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ABSTRACT
It is known that Mie scattering images from the tracer particles fo r PIV measurements on combustion field show
changes in number density of particles from unburnt to burnt regions due to gas thermal expansion. Hence, there
is a possibility to determine flame front boundary from the Mie scattering images. The purpose of this paper is to
establish the way to detect the flame front position from the Mie scattering image of PIV and apply it to some
advanced analysis on turbulent premixed flames. The turbulent flame to be considered is sustained by the
low-swirl burner (Cheng, 1995) that is suitable for the purpose. Three kinds of measurements were carried out,
i.e., CH* chemiluminescence image capturing, joint OH-PLIF/PIV measurement and high-speed PIV
measurement. Fig.I (a) and (b) show the comparison between unconditional and conditional results of the flow
field. Those are the results from the high-speed PIV measurement. The mean axial velocities are shown in Fig.I(a)
and the velocity fluctuations in Fig.I(b). It can be seen from Fig.I(a) that the unconditional mean velocity lies in
between the values of unburnt and burnt conditional velocities. On the other hand, the unconditional velocity
fluctuations exceed those of conditional in the range 0.4 < c < 0.9 where c denotes Reynolds mean progress
variable. This augmentation is due to the flame crossing events and prompt us the need for the conditional
velocity measurements and thus the precise detection of flame front edge.

Fig.I Comparison between conditional and unconditional (a) mean velocities and (b) velocity fluctuations along
the centerline of the burner.

1. INTRODUCTION
From both basic and practical viewpoints, it is crucial to detect the flame front boundary since we could find
many aspects from the information, for instance, flame -vortex interaction, flame wrinkling and its relation to the
turbulence levels, flame holding mechanism, etc… Typically, flame front detection is implemented by using the
PLIF image of some representative chemical species. Meanwhile, it is also known that Mie scattering images
from tracer particles for PIV on combustion field show particle-density jump across the flame front due to gas
thermal expansion. Hence there exist several works dealing with the detection using Mie scattering. For example,
the stabilization mechanisms of lifted-jet flames have been investigated deeply by looking at near the flame base
using the detection method (e.g. Muniz and Mungal, 1997, Upatnieks et al., 2002). The purpose of this paper is to
apply the flame boundary detection of Mie scattering to some advanced analysis on turbulent premixed flames.
One application is the conditional mean velocity analysis and the other is a temporal analysis on the global flame
bouncing motion.
The turbulent premixed flame considered in this paper is produced by the low-swirl burner (LSB) which sustain
the flame in the manner of freely propagating flame (Cheng, 1995). LSB was originally developed for the
fundamental research on turbulent premixed flames and has been investigated from the basic aspects, for instance,
the determination of turbulent burning velocity and the evaluation of regime diagram for turbulent premixed
flames (Cheng, 1995, Bedat and Cheng, 1995, Plessing et al., 2000, Shepherd et al., 2002, Kortschik et al., 2004).
In recent years, it has also attracted attention for the possibility as practical applications because of the robust
stability over wide range of operating conditions (Yegian and Cheng, 1998, Cheng et al., 2000, Littlejohn et al.,
2002). The configuration of LSB used in this paper is similar to that of Cheng et al.(2000). Typical conditions to
be discussed in this paper are the bulk mean velocity of main mixture of 5m/s, swirl number of 1.1-1.3 and the
blockage of punching plate of 64%. The flame is considered to be in the regime of corrugated flamelets from the
measurements of turbulent characteristics.
By incorporating the flame boundary detection method of PIV particle images, we discuss mainly on two topics.
One is on the capability for conditional velocity method and the other is on a temporal analysis of the global flame
bouncing phenomenon. The idea of conditional velocity method with joint OH-PLIF/PIV measurement was
proposed by Frank et al.(1999) and several applications have been reported on the evaluation of the turbulent
scalar flux (Kalt et al., 2002, Zimmer et al., 2003). Our proposal in this paper is the use of particle Mie scattering
image for the conditioning image as an alternative for OH-PLIF of the joint method. The bouncing motion of the
LSB flame was firstly reported by Bedat and Cheng (1995) and briefly discussed on the possible cause of the
instability. By comparing turbulent energy spectra for three different conditions, (1), isothermal without swirl, (2),
isothermal with swirl, (3), reacting with swirl, they implied the instability comes from interaction between the
swirl jets and the core flow (Cheng, 1995). However, there is no further investigation that is focusing on the flame
bouncing in detail. Tracking the bouncing motion by the flame front detection image will be a clue in the area.

