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Abstract: Turbulent swirl stabilized methane/air flames were studied to investigate the flame front characteristics.
Swirl number and equivalence number were selected as 0.74 and 0.7 respectively. This study is mainly based on
image processing algorithms. Therefore flame front information is recovered from Mie scattering images. Flame
edges were detected by Canny edge detection algorithm. Statistical analysis was applied to instantaneous flame front
areas and velocity vectors which were provided from Mie scattering images. In addition, fractal approach was
employed to the flame front areas to predict the wrinkling factor thus the turbulent flame speed. As a consequence
flame front was stabilized both on the edge of the inner and outer shear layer. Turbulent burning velocity was
provided on the flame front by superposition of flame front found from Mie images and velocity data analyzed from
Particle Image Velocimetry (PIV). Furthermore, flame area ratios were procured to reason the flame front wrinkling
factor and the fractal approach to determine turbulent burning velocity. The probability density function of the
turbulent flame speeds and flame area fluctuations appear to be Gaussian in shape. Measurements demonstrate that
flame wrinkling increases the burning velocities by almost an order of magnitude.
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MIE SACILIMLARI YONTEMIi ILE TURBULANSLI ALEV CEPHESI
COZUMLEMESI

Ozet: Girdap ile stabilize edilmis tiirbiilansli metan/hava alevleri, alev cephesi karakteristiklerini incelemek igin
caligilmigtir. Girdap sayis1 ve esdegerlilik oram sirasiyla 0.74 ve 0.7 olarak se¢ilmistir. Bu ¢alismada daha ziyade
goriintii igleme algoritmalari tizerinde durulmustur. Dolayisiyla alev cephesinin konumu Mie sagilimi goriintiileri
yardimiyla tayin edilmistir. Alevin kollarinin konumu Canny kenar bulma algoritmasi kullanilarak belirlenmistir.
Anlik alev cephesi konumu ve hiz vektorleri kullamlarak alev cephesinin alanindaki degisim istatistiki olarak
incelenmistir. Buna ilaveten, alev cephesi iizerinde fraktal yaklasim uygulanarak alevin burusma faktori ve
dolayisiyla tiirbiilasnli alev ilerleme hizi tahmin edilmistir. Sonug olarak, alev cephesi girdap vanesi tarafindan
yaratilan hem i¢ hem de dis iz degisim katmanlarinin kenarlarinda stabilize edilmistir. Pargacik Goriintiileme ile
Hiz Tayini (PIV) dlglimlerinden elde edilen Mie sagilimi goriintiileri ve hiz verileri incelenmistir. Tiirbiilansli alev
hizi1 Mie sagilimi goriintiileri iglenerek bulunan alev cephesi konumunun {izerine hiz vektorlerinin siiperempoze
edilmesi sonucu bulunmustur. Bunlara ek olarak, alev alani oranindan, alev burusmasindan fraktal yontemle
tirblilansh alev hizlar1 elde edilmistir. Tiirbiilansh alev hizlarinin ve alev alani ¢alkantilarmin istatistiki yogunluk
fonksiyonlarinin Gauss dagilimi seklinde oldugu goriilmektedir. Olgiimler alev cephesinin burusmasinin yanma
hizlarin1 neredeyse bir mertebe daha arttirdigini ortaya koymaktadir.

Anahtar Kelimeler: Girdapl akislar, Yanma, Tiirbiilansli alev, Alev cephesi kenar belirleme

INTRODUCTION

Swirl stabilized premixed combustion is often used in
internal combustion and gas turbine engines, furnaces,
gasifiers and boilers to increase the heat and mass
transfer. Swirl stabilized combustors have substantial
advantages in terms of improved combustion efficiency,
better ignition stability, and reduced pollutant
emissions. These benefits are believed to be the
consequence of increased mixing rates due to enhanced
turbulence levels (Huang et al., 2003).

The first explanation of turbulent flame propagation is
due to Damkohler (Damkohler, 1940). Damkohler
defines two distinct regimes which are called small and
large scale turbulence. For small scale turbulence,
turbulent eddies modify the transport mechanism within
the reaction zone which is named as preheat zone. For
large-scale turbulence on the other hand, turbulence and
flame interaction is believed to be purely kinematic.
These two regimes correspond to thin reaction zone and
corrugated flamelet regimes respectively. Turbulent
flame speed in the present study is calculated from this



approach regarding that the combustor is working under
turbulent conditions.

