there is actually an increase in the flame area when the mixture is thermodiffusively unstable in spite

of the slight decrease in 8J8 L. Thus, a strong effect of the Lewis number is observed by a 20%

increase in flame area when the Lewis number is varied from 1.79 to 0.21 in Figure 9. This increase

in the flame area is primarily due to the increase in amplitude of the wrinkles when the local flame

speed of convex (concave) regions is increased (decreased) as shown earlier in Figures 4 (a)-(c).

Similar increases in flame area when the mixture becomes thermodiffusively unstable (Le < 1) have

been observed for turbulent premixed flames [14-16].

Figures 10 (a)-(c) contain plots of the area-weighted flame curvature probability density

functions (pdf's) at various UA/SL, 8,,/8b and Lewis numbers, respectively. In all instances, the pdf's

are biased toward positive curvature reflecting the large convex (toward the reactant) flame areas

generated as the wrinkles are convected downstream, while the cusps are represented by large

negative curvatures ( H - -1.0mm"1) with very low number frequency due to the negligible area that
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they occupy. The effect of UA'SL on the flame curvature pdfs is found to be very weak. The

increase in flame curvature observed for turbulent premixed flames with increasing turbulence

Reynolds numbers [17] can be attributed to the decrease in the length scale of turbulence; for

example the mean flame radius of curvature has been found to follow the Taylor scale of the

turbulent flow field [17]. Furthermore, a computational study from this laboratory [6] showed that

flame curvature is more strongly dependent on the vortex size than on the vortex velocity. Thus, for

these reasons the flame curvature pdf's exhibit minimal change with respect to the variations in U/SL,

while there is an increase in the flame curvature and a corresponding broadening of the flame

curvature pdf's when the vortex size is decreased; although this effect is somewhat damped due to

the fact that in area-weighted statistics the large areas of positively-curved flame elements that

develop downstream on the V-flames (see Figures 2-4) dominate the pdf's. In spite of the changes

in flame structure and a substantial increase in the flame area with respect to the Lewis number

variations shown earlier, the flame curvature pdf's exhibit relatively minor changes. This is due to

the same effect of the large areas of positively-curved flame elements dominating the pdf's and also

because of the fact that when the instability mechanism increases the amplitude of the flame front

wrinkles both large flame curvatures at the trough and crest of the flame front wrinkles as well as

weak curvatures in between are produced; thus the effect of Lewis number on area-weighted flame

curvature pdf's is minimal in spite of the increase in flame area. Similar results for turbulent

premixed flames in which the flame curvature pdf's undergo relatively small changes with respect to

variations in Lewis number have been observed by Haworth and Poinsot [12], Goix and Shepherd [15]

and Lee et al. [16].

The distributions of the flame orientation angle measured with respect to the direction of

propagation of the undisturbed flame are shown in Figures 11 (a)-(c). It can be observed in Figure

11 (a) that for weak vortices (small UW/SD the flame orientation distributions are peaked around the

normal direction of flame propagation, while with stronger vortices the flame orientation distribution
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becomes wider as the increase in flame front wrinkling causes the flame to be oriented at random

angles with respect to the normal direction of flame propagation. There is also a slight shift toward

positive flame orientation angles due to the fact that the flame frot w-rinkling increases the effective

propagation speed of the flames and thus the overall flame angle becomes larger. The effects of

vortex size and Lewis number on the flame orientation are relatively weak, although a slight positive

shift and broadening in the flame orientation distribution are observed as the vortex size is increased

while the decrease in the Lewis number causes a broadening in the distribution.

CONCLUSIONS

From the discussion above, we make following conclusions concerning the local response and

surface properties of premixed flames interacting with Karman vortex streets:

(1) Local flame properties during interactions with vortices exhibit responses consistent with the

results of stretched laminar flame theories [111 in that the OH LIF intensity increases when the local

flame curvature becomes positive (negative) for thermodiffusively unstable (stable) flames.