2. EXPERIMENTAL ARRANGEMENTS

2.1 Low-swirl burner (LSB) configuration
Fig.1 show direct photo image of the flame and the configuration of the burner. Fuel(CH4) and air are completely
mixed by a static mixer of 520mm long before entering the inlet of the nozzle. The four tangential air jets induce a
divergent flow from the exit of the burner and a lifted flame is sustained at the position of balance between the
decaying velocity of reactant and the flame propagating velocity. As a turbulent generator, a punching plate of
64% blockage ratio is placed at an upstream part of the tangential jets. Swirl number for the jet-type LSB is given
by the following expression (Johnson et al., 2003):

Here,

α is

the inclined angle of the air jets,

R and R j

(1)
are the radii of the main nozzle and the air jets

respectively,

Qm and Q j are the total flow rate of the mixture and the air jets respectively. See Fig.1 for

numerical values.
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Fig.1 (a) Direct photo image, (b) Configuration of the LSB

2.2 Measurement system configuration
Three kinds of measurements were carried out, i.e., CH* chemiluminescence measurement, joint OH-PLIF/PIV
measurement and high-speed PIV measurement.
2.2.1 CH* Chemiluminescence measurement

To capture the spontaneous emission from CH* radicals, we used a set of an ICCD camera (from Princeton
Instruments 576G/1, 576*384 pixels) and a band-pass filter (from Andobar Corp.). The central wavelength of the
CH* band is known to be 431.4nm. Thus we used the band-pass filer whose central wavelength is 431.92nm and
bandwidth(50%) is 10.16nm. Field of view is 138*93mm2 , hence 1 pixel corresponds to 0.24mm. Gain was
adjusted depending on the operating conditions and the exposure time was set to 5msec for all the conditions.
2.2.2 Joint OH-PLIF/PIV measurement

The measurement system for the PIV is composed by the Gemini-PIV Nd:YAG laser (from New Wave research)
firing at a maximum frequency of 15Hz with an energy of 120mJ per pulse. The flash lamps are actually run at 15
Hz whereas the Q-switch command is fully synchronized with the whole acquisition system at a lower frequency.
The camera used is the PIVCAM 10-30 from TSI (1K*1K pixels with a dynamic range of 8bits). An interferential
filter centered on 532nm is used to remove the natural emission of the flame and therefore to improve signal to
noise ratio. Typical field of views are 70mm*70mm, which gives a magnification of 0.071mm2 /pixel and the time
delay was set to 40µs. Tracer particles should be resistant to high temperature, have a good reflectivity and be
light enough to have a low Stokes number. Those considerations lead to the choice of particles MSF-30M
particles from Liquid Gas Co., Ltd. with an apparent density of 0.45 and typical mean diameter of 2.7µm. The
PLIF system is composed of a Spectron Laser Systems model SL 825G-400 mJ together with a dye laser Spectron
Laser Systems – 4000G (Rhodamine 590) which output wavelength was set to 283.6386 nm with an energy of
20mJ after the KDP to excite OH transition. The same ICCD used for CH* measurement was applied to capture
the images of PLIF, with an UV-Nikkor 105mm/f4.5 lens. Its resolution is 576 by 384 pixels and typical measured
area were 81mmx54mm, which gives a magnification 0.136 mm/pixel. It is used in gate mode with an exposure
of 2µs, synchronized with the pulse of the dye laser to minimize natural chemiluminescent emission. Lower
exposure times were not possible with this ICCD, however, natural chemiluminescence of OH* was negligible
compared to the signal obtained by the PLIF system. A set of band pass filters is used in front of the lens so that

only fluorescent light is measured (combination of band pass Schott UG-5 and high-pass Schott WG-305 to
remove Mie scattering from seeding particles). Both systems were synchronized via a BNC (Berkeley Nucleonics
pulse generator, Model 555) so that the OH-PLIF laser shot was obtained exactly between the two PIV pulses and
typical firing frequency was 1.2Hz to allow transfer of the data into the memory of the PC. Each time, 70 images
are stored and then saved on disk before restarting the acquisition. This operation is repeated six times for the
different conditions leading to typically more than 400 images for data conditional averaging purpose.
2.2.3 High-speed PIV measurement