The interaction between turbulent flow field and the
flame front is classified using Borghi-Peters diagram
through a number of dimensionless parameters. These are
the turbulent Reynolds number (Ret), Damkéhler number
(Da), and Karlovitz number (Ka). Reynolds number is the
ratio of inertial forces to viscous forces. The region under
Rer=1 line is termed as laminar flames. Damkohler
number plays an important role since strong time
dependency of turbulent phenomena that is defined as the
ratio of the characteristic flow time scale to characteristic
chemical reaction time. Combustion process is controlled
by chemical kinetics, with decreasing Damkoéhler number
(Da<1) corresponds to the stirred reactor zone while large
Damkohler numbers (Da>>1) defines several regimes,
which are called flamelet regimes. Furthermore, large
Damkohler number refers to fast chemistry, as the
chemical time scale is smaller with respect to turbulent
flow time scale. Lastly Karlovitz number defines the
relation between the laminar flame thickness (5,.) and the
smallest turbulent flow scale epitomized as Kolmogorov
microscale (n). Borghi-Peters diagram and corresponding
regime boundaries can be seen from Figure 1.
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Figure 1. Borghi-Peters diagram (test conditionindicated with a
star symbol)

Corrugated and wrinkled flamelet regimes are restricted
with Ka=1 line in the Borghi-Peters regime diagram. In
these regimes interaction between flame front and the
turbulent flow field is purely kinematic (Siewert, 2006).
Wrinkled flame regime is similarly confined by the
uw/S =1 line. Under this line laminar flame speed
dominates the turbulent fluctuations. Therefore the
thickness of the flame front is not altered by turbulence as
the Kolmogorov eddies are so much larger than the
laminar flame thickness. In the corrugated flamelet
regime, flame front wrinkles more than the wrinkled
flamelet regime since turbulent flame speed can be much
higher than the laminar flame speed. In this regime
“flame pockets” are produced by intense turbulence level
nevertheless large Kolmogorov eddies still cannot diffuse
into the reaction zone. On the other hand in the thickened
flamelet regime, turbulent eddies are small enough to
penetrate into the flame front, resulting an increase in
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heat diffusivity and a corresponding increase in flame
thickness (Zimont, 1976).

Another method to obtain the turbulent flame speed is
via the fractal approach. Pioneering studies were
introduced by Gouldin (1987) and Mandelbrot (1983).
Early attempts tried to model the wrinkles with single
scale as simple geometric objects. This approach
identifies the wrinkles of the flame surface with
multiple scales. In the light of the Damkédhler’s study,
the ratio of the turbulent to the laminar flame speed
should be proportional to the ratio of the instantaneous
flame front area to the mean flame front area (Peters,
1988). Daniele et al. explain their calculation
methodologies of fractal parameters, both by the “box
counting” (BC) and the “stepping caliper” (SC) methods
(Daniele, 2013). Both methodologies are based on the
concept of measuring the length of a curve with step
size of different scales. Two dimensional fractal
dimension D, could be found from Eq. 1 by setting, ri, n;
which correspond to step size and consecutive step of a
pre-defined curve. Turbulent burning velocity depends
on six parameters, which are average stretched laminar
flame speed, instantaneous corrugated flame area,
instantaneous inlet flame area, outer and inner cut-off
and two fractal dimensions respectively as per Eg. 2.
Note that subscript j denotes the index of the
instantaneous image. Recent studies can be examined
from (Cintosun et al., 2007) and (Wang et al., 2013).
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An edge detection algorithm is adopted in order to find
the turbulence flame speed from the Mie scattering
images. Edge detection methods are separated under two
categories by Maini and Aggarwal, as gradient based and
Laplacian based edge detection respectively (2009).
While gradient based algorithms utilize the first
derivative of the image in order to find the extremes, on
the other hand, Laplacian based algorithms use the
second derivative information to find the zero crossings.
As a gradient based method, Canny edge detection
algorithm was chosen due to its superior edge detection
performance in the case of noisy images at the cost of
computational complexity. Canny improved some of the
existing algorithms by reducing the error rate, good
localization and having only one response to a single
edge. Comparison with other edge detection algorithms
may be found in (Maini and Aggarwal, 2009) and details
pertaining to the mathematical method can be examined
in (Canny, 1986).
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EXPERIMENTAL SETUP

An atmospheric conventional swirl stabilized combustion
test rig was built in order to study flame surface area
fluctuations to establish combustion knowledge
infrastructure for the purpose of gas turbines. The swirl
vane has eight blades that are inclined 45° with respect to



the oncoming reactant flow. Swirl number is calculated to
be 0.75 with this configuration. Top view of the swirl
vane and the center body flame holder are provided in
Figure 2. More detail about the swirl vane could be found
in (Tunger et al., 2012). Overall view of the test rig can
be seen in Figure 3.