(2) Departure of the peak OH LIF intensity for hydrogen flames ranges from 20 to 150% of the

value for unstretched flames (zero flame curvature) for flame curvature ranging from -1.5 to 0.7 mm"1,

while for propane/air flames the variation is within ±20% of the value at zero curvature. Thus, the

widely-used approximation of assigning constant local flame speed in turbulent premixed flames may

be subject to significant errors for hydrogen flames for which the magnitude of (1/Le-1) is relatively

large, while for typical hydrocarbon flames this approximation appears to be more reasonable.

(3) The variation in the averaged peak OH LIF intensity is nearly linear with respect to the variation

in flame curvature from -1.2 to 0.8 mm"1, indicating that the application of the stretched laminar

flame theory to turbulent premixed flames in which the local flame speed is a linear function of the

flame stretch and Markstein length is reasonably accurate.

(4) The flame area during interactions with KArmAn vortex streets increases as a relatively weak
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function of UASL, while the vortex size affects the flame area increase in that smaller vortices are less

effective in generating flame area. The effect of Lewis number on the flame front is to enhance

(suppress) the amplitude of the wrinkles generated by vortices for thermodiffusively unstable (stable)

flames, thus resulting in larger (smaller) flame area.

(5) The flame curvature pdf's for flames interacting with Krmhn vortex streets exhibit a bias toward

positive flame curvature due to the large area of positively-curved flame elements that develop

downstream along the V-flame. A decrease in vortex size tends to increase the flame curvature and

thus broaden the pdf's, while UA/SL and Lewis number have relatively small effects on the flame

curvature pdf's.

(6) The flame orientation distribution is peaked near the normal direction of flame propagation for

small UAL, while an increase in UAL results in broadening of the flame orientation distribution and

a shift toward larger flame angle due to the increased distortions in the flame front and increases in

the effective flame propagation speed, respectively. An increase in the vortex size and decrease of

Lewis number below unity for similar reasons results in broadening and a shift of the flame

orientation distributions although the effect is not as pronounced.
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FIGURE CAPTIONS

Figure 1. Schematic of the experimental apparatus.

Figures 2 (a)-(c). Binarized images of flame fronts at Le=0.94, 8 i/8 L=5.2 and (a) Us/SL=0.4 ; (b) 0.6;

(c) 0.7.

Figures 3 (a)-(c). Binarized images of flame fronts at Le=0.94, UdSL=0.7 and (a) 8v'SL= 3 .4; (b) 3.8;

(c) 5.3.

Figures 4 (a)-(c). Binarized images of flame fronts at UAL=0.8, 8 /8L=2.8-4.2 and (a) Le=0.21; (b)

0.94; (c) 1.79.

Figure 5 (a). Contour plot of OH LIF intensity for H2/He/air flame (Le=0.21).

Figure 5 (b). Contour plot of OH LIF intensity for CH4/air flame (Le=0.94).

Figure 5 (c). Contour plot of OH LIF intensity for C3H8/air flame (Le= 1.79).

Figures 6 (a)-(c). OH LIF intensity profiles normal to the flame for (a) Le=0.21; (b) 0.94; (c) 1.79.

Figure 7. Averaged peak OH LIEF intensity as a function of local flame curvature at various Lewis

numbers.

Figure & Flame area increase as a function of UAL.

Figure 9. Effect of Lewis number on flame area.

Figure 10. Flame curvature pdf's at various (a) UAL; (b) BAL; (c) Le.

Figure 11. Flame orientation distribution at various (a) UASL; (b) 8)/8L; (c) Le.
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Table L Comparison of measured and estimated vortex properties.

Uoa db Red U,/U0 8,/d UstUo 8,/d
(MIS) (mm) (Measured) (Estimated)

0.6 1.5 60 0.18 2.3 0.20 3.0
0.6 2.0 80 0.24 2.4 0.22 2.3
0.6 3.0 120 0.28 1.5 0.29 1.5
0.7 1.5 70 0.23 2.2 0.19 2.8
0.7 2 93 0.22 2.0 0.23 2.1
0.9 1 67 0.15 5.0 0.15 3.6
0.9 1.5 91 0.18 2.3 0.20 2.4
0.9 2 121 0.20 3.5 0.24 1.8
1.1 1.5 113 0.15 1.9 0.21 2.2

'Mean flow velocity-, "Diameter of the vortex generating rod.
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Table IL Test conditions.

