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INTRODUCTION

The attempts to quantify the effects of turbulence on premixed turbulent burning velocity have en-
countered several challenges, both theoretically and experimentally. The concept of laminar flamelets
provides a useful tool to desecribe the turbulent premixed flames using simple but reasonable assump-
tions to overcome some of the challenges posed by the problem [1]. This concept assumes that the com-
bustion within a turbulent flame is confined to asymptotically thin moving laminar flamelets which
are imbedded in the turbulent flow [1,2]. Since the instantaneous behaviour of these thin layers is the
came as those of laminar flames, turbulent burning velocity can be approximated by the product of the
flamelets’ surface area and laminar burning velocity corrected for the effect of stretch and flame cur-
vature [3]. The two approaches that have been recently used for estimating a measure of the wrinkled
flame surface area are the flame surface density concept and the fractal geometry. The flame surface
density is defined as the mean flamelet surface area to volume ratio [1].

Fractal dimension, D, of premixed turbulent flames has been measured by several investigators
[4-8] and a correlation giving fractal dimension as a function of nondimensional turbulent velocity
fluctuation, u'/ Sz (ratio of turbulent velocity fluctuation to the laminar burning velocity), has been
proposed [7]. This correlation and the experimental data presented in the cited literature assert that
the fractal dimension D approaches the fractal dimension of nonreacting turbulent flows 2.37 as u'/ 5t
increases. Two recent studies [9,10], on the other hand, have been unable to confirm the results of
the previous work. The maximum fractal dimension measured (average of several flame images) was
2.21 for v'/S; =24 1in a bunsen flame [10] and 2.23 for v'/S; =8.6 in a V-flame [9]. To resolve this
inconsistency, we have carried out an experimental program and determined the fractal parameters of
turbulent flames stabilized on two different size Bunsen-type burners. The Reynolds numbers, Hea,
based on the integral length scale, A, cover the range 40 to 467, and v’/ S, covers the range from 0.9 to

15.
EXPERIMENTAL METHODOLOGY

The turbulent premixed conical flames studied were produced by two axisymmetric Bunsen-type
burners with inner nozzle diameters of 11.2 and 22.4 mm. Premixed turbulent propane-air flames with
equivalence ratios of 0.8 and 1.0 were stabilized by using an annular propane pilot for low turbulence
flames and a hydrogen pilot for high turbulence ones. Turbulence levels were controlied by perforated
plates positioned three nozzle diameters upstream of the burner mouth. The turbulence parameters
were measured by LDV under reacting conditions where the flow is seeded by fine silicone oil droplets.
The length scales, A, and turbulence intensities, u’, were measured on the burner centerline at the

nozzle exit.

The instantaneous flame fronts were visualized by laser induced fluorescence of OH and Mie scat-
tering. A tunable excimer laser (Lambda Physik EMG 150T MSC) was used for both techniques. For
planar LIF measurements, the laser was wavelength tuned to a strong OH radical molecular resonance
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line, @,(3). which lies within the A2SH(v! = 0) ~ X°II[" = 0) electronic band. For Mie scattering
measurements of the flame front the laser wavelength was set to an off-resonant position within the
narrowline tuning range of the laser. The dimensions of the laser sheet at the burner centerline were
about 17 em by 100 pm (FWHM) in the vertical and horizontal planes, respectively. The sheet thickness
was less than 150 gm over the full flame width. The sheet optics consisted of a cylindrical lense for ver-
tical plane expansion and a spherical lense for horizontal plane focussing. For LIF of OH, the images
were acquired with an intensified CCD detector (Princeton Instruments, 576x384 pixels) giving a flame
image spatial resolution of 350 pm. For Mie scattering, the optical detector was a large pixel format
CCD detector (Princeton Instruments, 1242x1152 pixels) giving a flame image spatial resolution of 150
pm. Sub-micron oil droplets, generated by a nebulizer, were used as seed material to mark the location
of the flame front for the Mie scattering. All LIF and Mie scattering images included full views of the

