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Density Fluctuations in a Flame in a KArman Vortex Sheet
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The interaction of a premixed C,Hy-air flame with a Karm4n vortex street was studied. Rayleigh scattering
was used to measure total gas density. Density statistics obtained from Rayleigh scattering measurements were
compared with predictions by the Bray-Moss-Libby (B-M-L) model which neglects intermediate states. Density
fluctuations were overpredicted by the B-M-L model by a small amount for Reynolds numbers 73 and 110. The
flame was essentially a wrinkled-laminar flame for these conditions. However, for Reynolds number 500 the
flame consisted of a distributed reaction zone and intermediate states accounted for as much as 80% of all states
encountered in positions of the flame. The B-M-L model significantly overpredicted density fluctuation in-

tensities for this condition.

Introduction

HE effects of fluid mechanical turbulence on premixed

combustion, most apparent of which are the large
increases in effective flame speeds and volumetric burning
rates, have been studied both theoretically and experimentally
for many years. these studies are extensively reviewed by
Karlovitz,! Scurlock and Grover,? Williams,? and Andrews et
al.* However, progress has been impeded by a limited un-
derstanding of turbulence, even in isothermal flows, as well as
by the lack of diagnostic probes capable of providing accurate
time-resolved velocity, density, temperature, and con-
centration fields in a combustion environment. Recently,
Rayleigh scattering has been developed as a nonintrusive
diagnostic technique to measure space- and time-resolved
density.>” This technique was applied in the present study to
investigate the interaction of a premixed flame with a Karman
vortex sheet. The motivation for this study was that the vortex
street represents an unsteady flow consisting of large eddies.
If the eddies which form the vortex street are very large
compared to the laminar flame thickness §, an unsteady
wrinkled flame can be produced. Such flames could be
analyzed with models designed for turbulent wrinkled-
laminar flames.®® This is because, as first described by
Damkohler,' to such turbulent flames the approach flow
would appear as simply an unsteady but laminar flow. By
studying the flame in a vortex street, rather than in a fully
turbulent flow, the observations are not encumbered by
strong three-dimensional effects such as streamwise vortices
(the vortex street is largely two dimensional) nor by the effects
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of spectrum of length scales which exist in a truly turbulent
flow. It should be remembered, however, that the features
which make this experiment attractive result in simplified
circumstances which are not directly comparable to any
turbulent flow. In this respect the experiment is limited, but
not any more so than other experiments might be. Never-
theless, this study represents an important contribution to the
understanding of unsteady flame propagation and wrinkled-
laminar flames.

Damkohler!® was the first to study the effect of turbulence
on flame propagation. He defined two limiting conditions.
The first occurs at relatively low Reynolds numbers®!! where
the length scales of the turbulernice are much larger than the
laminar flame thickness. The effect of turbulence in this case
is simply to wrinkle an otherwise laminar flame (hence, the
name ‘‘wrinkled-laminar flame model’’) and increase the
effective flame speed by increasing the flame’s surface area.
The second regime occurs at Reynolds numbers for which the
length scales are smaller than the flame thickness. In this case,
the turbulence serves to increase heat and mass transport
within the reaction zone. It has been suggested'? that for this
regime the effect of turbulence may be modeled by replacing
molecular diffusivities by turbulent eddy diffusivities. These
and other models based on the original ideas of Damkohler
have had limited success in correlating experimental data.
Karlovitz et al.,!* for example, obtained results which in-
dicate increased burning rates not accountable by these
theories and suggested that the flame was itself a source of
turbulence. The concept of flame-generated turbulence has
been ‘subscribed to by various researchers.'*'¢ Others,!"20
however, suggest that discrepancies in the predictions of the
wrinkled flame model are due to large errors in most
measurements of turbulent flame speed. Since the concept of
flame-generated turbulence was invoked to explain the
available data, it may be that the data were interpreted in-
correctly and the concept of flame-generated turbulence may
be inappropriate. Therefore, the wrinkled-laminar flame
model may yet be a reasonable first approximation of some
turbulence-combustion interactions. It appears possible that
models, with suitable modifications of the wrinkled-laminar
flame concept of turbulent flame propagation which do not
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invoke flame-generated turbulence, may give a more detailed
understanding of the wrinkling process. One promising model
is the so called Bray-Moss-Libby probability density model,
discussed subsequently. This model can be applied to un-
steady as well as turbulent flame propagation and is a good
candidate for qualitative and quantitative comparison with
these experiments.

