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Abstract The three-dimensional (3D) temperature field of the flickering flame with and
without coflow can be measured using the flame reaction technique combined with tomo-
graphic reconstruction. This combined experimental technique facilitates the non-intrusive
measurement of the unsteady 3D temperature field of a premixed methane/air flame. The
target flame visualization, which was achieved by the flame reaction of sodium in the sup-
plied mists of sodium chloride solution and line-of-sight intensity images of the flame,
was transformed into the temperature field using calibration with the sodium D-line rever-
sal method combined with imaging from six CCD cameras located around the flame. The
uncertainty in tomographic temperature measurement was confirmed for the steady axisym-
metric flame under the influence of strong coflow. Tomographic temperature measurements
were applied to the flickering flame with and without coflow, and the results were analyzed
using proper orthogonal decomposition (POD) to understand the unsteady behavior of the
temperature field of the flickering flame. The flickering energy was found to be dominant in
the first two POD modes. Flame flickering with and without coflow was found to be domi-
nant in the axisymmetric and non-axisymmetric modes, respectively. The characteristics of
the flickering flame with and without coflow are discussed in this paper, based on spectrum
analysis. The results suggest that the structure of the flickering flame is highly modified by
the presence of even a small magnitude of coflow.
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1 Introduction

The measurement of flame temperature has been a topic of interest in combustion
engineering for many years. However, it has not been hitherto fully accomplished owing
to the difficulty posed by the three-dimensional (3D) and unsteady nature of the flame.
The existing experimental methods of flame temperature measurement are mostly point-
wise techniques that involve the use of a thermocouple or resistance thermometer, which are
practical but intrusive in nature. In the recent years, more reliable temperature measurement
methods have been proposed using optical techniques such as laser-induced fluorescence,
Rayleigh scattering, and Raman scattering [1, 2]. Although these techniques are expen-
sive as they require high-power lasers and highly intensified image sensors, among others,
a few less-expensive temperature measurement methods are available, namely, rainbow-
schlieren deflectometry [3, 4], interferometry [5], and laser-speckle photography [6, 7].
These methods measure the density field created in the flame temperature field by using
rather complex image analysis techniques. The option of measuring temperature using
the two/three-color pyrometer is also available, which is non-intrusive but requires soot
particles [8].

Flame temperature measurement using the flame reaction technique is becoming one
of the powerful methods in the recent times because it can measure the entire tempera-
ture field of the flame non-intrusively, by assuming its axisymmetry [9]. This technique
requires only a small amount of spray mists for flame visualization, using alkali metals
such as sodium (Na), potassium (K), and lithium (Li) [10]. The spontaneous emissions of
light from the metal atoms are so strong that flame images are well-detected by a standard
CCD camera, thus eliminating the need for an image intensifier. The principle behind this
technique is that the intensity of the light emitted from the flame visualized using flame
reaction is a function of its temperature in reference to the Maxwell-Boltzmann statistics of
thermodynamics. Later, the accuracy of the measured temperature can be improved by cor-
recting the number density distribution of the metal atoms in the flame using measurement
integrated analysis [11]. However, this technique is still limited to the measurement of
axisymmetric flame temperature.

Computer tomography is a powerful experimental technique for measuring the 3D field
of interest, from line-of-sight images captured by multiple cameras located around the tar-
get field of interest. To implement this, tomographic reconstruction techniques such as the
algebraic reconstruction technique (ART) [12] and multiplicative algebraic reconstruction
technique (MART) [13] have been adopted for analysis during the reconstruction of the
3D field of interest. The ART uses the deviation of the virtual projection from the mea-
sured projection, and iteratively optimizes the object coefficient in the algebraic equation,
whereas the MART uses the multiplicative equation for optimization. Although the ART is
often used in tomographic reconstruction, the MART retains a non-negative object field in
the reconstruction, owing to which the reconstruction error is almost equal to that associated
with the ART [14]. These techniques have been studied in literature and their applications
to combustion engineering have been reported, such as flame temperature evaluation using
density measurement [15], carbon monoxide measurement in laminar flames [16], chemilu-
minescence measurement in turbulent flames [17, 18], and flame temperature measurement
using the two-color pyrometric technique [19].