flame,

IMAGE PROCESSING AND ANALYSIS

The ultimate goal of image processing was to produce an image consisting of a line marking the
flame front boundary, which was analyzed subsequently using fractal geometry concepts. For both OH
and Mie scattering images, the initial step was to remove spurious pixel intensity values by applying
a 3X3 median filter. A background image of the flame radiation was then subtracted from each Mie
scattering image to improve the signal-to-noise quality of the image. The presence of flame radiation
is negligible in OH images since they were acquired at a much shorter exposure time than the Mie
images. No attempt was made to correct images for spatial variations in laser intensity. For Mie scat-
tering images, the flame front is marked as a pixel intensity threshold occuring between the unburned
and burned gas interface; an interface clearly identified from the extinction (and corresponding loss of
optical signal) of the oil droplets as they transit from the unburned to burned gas region. Thresholding
an image to a pixel intensity value results in a binary image with dark and light pixels representing, re-
spectively, the burned and unburned gas regions. An edge detection algorithm was then used to obtain
a single pixel flame boundary contour.

Compared to Mie scattering images, OH images are more susceptible to spatial variations in the
signal-to-noise because of absorption effects resulting from the depletion of the laser sheet intensity
as it traverses through the flame, and the self-absorption of the fluorescence signal from OH radicals
present between the flame sheet and the detector. OH radicals are present in the burned gas as well as
at the flame front. Significant spatial variation of the image signal to noise makes it difficult to assign
a single threshold value to mark the flame front position. An improperly chosen threshold value may
result in a loss of flame detail in the processed image and subsequently bias the fractal description
of the flame. The spatial gradient of the pixel intensity was used to identify the flame front position
because the spatial gradient image is relatively insensitive to spatial variations of noise. In the spatial
gradient image, pixels along the flame edge have the highest intensities so that the flame edge is clearly
distinguishable from other features. A novel algorithm was developed to search for pixels representing
local maximum values in the spatial gradient image. These pixels were set to one and all others to zero
resulting in a binary image of the flame front contour that effectively preserves the flame detail in the
original image.

The caliper method [11] was used for applying the fractal geometry concepts to the flame front im-
ages. Although potentially more time consuming, this is a more sensitive measurement than counting
methods [12]. A detailed description of the procedure and extraction of the fractal parameters are given
in [{10].

RESULTS AND DISCUSSION
Fractal Dimension

The fractal dimensions derived from OH and Mie scattering images are almost identical. However,
inner and outer cutoffs from OH images are consistently higher than those obtained from Mie scatter-
ing images. This may be a reflection of the fact that OH and Mie scattering images indicate slightly
different temperature contours within the flame front (OH images indicate a higher temperature con-
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tour). The inner cutoffs from OH images are on the average 1.35 times higher than Mie scattering
images but for the outer cutoffs this ratio is about 1.12.

Figure 1 shows the fractal dimension data obtained as a function of v’/S;. A dependence of the
fractal dimension on '/Sz, as reported elsewhere [4,6-8), appears to be nonexistent for the data pre-
sented here. The difference between previous measurements and our data is significant for v'/S; >1.
The data of the previous workers [4,6-8] show a fractal dimension about 2.33-2.37 when /S5 23
whereas the present work indicates a value about 2 9 for all turbulence intensities considered (Fig.1).
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How can this discrepancy between the present work and the previous results of the other inves-
tigators [4,6-8] be explained 7 To address this question, we must first compare the measurement and
analysis techniques in each study. A comparison of the measurement techniques showed that the dif-
ference in pixel resolutions and laser sheet thicknesses are not large enough to cause the discrepancy
observed in Fig.1.

The only remaining distinction between the present work and the previous work of others [4,6-8]
is the image analysis method used to extract the fractal parameters. Mantzaras et al. [4,6], North
and Santavicca [7), and Yoshida et al. [8} used the circle method (also ealled the Minkowski sausage
[11]), whereas the caliper method {11} was used in the present study. Although the two methods are
equivalent [12) and supposed to yield the same result (on a standard Koch curve, both methods give the
value of the theoretical fractal dimension of that curve), to evaluate them a flame image was subjected
to both methods. The result of this exercise is shown in Fig.2: The circle method gives a slope of -0.33
whereas the caliper method yields -0.215. For a short range, between about ¢ =1-2.5 mm, the two
methods caleulate identical flame lengths, Fig.2. But for larger ¢ values the calculated flame front
lengths differ significantly. Although this observation implicates the image analysis methods used as
the cause of the discrepancy in Fig.1, it does not identify which value of the slope corresponds to the
correct fractal dimension.