The wake behind a cylinder of diameter D in a stream of
velocity U for Reynolds numbers (Rep = UD/v) between 40
and 5000 exhibits a fairly regular pattern of alternately
rotating vortices known as a Karman vortex street. This
phenomena has been studied extensively by many in-
vestigators (see the review by Marris?! and Lamb??). Friehe,?
Nishioka and Sato,?* Kovasznay,?® Tritton,® and
Roshko,?*?” among others, have measured the variation of
the vortex shedding frequency f with Reynolds number and
provided considerable data on the dependence of the Strouhal
number (St=/fD/U) on the Reynolds number. Kovasznay®
and Roshko? found that a stable, regular vortex street is
obtained only for Reynolds numbers between 40 and 150.
Various authors quote different values of the upper limit.
This may be due to the fact, not generally realized, that for
Reynolds numbers below a. critical value the vortex street is
not shed from the cylinder but develops from a laminar wake
instability.?"?>2® When the Reynolds number increases to
some critical value, there is a transition and the vortices begin
to be shed directly from the cylinder. In this transition regime
vortex shedding becomes irregular but becomes regular again
once beyond it until the wake becomes turbulent. Tritton?
and Marris?! suggest that the critical value of Reynolds
number for this transition is about 90. During this study this
transition was observed over a range of Reynolds numbers as
low as 75. The data of Roshko?® suggest that he may have
observed this phenomenon at a Reynolds number of 150,
although he attributed his observations to scatter in the data
and not to a fundamental change in the fluid dynamics. In any
case, above Rep = 150 the wake starts to become irregular as
turbulence appears. By Rep =300 the wake is reasonably
turbulent while the dominant velocity fluctuations remain
around the vortex shedding frequency.

A schematic of the problem studied is shown in Fig. 1. The
fuel used was ethylene, C,H,, for all the cases studied. The
three conditions at which measurements were made are
summarized in Table 1. Table 1 shows that two cases studied
correspond to Re;, below which turbulence first appears,
whereas the third case (Re, = 500) corresponds to a wake with
substantial turbulent motion. One might expect the flame in
this latter wake to be different from a wrinkled flame. In
contrast, the two former cases should lead to a wrinkled-
laminar flames. These expectations are, in fact, confirmed by
the results presented in this paper. Rayleigh scattering was
used to measure the instantaneous gas density. From these
measurements statistical moments of density, such as the
mean and the root-mean-square (rms), as well as spectra and
pdf’s were calculated and analyzed.

In addition to the measurements and calculations men-
tioned, a comparison was made with the predictions of the
Bray-Moss-Libby model'®?3 for density statistics. Im-
plications of the formulation used in the B-M-L model are
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discussed by Pope.?' Some of the pertinent aspects of the B-
M-L model are summarized next.

B-M-L Model

Bray, Moss, and Libby introduce a probability function P
for the product concentration at a location » such that

P(r,c) =a(r)é(c) +B(r)é(c—1)

+ [n(c) =n(c—=1)1v(r)f(c) 1

Here ¢ is the reaction progress parameter and is defined by
ploy=1+7c) ! )]
7= (p,/pp) =1 3
p, and p, are the densities of the unburned and burned gases,
respectively. The functions &(c) and 5(c) are the Dirac delta
and Heaviside functions, respectively. The coefficients «(r),
B(#), and ~(r) represent the reactant, product, and in-

termediate state probabilities, respectively, and f{c) is a
continuous function of product mass fraction through the
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Fig. 1 Schematic of flame interaction with a KArman vortex street.