The measurement system for high-speed PIV is composed of the X-Stream VISION XS-3 high-speed CMOS
camera from IDT and the Pegasus-PIV, dual head high repetition rate, high power laser from New Wave research.
Frame rate of capturing image pairs was set to 300Hz with the time delay of 100µs and the resolution of
1280*1024 pixels. The nominal output power of the laser at the frequency is 11-12 mJ/pulse. The lens and filters
used are the same as those of joint measurement.

3. RESULTS AND DISCUSSION

3.1 Lift-off height estimation by CH* chemiluminescence intensity profile
As a preliminary experiment, CH* chemiluminescence measurement was carried out. The purpose is to estimate
the flame lift-off heights for different nozzle lengths and swirl numbers. Fig.2(a) shows three examples of
distribution of the normalized intensity. We defined the lift-off height from CH* as the position of 0.5 of the
maximum intensity along the centerline.

(b)
(a)
Fig.2 (a) CH* chemiluminescence images for different swirl numbers: S=0.97, 1.14, 1.51(from top to bottom). (b)
Flame lift-off heights for different swirl numbers and nozzle lengths
Fig.2(b) shows the lift-off heights for different inlet conditions. Bulk mean velocity of mixture was set to 5m/s
and the equivalence ratio was fixed at 0.63. Since the image is line-of-sight integrated, the value will be different
from the heights determined by PLIF distribution of 2-D cut. However it gives us general properties or trends of

the flame when changing the inlet conditions. One can see that he higher the swirl intensity, the lower the height.
This is explained by the rapid decay of axial velocity due to the higher divergent ratio with the increment of the
swirl number. The decayed velocity brings the balancing position of fla me holding close to the nozzle exit. The
different lines in Fig.2(b) correspond with the different nozzle lengths. One can notice that the longer the pipe
length, the higher the height. This trend mainly comes from the attenuation of turbulence intensity towards
downstream direction. The attenuation makes the turbulent burning velocity lower and it results in the balancing
position tends to shift toward downstream direction.

3.2 Conditional velocity analysis by joint OH-PLIF/PIV
If we assume the flame is in the regime of flamelets, the field can be divided into two regions, i.e. burnt or unburnt.
In this section, we briefly discuss about the results from the conditional velocity analysis by joint PLIF/PIV
measurement. The results obtained here will be referred in the next section to evaluate the conditional method of
Mie scattering. Fig.3 shows a couple of synchronized images, (3a) OH-PLIF and (3b) Mie scattering image of the
first frame for PIV. The region surrounded by the rectangular frame on the PLIF image is corresponding to the
PIV field of view. By comparing those images, it is obvious that the PLIF image is better suited for detection of
the flame front because of the clearer and finer boundary edge than that of the particle image. However, from the
particle image also, we can see the similar structure by the change of particles number density. It suggests the
possibility of the use of particle images to detect the flame position.

(a)
(b)
Fig.3 Typical raw image of (a) OH-PLIF and (b) Mie scattering from seeding particles
Fig.4 shows the comparison between the flame boundary determined from OH-PLIF 0.5 the maximum intensity
and the distribution of Mie scattering having a level more than 0.5 the maximum density measured with different
box sizes, (a) box of 11*11 pixels and (b) that of 7*7. One can see that the accuracy of the detection from Mie
scattering is strongly depending on the box size. As the box size increase, the erroneous detections decrease.
While the increase of box size reduces the resolution. In this case, however, the resolution of the flame front
detection by the Mie scattering image is inadequate to apply the conditional velocity method. It is worth noting
that from the point of view of PIV processing, the particle image is good enough to calculate the velocity field.
Therefore when we implement the joint measurement, the amount of seeding is typically adjusted to the level of
Fig.3(b). From the point of view of the flame front detection, Fig.4 suggests that denser seeding is required. We
will try it for the high speed PIV measurement in the next section.
In this case, we use the OH-PLIF image to determine the boundary. First, the OH-PLIF images are converted into
binary images by a thresholding method. Then overlap it on the velocity map from PIV processing. By counting
the number of pixels in the interrogation window, the dominant state of the representative vector is determined.
The detailed procedure of the method applied here is described in Zimmer et al. (2003) and is similar to the
method of Frank et al. (1999).
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Fig4. Comparison between OH-PLIF 0.5 the maximum intensity (dashed line) and Mie scattering above 0.5 the
maximum density for different box sizes (colored); (a)11*11 pixels (b)7*7 pixels
Fig.5 shows the Reynolds mean progress variable distribution calculated from OH-PLIF in the same way of
Zimmer et al. (2003). It can be seen that the contour of progress variable is perpendicular to the streamwise axis.
This is one main characteristic of the LSB flame (Cheng, 1995).
Reynolds mean progress variable obtained from PLIF images
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Fig5. Reynolds mean progress variable calculated from OH-PLIF images and mean velocity profile