U0  d Red 4b SL 8L UASL 8 ,/8 L a/ 8 L hb/a Ay
(m/s) (mm) (m/s) (mm) (mm)

Hydrogen/Helium/Air (Le=0.21):
0.65 2.0 70 0 .09d 0.18 1.6 0.84 2.8 7.5 0.40 25

Methane/Air (Le=0.94):
0.80 2.0 70 0.74 0.23 1.0 0.84 4.0 11.0 0.41 25

Propane/Air (Le= 1.79):
0.87 2.0 87 0.74 0.27 0.9 0.82 4.2 12.0 0.42 25

Methane/Air:
0.63 1.0 47 0.71 0.21 1.1 0.39 5.2 8.3 0.53 50
0.63 1.5 64 0.71 0.21 1.1 0.44 5.2 9.3 0.55 50
0.63 2.0 92 0.71 0.21 1.1 0.55 5.2 11.6 0.51 50
0.63 3.0 133 0.71 0.21 1.1 0.72 5.2 15.0 0.46 50

0.78 1.0 58 0.73 0.23 1.0 0.57 3.8 7.6 0.46 25
0.78 1.5 79 0.73 0.23 1.0 0.67 3.8 9.0 0.44 25
0.78 2.0 114 0.73 0.23 1.0 0.85 3.9 11.1 0.41 25
0.78 3.0 130 0.73 0.23 1.0 0.93 3.9 12.1 0.40 25

0.93 1.0 68 0.75 0.24 1.0 0.75 3.1 7.2 0.40 12.5
0.93 1.5 94 0.75 0.24 1.0 0.95 3.1 8.5 0.39 12.5
0.93 2.0 135 0.75 0.24 1.0 1.16 3.2 10.6 0.35 12.5

0.63 1.5 64 0.71 0.21 1.1 0.68 3.4 &9 0.34 12.5
0.78 1.5 79 0.73 0.23 1.0 0.67 3.8 9.0 0.44 25
0.63 3.0 133 0.71 0.24 1.0 0.72 5.2 15.0 0.46 50

aLongitudinal vortex spacing; bLateral vortex spacing; cDistance between vortex rod and

flame rod; dV(H2)N(H2+He+Air)=0.09, V(He)iV(He+Air)f=0.43.
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Figure 1. Schematic of the experimental apparatus.
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(a) (b) (c)

Figures 2 (a)-(c). Binarized images of flame fronts at Le=0.94, 8 v/SL= 5 .2 and (a)
U/SL=0.4 ; (b) 0.6; (c) 0.7.
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(a) (b) (c)

Figures 3 (a)-(c). Binarized images of flame fronts at Le=0.94, U/SL=0.7 and (a)
8,/ S L= 3- 4 ; (b) 3.8; (c) 5.3.
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(a) (b) (c)

Figures 4 (a)-(c). Binarized images of flame fronts at UOSL=0.8, 8,/BL= 2 .84.2 and
(a) Le=0.21; (b) 0.94; (c) 1.79.
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H2/He/Air Flame Le=0.21
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Figure 5 (a). Contour plot of OH LIF intensity for H2/He/air flame (Le=O.21).
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Figure 5 (b). Contour plot of OH LIF intensity for CH/air flamec (LeO0.94).
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Figure 5 (c). Contour plot of OH LIP intensity for C-3H&/air Glame (Le 1.79).
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0.94; (c) 1.79.
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Figure 7. Averaged peak OH LIF intensity as a function of local flame curvature at
various Lewis numbers.
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Figure 9. Effect of Lewis number on flame area.
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Figure 10. Flame curvature pdf's at various (a) UA/SL; (b) 8,/SL; (c) Le.
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Figure 11. Flame orientation distribution at various (a) Uo/SL; (b) 8 v/8L; (c) Le.