Table 1 Experimental conditions

U, D, 'yc, Data rate, s
cm/s mm Rep [ mm samples/s Hz

55.0 2.0 73 0.52 12.5 1.0 23+4

55.0 3.0 110 0.52 12.5 1.0 23+4
250.0 3.0 500 0.5 10.0 2.0 171+8

N.B.: U=flow velocity, D=diameter of vortex generating cylinder, Rep =UD/v=Reynolds number of vortex
generating cylinder based on the viscosity of the reactants at room temperature, ¢=equivalence ratio, y, = lateral
distance between the flameholder and the vortex generating cylinder, f; = dominant frequency in spectrum of Rayleigh

scattering in flame.
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flame. It follows that if
1
f scrde=1 @

then, .
alr) +B8(ry+y(n =1 (5)

The term ‘‘intermediate states’” refers to conditions where the
density is different than either the unburned or fully burned
gas densities and not just to intermediate chemical states. In
applying the model infinitely fast chemistry is assumed (y<1)
and, hence, o+ 8=1. Bray and Moss’*® comment that the
approximation of negligible intermediate states ‘‘should be
applicable to situations where wrinkled-laminar flame and
related physical models are valid. On the other hand, if
combustion corresponds more closely to a distributed reaction
model, (intermediates) will tend to be large, and the ...ap-
proximation will not be valid....”” Nevertheless, analysis
usually continues with a small 4 approximation because it is
then not necessary to say anything about f{c). This is a
significant simplification since it then follows that

1-¢
a=1—B=1+T€ ©)
and
I1+7 N _
1=(717)¢ ™

where ¢, the Favre-averaged reaction progress parameter, is
obtained from

5:

)

o~

Then, the intensity of density fluctuations is no longer a
function of r but is given by

ﬂzﬂf[f(_l—ﬂ]'/z

I ©)

The B-M-L model continues by predicting further density
statistics and other important results. However, we are in-
terested here in the ability of Eq. (9) to predict the density
fluctuation intensity in a flame in a Karman vortex street and
the validity of the small v approximation for this flow. In the
present experiment the quantities ¢, p, (0’?)"*, and 7 were
measured and compared with Eq. (9).

It should be noted that Eqgs. (6-9) impose no restriction on
the turbulence or the character of the flow. The only
assumption involved is that the flame be treated as a flame
sheet and intermediate states neglected. This assumption is
more valid for wrinkled-laminar flames than for highly
turbulent flames where there will be a thicker, more diffuse
reaction zone. Since Libby and Bray® apply this model to
highly turbulent flames, their predictions may be somewhat
less accurate. However, since some of the flames considered
here should be in the wrinkled-laminar flame regime, the
flame sheet approximation seems appropriate and Eqs. (6)
and (9) may be valid.

Experimental Method

The experimental apparatus has been described in detail in
Refs. 20 and 32-35. A coaxial jet was used as an open jet wind
tunnel. Premixed ethylene-air was supplied from a 200-mm-
diam X 400-mm-long stagnation chamber to the inner jet
through a 51-mm-diam nozzle. An outer coaxial annular jet,
of outside diameter of 102 mm, was used to shield the inner
flow from the surrounding room air. The flow velocities of
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the two jets were matched. The vortex generating rod was
placed just beyond the nozzle exits. The flame was stabilized
on a 1-mm-diam rod whose axis was parallel to that of the
vortex generating rod. The relative locations of the two rods
are indicated in Fig. 1 and Table 1 which summarizes the
experimental conditions.