Flame flickering is a fundamental phenomenon that occurs in a flame owing to Kelvin-
Helmbholtz instability in the shear layer between the flame and the surrounding air, under
the influence of buoyancy forces [20-22]. The flickering frequency depends on the Froude
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number, which is the ratio of the inertia to the buoyancy forces of the flame. This frequency
(10-20 Hz) is almost insensitive to experimental details such as the fuel type, flow rate, and
burner size [23]. According to experimental studies, the dimensionless flickering frequency
increases with the increase in Froude number, to the power of 0.5 [24, 25], whereas the flick-
ering motion is known to be influenced by the coflow [11, 26-28]. The flickering frequency
and oscillation amplitudes of flames under the influence of coflow were studied using the
diffusion flame [27, 28] and premixed flame [11]. The experimental results indicate that the
flickering amplitude of the flame decreases gradually with the increase in coflow velocity
and increases with the increase in the equivalence ratio of the premixed flame [11]. More-
over, the results indicate that the flickering phenomenon is fully suppressed at strong coflow
velocity [27, 28] by a mechanism believed to be caused by the reduction in the Kelvin
Helmbholtz instability in the shear layer between the flame and the surrounding air with an
increase in coflow velocity. However, this mechanism of suppression has not yet been fully
understood owing to the complex interaction between flame flickering and coflow.

The purpose of this paper is to describe instantaneous 3D temperature measurement
using the flame reaction technique combined with tomographic reconstruction, applied to
the premixed methane/air flame with and without coflow. Furthermore, snapshot proper
orthogonal decomposition (POD) analysis is introduced in the measurement of the temper-
ature field to understand the structural change in flame flickering due to the influence of
coflow.

2 Experimental Apparatus and Method

2.1 Experimental setup

The experimental apparatus for studying the premixed methane/air flame is shown in Fig. 1.
Methane and air are supplied as fuel gases from different containers to the straight-pipe

Na D-line reversal method
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Fig. 1 Experimental setup for flame temperature measurement
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burner of diameter d = 24 mm, through flow meters and a mixing chamber. The experi-
ment was conducted in a calm-air environment with surrounding air temperature of ~ 293
K. The premixed methane/air flame was not visible at the equivalence ratio ¢ < 2, owing
to the low emission intensity of the carbon-containing species in the flame of methane/air.
The value of ¢ was adjusted by controlling the flow rates of methane and air independently.
The total flow rate of the fuel was maintained at 6.1 I/min in this experiment. The flow
through the coaxial pipe surrounding the burner provided the air coflow for controlling the
flickering of the flame. The diameter of the coflow pipe was 154 mm. Honeycomb struc-
tures were installed inside the pipe to maintain a uniform coflow velocity, and a screen was
placed at the exit of the fuel pipe to avoid flashback. The coflow velocity was estimated
from the flow rate measured by the flow meter, and was controlled using the valve at the
exit of the blower. The exit velocity of fuel flow was set to a constant 0.22 m/s and that of
coflow was varied in the range 0—0.36 m/s, which corresponds to the coflow velocity ratio
U (= U:/Uys) = 0-1.6, where U, and Uy represent the coflow and fuel velocities,
respectively. The Froude number was fixed at Fr (= U]% /gd) = 0.21 in the present
experiment.

2.2 Flame visualization

Flame visualization was conducted by supplying a mist of sodium chloride solution to the
premixed fuel of methane/air. The mass weight of the mist was controlled by the DC volt-
age supplied to the ultrasound humidifier, which generated mist of approximately 1 um
in diameter. The sodium chloride solution used contained 0.5 mol/l of Na in water. The
metal atoms of Na in the flame emitted light at a distinct spectrum with 589 nm wave-
length. The net mass flow rate of the mist injected through the burner was 0.2 mg/s,
which was measured by sampling it and measuring its net weight using a high-precision
weight meter. The flame temperature did not change with the supply of mist, and this
was confirmed during the experiment through flame temperature measurement using a
thermocouple [9].