The conditions considered here are as follows:
• bulk mean velocity of main mixture: 5m/s
• equivalence ratio: 0.63
• swirl number: 1.51
• blockage of punching plate: 64%
• nozzle length: 90mm
From conditional mean velocities and Reynolds mean progress variable, we can calculate turbulent scalar flux of
the Bray-Moss-Libby model:
(2)
Here, over-line and tilde denote Reynolds and Favre averaging, respectively.

γ is gas expansion parameter

defined by temperature increase from unburnt to burnt normalized by unburnt gas temperature.

Vb and Vu are

burnt and unburnt conditional mean axial velocities respectively. Favre averaged values for progress variable and
density are given by the following equations (e.g. Peters, 2000, Kalt et al., 2002 ):

(3)
(4)
The calculated flux for the above-mentioned condition is shown in Fig.6. The Favre flux is calculated along the
centerline of the burner. At the centerline, it is known that the radial component of mean velocity is almost
negligible compare to the axial velocity. Thus the flux can be considered as the flux against the flame propagating
direction. The window size used for this is 32*32 pixels (2mm*2mm) which is too big for quantitative discussion.
However, we can know the qualitative characteristics of the scalar flux. For example, one can notice that all the
data have positive values. This means

Vb is greater than Vu in the whole range, thus counter-gradient diffusion

is dominant in this case.
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Fig6. Turbulent scalar flux along Favre progress variable

3.3 Flame front detection in the high-speed PIV measurement
In this section, we applied the flame front detection of Mie scattering to the images captured by high-speed PIV
measurement. In the similar way to the previous section, the field is binarized and conditional velocity procedure
was carried out. Another aspect is to investigate the flame bouncing motion by tracking the time sequence of the
flame lift-off height at sampling rate of 300Hz. The experimental conditions in this section are listed below:

•
•
•
•
•

bulk mean velocity of main mixture: 5m/s
equivalence ratio: 0.63
swirl number: 1.32
blockage of punching plate: 64%
nozzle length: 90mm

3.3.1 Flame front detection by Mie scattering from tracer particles
From the results of the previous section, we found denser seeding of tracer particles is needed to get clear
boundary between burnt and unburnt. Hence, in this case, we put a simple device to impulsively inject tracer
particles in large amount. It works for a short interval, for instance 0.5-0.6 seconds. Actually, 1,000 couples of
images (2,000 images) were taken for one sequence at sampling rate of 300Hz with 1280*1024 pixels resolution.
However, the frames that can be used to detect the flame front are restricted by the particle density, even though
vectors can be determined for the lower particle density images. Throughout this section we treat the image for
the interval whose particle density is enough to determine the flame front. Typical examples of the raw and the
post-processed binary images are shown in Fig.7. We set the domain of interest as the rectangular frame shown in
Fig7 (a). The resolution of the domain is 481*481 pixels (corresponds to 40mm*40mm). The domain is placed in
the central core of the divergent jet. At the outer region, other factors need to be considered, like the effects of the
tangential airflow and entrainment of the surrounding air. A simple thresholding method was applied to detect the
flame fronts. 50% maximum intensity was chosen as the threshold. Before applying the threshold, 10*10 median
filter was applied to the raw image. The processed B/W images are once inverted (0 to 1 and 1 to 0) and treated 1
as burnt and 0 as unburnt.