The Rayleigh scattering system used has been described in
Refs. 20, 33, and 35. A Spectra Physics argon ion laser
operating at the 488-nm line was used as the light source. The
output power was 0.8 W. The laser beam was focused to a 40-
pm waist by two lenses. The probe volume was about 1 mm
long and 40 pm in diameter with its axis parallel to the flame
holder and the vortex generating rod. The 40-um diameter
represents less than about 1/20th the thickness of the laminar
flame. Therefore, these probe volume dimensions are suf-
ficient to resolve the thin reaction zones so long as there are
no significant spatial variations along the axis of the probe
volume. Roshko?-?" found that the length scale of axial
variations of a vortex street about 18 diameters. Since the
vortex generating rod diameters were 2 and 3 mm, the
wavelength of axial variations along the vortex street would
be about 40 or 50 mm and 1 mm long probe volume was
considered to be adequate. Rayleigh scattering was collected
at 90 deg from the beam direction by an f/1.2, 55-mm
Olympus camera lens. The effective f number was 2.7. The
collected light was spatially filtered by a 50 umx 1 mm slit
and optically filtered by a 1-nm bandpass filter centered at 488
nm. The light was focused on a RCA 931A photomultiplier
whose output was amplified by an electrometer with a band-
pass from dc to 1.9 KHz (—3 db corner). The Rayleigh
scattering intensity was normalized by the Rayleigh scattering
from the cold reactants whose density was known. This
procedure simplified the calibration of the system. Namer et
al.?® have shown that for the conditions of these experiments,
the Rayleigh scattering is proportional to density to an ac-
curacy of better than 5%. Therefore, if I, is the Rayleigh
scattering intensity

IR/IRuzp/pu (10)

Considerations of the properties of a Karman vortex street,
the laminar flame propagation speed, flame stability, and the
physical dimensions of the experimental apparatus established
constraints on the range of operating conditions. For in-
stance, two flow velocities and two cylinders were required to
generate the vortex street at different frequencies. The
cylinder diameters were necessarily small (2.0 and 3.0 mm) to
maintain the large length-diameter ratios (45 and 30,
respectively) needed to obtain, essentially, a two-dimensional
flowfield. The flow velocities used were 55 and 250 cm/s.
Thus, for U=55 cm/s, the Reynolds numbers were 73 and 110
for the 2- and 3-mm rods, respectively. For the flow velocity
U=250 cm/s the 3-mm rod was used to generate the vortex
street. The Reynolds number for this condition was 500. In
order to get stable flame propagation and avoid flashback or
blowoff an equivalence ratio of 0.52 was chosen when U= 55
cm/s (Rep =73 and 110). The equivalence ratio was 0.5 when
U=250 cm/s (Rep =500). Furthermore, as illustrated in Fig.
1, the cylinder had to be placed upstream of the flameholder
in order to prevent the flame from attaching itself to the
vortex generating cylinder. The flameholder was located at
the origin of the coordinate system used. Denoting the
coordinates of the vortex generating cylinder location as
(x.¥0)s X, was —25.0 mm and y, is tabulated in Table 1 for
each case studied. The compromises required for the stable
operation of the experiment limited the range over which
parameters could be varied. Nevertheless, the data presented
are important in judging models and suggesting directions for
further experiments.

As described in the literature, it was found that the
regularity of the vortex street was enhanced by reducing three-
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dimensional end effects. This was achieved by putting 2 cm
square end plates, made of cardboard, on the cylinders to
isolate the interaction betwen the cylinder and the edge of the
jet.

The experimental apparatus was mounted on a three-axis
traverse operated by separate stepping motors which were
computer controlled. Thus, the flowfield positions could be
scanned automatically for the Rayleigh scattering. Profiles of
density were obtained by scanning in the y direction for a
particular x location. When the profile was completed the test
section was moved to a new x location for the next profile.
The distance, in x, between profiles was 5 mm. Data
acquisition was begun in the region of cold reactants. An
adjusting grid was used so that 1.5-mm steps were taken in the
y direction outside the flame and 0.5-mm steps inside the
flame. To accomplish this the mean signal level from 100
samples was calculated and compared with the mean at the
previous location. If the mean was less than 80% of the
previous mean, the test section was backed up 1 mm and the
spacing was set to 0.5 mm.