Flow above the dump plane is inspected by the Particle
Image Velocimetry (PIV) technique. For visualization, a
double cavity Nd:YAG laser operating at 532 nm
wavelength is used as the light source. Sheet optics turn
the laser line into a thin plane of approximately two
millimeters in thickness. The imaging region is located
above the dump plane. To record the Mie scattering
images a CCD camera with 1600x1200 pixel resolution
is used. An optical interference filter centered at 532 nm
wavelength with a bandwidth of 10 nm FWHM is used
to restrain the natural emission of the flame in order to
improve the signal to noise ratio. While calibrating the
camera a target marked with a checkerboard pattern is
placed parallel to the light sheet and pixel-wise
resolution in either direction is adjusted. The
illuminated flow area is approximately 150 mm x 240
mm in size.
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TiO, particles were chosen to seed the flow due to their
high temperature resistance and being small enough to
follow the fluid. Before each experiment, high humidity
inside the seeder drum is removed by simple heaters in
order not to allow agglomeration within the test rig. This
agglomeration would cause extensive glowing area that
yields nearby pixels to loose their brightness relative to
this area and consequently bad vectors appear in the
calculations.

DATA PROCESSING

At the test condition 276 image pairs were acquired
with an inter-pulse time interval At=30us between
images. A 16x16 pixel interrogation window with %75
overlap was used which produces velocity vectors on
every fourth pixel, corresponding to a spatial resolution
of 2.52 mm in either direction. Average correlation
method was chosen since it is a convenient method
when the seed particle density changes dramatically
within the flow field (Tunger et al., 2014). Average
correlation method correlates each interrogation
window one by one at the same point and sums up all
the peaks adopted from these interrogation windows to
find a velocity vector corresponding to this interrogation
area. This operation is iterated for every window.
Schematic depiction of the data reduction method is
provided in Figure 4.

Mie scattering images are processed to recover the
flame front location separating the reactant and the
products. At first, Mie images were summed up to find
the average scattering image and histogram of this
average image was plotted to enhance image properties
by both thresholding the gray image and also by adding
Gaussian blur etc. Note that while fine smoothing
suppresses the noise, excessive smoothing on the other
hand destroys the image structure (Ziou and Tabbone,
1988). To focus on the expected flame edges area, a
binary mask with ones and zeros was applied to the
image where ones correspond to inside of the area. After
these steps, the average Mie image was ready for edge
detection. Prewitt and Canny methods were tested to
determine the edges; nevertheless Canny algorithm
yields better results at all.

Canny edge detection algorithm consists of four steps.
First the image is convolved with Gaussian blur to
eliminate the noise. Gaussian smoothing is then applied
by selecting ¢ value to be 8 pixels within the Canny edge
detection algorithm. Gaussian smoothing convoluted the
image with a matrix defined by o value as 8x8. Right
after the derivatives on both mutually perpendicular
directions were calculated to find the gradient magnitude
from the smoothed image. Also the direction of the
gradient magnitude was found from the angle between
gradient vectors. After that, non-maximum suppression
was taken in account to determine whether the pixel had
constituted a local maximum on the edge direction. The
last step is the hysteresis operator, which explains the
threshold value. Any pixel value higher than the lower



threshold level is assumed to be an edge pixel, and if
there is a connected edge pixel that is greater than the
higher threshold level, it is granted that there is an edge at
that pixel. There occurs an edge if the gradient vector
remains in between the threshold levels. Detailed
procedure can be found in (Ziou and Tabbone, 1988).

Table 1. Data Reduction Scheme with Average Correlation
Method

Image  Image Image Correlation ~ Peak
No. A B Search
and
Vector
1 Ay * B: = Rais1
+
2 Az * B2 = Razez
+
3 As * Bs = Rasgs
N Ax Bn +
Mean
Average Correlation <Rag> Vector
—

-
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Figure 4. Color inverted instantaneous Mie scattering images
(Repn=19400, Sw=0.74, $=0.7, At=30ys)

Brighter images were chosen from the paired Mie
scattering series to calculate the flame front area over the
inner boundary layer created by center body flame holder
since the images with sharp brightness and contrast
contributes better results with gradient-based edge
detection algorithms like “Canny”. Inverted Mie images
are provided in Figure 4. 95 images from the image set
having better brightness and linear or close to linear
flame front edges were chosen and flame front area was
calculated for each image. The calculated individual
flame front areas were non-dimensionalized by the mean
flame front area, and histogram was plotted in Figure 8.
By Canny edge detection algorithm, flame front, which
was observed as a set of points, were combined on a

24

representative line and this procedure has created a linear
flame front. Flame area can be calculated from the
surface area of a cut cone by the axial-symmetry feature
of the flow.