The visualized images of the flame were captured by six CCD cameras (SONY XC-
HR57: 659 x 494 pixels with 8 bits) operating synchronously at 60 Hz, with electronic
shutter speed of 250 Hz corresponding to an exposure time of 4 ms. These cameras were
placed around the flame, equidistant at 360 mm from its center and normal to its axis. The
cameras comprised lenses with focal length 16 mm and f-number 8, attached by a narrow
band-pass filter (589 % 3 nm) to remove background noise.

2.3 Evaluation of flame temperature field

The temperature field of the flame was evaluated by analyzing the images visualized using
the flame reaction technique. According to Maxwell-Boltzmann statistics of thermodynam-
ics [29], the inverse temperature 1/7 can be expressed in terms of the intensity i of the
visualized images, as follows:

1/T =ayIn(@) + ¢y (1)
where a; is a function of the wavelength of the emitted light and c¢;, which depends
on the experimental condition, is a function of the number density of the metal atoms.
The value of a; for the metal atoms of Na was determined as -0.041, whereas c¢; can
be determined from a calibration study on the true temperature and local intensity of the
flame [9].The true temperature, in turn, can be determined using the Na D-line rever-
sal method, by correcting the influence of the cool boundary layer around the flame
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[30, 31]. The local intensity of the flame in Eq. 1 can be evaluated by measuring the
line-of-sight intensity of a steady axisymmetric flame using Abel transformation. The
assumption of uniform number density distribution of Na in the flame does not always
hold good and hence, number density distribution was determined through measurement
integrated analysis by numerically solving the transport equations of mass and momentum
and the state equation (using the experimental temperature field under the assumption of
uniform number density distribution of Na [10]). The boundary conditions were prescribed
by the experimental data on fuel velocity and coflow velocity of air whereas Neumann
conditions were applied to the outlet boundary. The iterative procedure described by
Fujisawa et al. [11] was applied to measure the temperature. When measurement integrated
analysis combined with the iterative procedure is introduced in the temperature calibration,
a linear relationship between 1/T and the logarithmic intensity In (i) is obtained, along with
the constant aj (= —0.039) that agrees closely with its theoretical value (a¢; = —0.041)
for a temperature range of 1,700-2,000 K, thus validating the temperature correction
approach [11].

2.4 Tomographic reconstruction

Figure 2 shows the top view of the experimental arrangement for the measurement of the
instantaneous 3D temperature field of the flame. The observations were made by the six syn-
chronously operating CCD cameras placed around the target flame at neighboring-camera
angles of 30°. The target area is 80 mm and images were captured for 2 s so that the total
number of images per CCD camera is 120. A narrow band-pass filter is attached to each
camera to remove background noise, except in the case of the emission spectrum of Na at
589 nm. To avoid lens distortion of the image, the captured images were calibrated against
a calibration plate comprising equidistant mesh lines at 5 mm intervals. The depth of focus
of the camera lenses was estimated at 130 mm, which is much larger than the diameter of
the flame.

The 3D intensity field of the flame was reconstructed from the flame images using the
MART, which is one of the tomographic reconstruction algorithms [13, 14] offering the
advantage of a non-negative object field for reconstructing non-negative scalars. The MART
offers better convergence of the solution than that achieved using the ART with roughly the
same reconstruction error, in this example. This technique undertakes the optimization task

Fig. 2 Top view of flame and
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for the linear case, in which each basis function is defined by a single parameter. The object
function to be reconstructed is given by

M
i, y) =) Aib(x —xi,y — ) @)
i=1
where M is the total number of grids, b is the basis function approximated by the cubic
B-spline function, and A; is the coefficient of the i™h basis function. In this study, the
number of grids was set to 81 x 81 x 139 in the x, y, and z directions, respectively,
where x and y are the horizontal coordinates, and z is the vertical coordinate of the
flame.
The MART uses a multiplicative correction factor C; for obtaining the next step of the
coefficient in the basis function:

1
At =AY €)
where
C'=1-05W"'A—1/I;) for I #0,C!'=1 for I =0 4)

where n denotes the nth iteration and W; is the weighting factor, which is set to 1 in this
study.