Measurements were obtained using 12 bit A/D converter.
Samples were acquired at a constant sampling rate through
clock control. Raw data could be stored in disk memory files
or on a 7-track magnetic tape for postprocessing with either a
PDP 11/10 or the Lawrence Berkeley Laboratory CDC 7600.
The data rate was 1.0 or 2.0 kHz (see Table 1) as required for
each particular case. There were 5030 samples per location
taken.

Results of Density Measurements

The typical density profile through a flame, obtained from
Rayleigh scattering measurements is shown in Fig. 2. All
densities were normalized by the density of the cold reactants
which were at room temperature. Recall that the flameholder
was located at y =0. The flame is identified by the gradient in
mean density seen here in the region 20y < 30 mm. This is
also the region where large density fluctuations were found as
a consequence of the flame fluctuations. The peak in density
fluctuations occurs at approximately the location where the
mean density is one half the unburned gas density. The ratio
of the burned gas density to the unburned gas density is 0.2
and, therefore, from Eq. (2) 7=4. Figures 3 and 4 illustrate
the evolution of the mean and rms density profiles, for the
various conditions studied, as a function of streamwise
location x. An increase in flame thickness with x is evident in
both the mean and rms profiles. The flame thermal thickness
for the undisturbed flames (no vortex street) was < 1.0 mm as
determined from Rayleigh scattering profiles. The formation
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Fig.2 Normalized mean and rms density profile through a flame.
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Fig.3 Mean density profiles through a flame.
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Fig. 4 rms density profiles through flame.

of what could be termed the flame brush is apparant from
these profiles. Furthermore, the mean position of the flame
was altered when the vortex street was introduced. This may
be seen in Figs 5a and b. For the two cases of lower vortex
shedding cylinder Reynolds number (Rep=73 and 110)
shown in Fig. 5a the mean flame position moved upstream
from its undisturbed location (D=0) when the vortex
generating rod was absent. For Rep =500, shown in Fig. Sb,
the effect of the vortex street on the flame was much more
pronounced. The flame brush became much thicker, ap-
proximately 20 mm thick. Surprisingly, the mean flame
position was downstream of the undisturbed flame. This shift
may have been due to a change in the nature and character of
the flow in the vicinity of the flameholder caused by the in-
troduction of the vortex street. However, this could not be
determined from the available data. It was observed that the
flame formed a cusp at the flameholder of this case and
appeared concave whereas a cusp was not observed for the
other cases. Power spectra of density fluctuations were
calculated and showed that for all three cases the peak in the
spectrum of density fluctuations correlated well with the
vortex shedding frequency. The dominant frequencies of
density fluctuations for the conditions investigated are given
in Table 1.

As discussed, the Favre-averaged reaction progress
parameter ¢ may be determined at each location from the

,mean density 5. The theoretical evolution of the density

fluctuation, (p'?)" /p, with ¢ was computed from Eq. (9) for
7=4.0 and compared with the experimental results in Figs. 6a
and b. It was found that the density fluctuations correlated
very well with ¢ in all cases. However, for all conditions
studied the theory overpredicts the fluctuations in density.
The maximum fluctuation intensity is overestimated by about
10% for the lower Reynolds number cases shown in Fig. 6a.
The discrepancy is not too severe and indicates that the
fluctuations in these flames can be modeled with reasonable
accuracy by the B-M-L model and by neglecting intermediate
states. However, for the Re;, =500 case shown in Fig. 6b,
when the flame brush was 20 mm thick and appeared to
consist of a distributed reaction zone, intermediate states
cannot be neglected. If they are neglected, the maximum
density fluctuation intensities are overpredicted by about
30%. One might hope that an effective heat release parameter
7 could be found to correlate the data in Figs. 6a and b.
However, this was not possible and an analysis based on more
accurate pdf’s is evidently required.