To answer this question, the two methods were applied to an 18 segment quadric Koch island,
with the resulting fractal curves shown in Fig.3. The theoretical fractal dimension of this island is
1.6131 [13]. The circle method results in two straight segments on a log-log plot of length versus
the measurement scale: neither of the slopes correspend to the correct fractal dimension. With an 8
segment quadric Koch island [13], the circle method produces the correct slope -0.5 for small values
of =, but when ¢ increases another straight segment is established with a slope of -0.55. For both
Koch islands the caliper method gives the correct fractal dimension unambigously. These observations
indicate that the caliper technique is a more robust method, and thus that the correct fractal dimension
of the flame front surfaces in wrinkled flamelet regime is that reported here, about 2.2,
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Turbulent Burning Velocity

{n the laminar flamelet regime the turbulent flame brush consists of thin laminar fiames, which are
stretched and distorted by turbulence, but retain the internal structure of laminar flames [2]. Within
this regime, the mean rate of conversion of reactants into products per unit volume, < w >, can be
expressed as [2]

< u = p 51 LE (1

where p, is the density of reactants, [, is a flamelet stretch and curvature correction term, and © is
the flamelet surface density. Gouldin et al.[14] have proposed a closure model for T in terms of fractal
parameters for turbulent premixed flames:

Y= Alg,/ei) P < e m (1= < e )/ A (2)

where A is a model constant, ¢; is the inner cutoff, £, is the outer cutoff, <.c > ig the mean progress
variable, and A, is the turbulent flame brush thickness. For conditions where a turbulent flame prop-
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agation velocity, St, can be defined unambigously, Gouldin[15} showed that
Sr/8c = Aleo/e)" (3

Experimental observations on turbulent premixed flames have shown that < > (or Sr/SL) increases
with increasing turbulence. So the term (z, /)72 is expected to increase with increasing «’/5; in
accordance with Egs. 2 and 3. Figure 4 shows the variation of fractal area, A(z,/¢;)P~", as function of
(o' /8 zRe}\" 4 assuming A =1. Also shown in Fig4is the estimated turbulent burning velocities from
reactant flow rates and the cone area of the averaged flame images at < ¢ >=0.05. The fractal area
shows no evidence of dependence on the approach flow turbulence. The straight dashed line indicates

the model proposed by Giilder[16]

Sr /Sy = 0.83(x'/Sp) " Rey* (4)

which agrees with the estimated St/S; from the reactant flow velocity and the flame cone area.
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It was proposed that scales smaller than the laminar flame thickness affect the turbulent flame
propagation [17]. It was reported that a proper fractal modelling of turbulent burning velocities should
consider both fractal and non-fractal (area increase due to scales smaller than the inner cutoff) con-
tributions [18]. Smallwood et al [10], however, has shown that the inclusion of area increase due to
wrinkling scales smaller than the inner cutoff has little effect on the fractal prediction of the turbulent

burning velocity.

Several turbulent flame propagation formulations, including those based on fractal concepts, are
founded on the fundamental assumption that 57/ is proportional to the ratio of the wrinkled flame
surface area, A, to the flow cross section area, 4,, L.e. Sr/S5. = Au/A, 119]. If the fractal geometry
approach is yielding a true measure of the wrinkled surface area of the flame front, then St /St = Ay /4,
may not be a reasonable assumption for the turbulent premixed flames in the flamelet regime. Surface
density measurements and models may suffer from the same concern. If the area increase (due to
inereasing turbulence) does not explain the increase in mean burning rate, then it may be proposed
that the turbulent transfer of species and heat (enhanced by small scale turbulence) should have a
significant role in turbulent premixed combustion. This observation supports the analytical work of
Ronney and Yakhot {17] that concludes that the effect of scales smaller than the laminar flame front
thickness are probably significant for most flames at sufficiently high turbulence intensities.
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