RESULTS AND DISCUSSION

By the nature of swirling flows, flame can be stabilized
on three locations; outer shear layer (OSL), inner shear
layer (ISL) and vortex breakdown bubble (VBB) (Zhang
et al., 2011). In the present case flame stabilizes both at
inner and outer shear layers as in Figure 5. When the flow
reaches to the dump plane, it expands due to low
pressure. A re-circulation zone is established over the
center body flame holder which is called as the main re-
circulation zone and at the edges of the dump plane there
are secondary re-circulation zones that are much weaker
than the main re-circulation zone. As one can readily
observe the main re-circulation zone from the ISL, mixes
the fresh reactants with intermediate combustion products,
while inner flame front preheats the mixture steadily.
Defined mask in the data processing section was further
narrowed down to the inner shear layer (ISL) to allow an
observation of the inner vortex properties. Inner shear layer
stabilized flame front can be seen from Figure 6.

Figure 5. Visible flame Iluminosity for the test case,
Repy=19400, Sw=0.74, ¢$=0.7, (Tunger et al., 2014)
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Figure 6. Flame front created by inner shear layer over dump
plane, mean velocity profiles and vorticity, Rep,=19400,
Sw=0.74, $=0.7, (non-dimensionalized with respect to the mean
axial velocity)



As can be seen from Figure 7, instantaneous flame front
areas are closer to averaged flame front areas around a
standard deviation, though increasing scattering
distribution around the average shows that the flame
front is wrinkling to enhance the combustion by
turbulence. Lipatnikov and Chomiak (2002) and
Lipatnikov (2012) state that flame front wrinkles based
on turbulence eddies. While large scale eddies increase
the mean flame brush thickness, small scale eddies
increase the wrinkles of the flame, which is responsible
of increasing turbulent flame velocities.
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Figure 7. Histogram of the instantenious flame front area non-
dimensionalized with respect to the time average value
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As a consequence of Damkohler’s study (1940), having a
turbulent flow condition instead of his Bunsen burner
gives us directly the turbulent flame speed from the Mie
scattering images that are provided in Figure 8. The
turbulent flame front was expected to propagate with that
burning velocity relative to the flow field. Note that
turbulent flame speed was non-dimensionalized by the
laminar flame speed. Laminar flame speed is calculated
from the GRI 3.0 mechanism (Smith et al., 1999), it is
found to be 0.4 m/s using CANTERA software
(Goodwin, 2001). Figure 9 shows the frequency
distribution of dimensionless (with respect to the laminar
flame speed) turbulent burning velocities. Results
indicate on the average three to four fold increase in the
flame speed versus the laminar one. The probability
density function appears to have a Gaussian shape.

0
IR
Figure 8. Turbulent burning velocity, Rep,=19400, Sw=0.74,
¢=0.7, (non-dimensionalized by laminar flame velocity)
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Figure 9. Histogram of the turbulent flame velocities
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CONCLUSION

An atmospheric combustion test rig was mainly utilized
in order to study flame surface characteristics and
turbulent velocity. A wedge shaped flame stabilizes on
the edge of the both inner and outer re-circulation zones.

Flame fronts were determined by Canny edge detection
algorithm using Mie scattering images. Due to centripetal
force and sudden acceleration at the flame front, seed
density changes and causing low signal to noise ratios
thus edge detection becomes a challenging issue. This
was addressed by appropriate image processing methods
(i.e. average correlation). Turbulent flame speed
measurements agree with predictions. Turbulent flame
speeds vary between 2 m/s and 5 m/s. Increasing
wrinkling factor in turn increases the flame area and thus
the flame speed. This overall process increases the rate of
fuel consumption directly and volumetric heat release of
the combustor is enhanced.

Results also outline Mie scattering technique as a simple
and low cost alternative (with respect to PLIF techniques)
for flame front detection. Spatial resolution of flame
speed measurements are limited however by the
resolution of PIV measurements.

Prospective studies shall focus on determining the fractal
parameters in order to prove that the turbulent burning
velocity can directly be provided from the velocity data
acquired by the particle image velocimetry method.
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