To aid in the search for more accurate distribution func-
tions, pdf’s of density were measured to determine their
evolution through the flame and the implication of their
behavior in regards the B-M-L model. The evolution of the
pdf’s with ¢ for Rep =73 can be seen in Fig. 7. Pdf’s obtained
for the other cases looked very similar. Note that at =0 only
cold reactants are present. The pdf at this location is slightly
broadened by photomultiplier noise. Although the density
statistics were corrected for this and other sources of errors
according to Refs. 33-35, the photomultiplier noise was not
removed from the pdf’s. If the noise was removed, onc would
find a Dirac delta function at p/p, =1.0 (¢=0). Nevertheless,
the essential features of the pdf’s are illustrated. As ¢ in-
creases, the probability of encountering intermediate states
and hot products first increases until the rear of the flame is
approached where one expects to find 100% hot products,
although the curves in Fig. 7 were not extended far enough to
show this. The biomodal nature of the distribution inside the
flame can also be observed.

Analysis of the pdf’s indicated that there are values of ¢ for
which the probability of intermediate states is significant. The
values of «, 3, v were estimated from the measured pdf’s. The
value of v was estimated by assuming that intermediate states
correspond to values of density (o/p,) such that

(o/p) > (0/0y) > (0/0y) m (1H
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Fig. 5. Mean flame location.

where (p/0,) s is the minimum value of the signal from cold
reactants broadened by photomultiplier noise and (po/p,),, is
the maximum value of the signal from hot products
broadened by photomultiplier noise. The values used were
(0/p,)=0.9 and (o/p,),, =0.27. Therefore, PMT shot noise
made no contribution to the measured values of v, but could
have possibly led to interpreting an intermediate state as either
cold reactants or hot products. In this sense the evaluation of
v might have been greater but not smaller. The values of «, 8,
and v are plotted in Figs. 8a, b, and c as a function of ¢ for
Rep =73, 110, and 500, respectively. As can be seen from
these figures, the value of v became as large as 0.4 and 0.5 in
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Fig. 7 Evolution of pdf of density with ¢: U=55 cm/s, D=2.0 mm,
Rep =173.

the Rep =73 and 110 flames; which means that at some
locations in the flame the probability of encountering in-
termediate states can be 40 or 50%. Recall that these are the
flames most likely to correspond to wrinkled-laminar flames
and, hence, the flame sheet approximation should be most
applicable. The data shown in Fig. 6a for these cases indicated
that the flame sheet approximation is a fairly good assump-
tion to make for the purpose of predicting density fluctuation
intensities, and an upper bound on expected levels which was
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c¢) U=250cm/s, D=3 mm.
Fig. 8 Evolution of «, 8, and y with ¢.

not too far from the actual fluctuation level was obtained.
However, for the case of Rep =500, vy can reach 0.8 and the
probability of encountering intermediates was as high as 80%,
more than for products and reactants combined. The flame
sheet model here is evidently a poor predictor of statistical
properties in the flame.

A question which may be raised is whether the frequency
response of the electrometer is responsible for the apparent
large values of . To resolve this question power spectra of the
Rayleigh scattering signal were computed. The power
spectrum of the electrometer output for Re, =500 and at a
location for which ¢=0.19 is shown in Fig. 9. This figure
shows a peak at about 171 Hz which corresponds to the vortex
shedding frequency for Rej =500. The power spectrum falls
off rapidly beyond 350 Hz and is down by about two orders of
magnitude from the peak by 500 Hz. This indicates that the
electrometer frequency response is quite adequate.