Burnt gas

(a)

(b)

Fig7. Typical examples of (a)raw Mie scattering image and (b) the post-processed binary image. The rectangular
frame in the raw image is the domain of interest.
3.3.2 Conditional mean velocity results
Firstly, Reynolds mean progress variable was calculated from the binary images. The resultant distribution is
shown in Fig.8. The contour profile is almost perpendicular to the streamwise-axis even though each
instantaneous image shows the wrinkling boundary like Fig.7(b). The profile is similar to that of Fig.5 that is
determined by OH-PLIF intensity except the position which shifts toward downstream. The shift is due to the
difference of swirl number, as explained in Fig.2.
Then, the conditional mean velocity procedure was applied. In this paper, we use only the first images of the
couples for flame boundary detection. The segmentation process is as follows:
1. To find the interrogation window for each PIV vector
2. To count the number of pixels which is equal to 1(=burnt)
3. To judge if the number of count is majority or not. If it is majority, then the representative vector is
considered to be burnt.

In the present case, the window size was 64*64 pixels (corresponds to 5.3mm*5.3mm). Fig.9 shows the
comparison between unconditional and conditional results of the flow field. The mean axial velocities are shown
in Fig.9(a) and the velocity fluctuations are shown in Fig.9(b). Only the data that exceed 50 counts for averaging
were plotted. As can be seen from Fig.9(a), all the burnt velocities are greater than the unburnt velocities. This
result is similar to that of the previous section of joint OH-PLIF/PIV and is the indication of counter-gradient
diffusion. If we look at unconditional mean velocity in Fig.9(a), it lies in between the values of unburnt and burnt
conditional velocities. On the other hand, the unconditional velocity fluctuations exceed those of conditional in
the range 0.4 < c < 0.9 where c denotes Reynolds mean progress variable. This augmentation is due to the
flame crossing events and prompt us the need for the conditional velocity measurements and thus the precise
detection of flame front edge.

Fig8. Reynolds mean progress variable distribution calculated from Mie scattering images.

(a)

(b)

Fig.9 Comparison between conditional and unconditional (a) mean velocities and (b) velocity fluctuations along
the centerline of the burner.
3.3.3 Temporal analysis of the global flame bouncing
In order to analyze the global flame bouncing, temporal tracking of the global lift -off height was carried out. We
define the global lift-off height as the height of the rectangular whose area is equivalent to the area of the 0 valued
pixels (=unburnt) in the binary image. By this definition, flame wrinkling will modulate the height. However, we

consider the contribution from the modulation is small compare to the global bouncing motion. Fig.10 shows a
time sequence of the flame height and axial velocity. The velocity is probed at the position y~21mm, which
corresponds to c ~0.03, so the velocity will not be affected by the density jump at the flame front boundary. 6
sets of sequence were taken at 300Hz sampling rate. As mentioned above, the number of images containing
adequate particle density to detect clear boundary are restricted by the seeding property. As a result, we chose 70
to 150 images for each set of the sequence depending on the criteria. Total number of images taken into account
for the process below is 722 that will enough to derive statistics. Cross correlation analysis with time delay was
performed between the height and the velocity sequence.

A

Harea
B

Fig.10 Time sequence of the global flame height and axial velocity. The velocity is probed at the position of
c ~0.03. The figures A and B in the right hand side are the corresponding binary images at the positions shown in
the left figure.
Fig.11 shows the correlation coefficient versus time delay. The position of the first peak (~7msec) corresponds to
the time lag needed for the propagation of disturbance from the sampling position of velocity to the flame
boundary. The period of time between the first peak and the second peak (~60msec) seems to represent the
timescale of global flame bouncing. The timescale derives a frequency of 17Hz which is reasonable compared
with the reported frequency of the order of 10Hz (Cheng, 1995, Bedat and Cheng, 1995).

Fig.11 Cross correlation coefficient between the lift-off height and velocity versus time delay

4. SUMMARY
Flame front boundary detection was performed by using Mie scattering image of PIV and implement it to several
analysis on turbulent premixed flames sustained by low-swirl burner. The results of conditional mean velocity
present the evidence of counter-gradient diffusion which was confirmed by the similar trend from the result of the
joint OH-PLIF/PIV measurement. Global flame bouncing was analyzed by a temporal analysis of the data from
high speed PIV. The results indicate the evident existence of the low-frequency instability of the order of 10Hz.
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