The difference in the observed flame structures are due to
the presence of turbulence in the higher Reynolds number
wake. Defining the length scale for a Karman vortex street as
¢ =U/f,, then for U=55 cm/s and f, =23 s~ ! then {=2.4 cm,
which corresponds to the cases of Rep,=73 and 110. The
laminar flame thickness is about 1 mm and since the only
eddies present are of the scale {=2.4 cm, then these flames
would be expected to behave like wrinkled-laminar flames.
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Fig. 9 Power spectrum of electrometer output for Rep =500 at
¢=0.19.

This is consistent with the favorable comparison of the
measured density statistics with the B-M-L model assuming
small v (see Fig. 6a).

For U=250 cm/s and f,=171 s~!, corresponding to
Rejp, =500, ¢=1.5 cm. This large value of £ might also indicate
the existence of a wrinkled-laminar flame. However, as
discussed in the introduction, at Rep =500 the wake contains
significant turbulence and smaller scale eddies will be present.
This distribution of scales is indicated in Fig. 9 by the energy
at frequencies above 171 Hz where the peak occurs. For
example, the power is reduced by two orders of magnitude at
a frequency of 500 Hz for this case. In contrast, computed
power spectra for the lower Reynolds number cases are
reduced by three orders of magnitude at a frequency of 100
Hz. Therefore, the density fluctuations' for the higher Rep
case results, in part, from turbulent eddies of scales much
smaller than the coherent vortices at 171 Hz. These smaller
eddies contribute a significant portion to the fluctuations in
density. Taking 500 Hz as a representative frequency of these
eddies, the associated eddy scale would be 5 mm which is of
the order of magnitude of 8. This rough calculation indicates
that the flame for this case is not a wrinkled-laminar flame
since the flame is interacting with eddy motion whose scale is
comparable to 8. This is consistent with the discrepancy
between the measured statistics and the theory neglecting y
(see Fig. 6b).

Summary and Conclusions

Rayleigh scattering has been used to make nonintrusive
space- and time-resolved density measurements in a flame
interacting with a KArman vortex“street. The vortex shedding
Reynolds numbers were 73, 110, and 500.

Spectral analysis of the Rayleigh scattering density
measurements confirm that the dominant flame fluctuations
occur at the vortex shedding frequency. The statistical
properties of the density fluctuations were compared with the
Bray-Moss-Libby model. Density statistics correlated well
with €. For all cases the B-M-L model overpredicted density
fluctuation intensities. The worst case was for the vortex
shedding Rep = 500 where the maximum was overpredicted by
about 30%. The overprediction of density fluctuation in-
tensities was not too severe for Rep =73 or 110. The dif-
ferences in behavior between the flames for Rep, =73 and 110
and the flame for Rep =500 were attributed to a breakdown
of the wrinkled-laminar flame structure and the existence of
distributed reaction zone for the latter case. On the other
hand, the flames remained thin for the former cases and a
flame sheet approximation remained valid. These conclusions
are consistent with the existence and breakdown of a
wrinkled-laminar flame structure.
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Probability density functions of density were computed.
From these the probabilities of products, reactants, and
intermediates were determined. The probability of in-
termediates in the flame were found to be significant for all
the cases studied. The maximum probability of intermediate
states was about 40-50% for Re, =73 and 110, while for
Rep =500 the maximum probability was found to be as high
as 80%. It is clear that the flame sheet approximation used in
the B-M-L model which neglects intermediate states, is not
satisfactory in the latter case. However, the model was quite
successful for the former cases. This is surprising since the
values of v in these flames are not very much smaller than 1.

Furthermore, this study has shown that the structure of
approach flow will affect the flame behavior and . This
limited study is not able to make a definitive statement on
how v behaves for different flows. In order for the B-M-L
model to acocunt for effects of flow structure on flames,
more experiments will be needed to ascertain the behavior of v
for flames in a variety of flows. More experimental data are
required on the evolution of the pdf’s for flames in different
approach flows in order to construct appropriate models for
flames in which significant intermediates are present.
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