2.5 POD analysis

POD is one of the statistical methods for analyzing the low-dimensional representation of
the multidimensional flame temperature field. By using POD analysis, the most energetic
structure of the flame can be extracted by decomposing the fluctuating properties of the
temperature field into a linear sum of orthogonal eigenfunctions of temporal and spatial
correlations. Snapshot POD [32] has been applied to turbulent flows to extract a coherent
structure [33-36] whereas there are very few applications of POD analysis to the flame
except for a study on flame velocity field by Duwig and Iudiciani [37].

Snapshot POD was introduced in the analysis of the 3D temperature field of the premixed
methane/air flame in the present study. The basic principle of snapshot POD is that it yields
a set of orthogonal eigenfunctions that are optimal in energy, representing temporal and
spatial correlations of the instantaneous temperature field 7' (x, ), which is acquired at
time fz, where k = 1,2,... N. POD analysis was conducted over 120 snapshots of the 3D
temperature field. The sufficiency of the number of snapshots was confirmed by the results
obtained from the analysis of the reduced number of 60 snapshots. The reason for the need
of fewer snapshots in this particular case is the dominant energy in the first two POD modes
compared to the case of turbulent flows, which requires at least 500 snapshots [34-36]. POD
analysis allows the evaluation of the mean temperature field in the 0" POD mode T and
the fluctuating temperature field in the higher POD modes T;. These modes are obtained by
solving the following eigenvalue problem:

Cjra = \a 5)

where C j; is the two-point correlation matrix of the temperature field, given by

Cjk:%/T(x,tj)T(x,tk)dX (j,k=1,2,....N) (6)

Here, a is the eigenvector and A is the eigenvalue of C j in the k™ mode. The eigenvectors
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and eigenvalues can be obtained by solving the above equations numerically.
A linear combination of a and T can be used to express Tk, as follows:

N
Tr(x) =Y arT(x, 1) (7)

n=1

The dimensionless POD mode T} was used in the present study. The 0" POD mode Ty was
made dimensionless using the maximum mean temperature and the k™ POD modes Ty (k =
1, 2....N), using the maximum fluctuating temperature. They were arranged in the order
of the energy fraction in each POD mode. The fluctuating energy Ej of the corresponding
POD mode is expressed by the eigenvalue Ax divided by the total fluctuating energy E;, as
follows:

Ep = s ®)
E;
where
N
E =) ©)
k=1

3 Results and Discussions
3.1 Uncertainty in temperature measurement

Uncertainty in tomographic temperature measurement arises from the tomographic recon-
struction error and the uncertainty in temperature evaluation using the flame reaction
technique. The tomographic reconstruction error is evaluated by comparing the recon-
structed and analytical intensity distribution values. In the present study, a CosGauss
phantom function [13] was used as the reference intensity distribution. This function pro-
vides an asymmetric double-peak (as shown in Fig. 3) with adequate complexity to simulate
the non-axisymmetric flame and evaluate the tomographic reconstruction error. It is the
same function that was used for evaluating the tomographic reconstruction error [13, 14].
Using the CosGauss function, the intensity fields from various angles of observation were
artificially generated and used as inputs for the tomographic reconstruction of the 3D inten-
sity field. The generated images have a spatial resolution of 512 x 512 pixels, which is
approximately the same as those of experimental images. The tomographic reconstruction

Fig. 3 Reference phantom field
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error with respect to the reference intensity i was evaluated using the RMS error E, s,
which is defined as follows:

(i) —iGxj,yp)

=

1

N -2
2 (103~ faw)
]:

J

(10)

Erms =

where i,y is the average intensity of the phantom field.

Figure 4 shows the variations in the values of E,,s with respect to the number of cam-
eras N, for two cases, namely, flame reaction and speckle photography [14] (whose density
field was reconstructed from the projected beam’s deflection angle from the line integral
of the density gradient). Error analysis for speckle photography was conducted in the case
of cameras 3 and 5 by Ko and Kihm [14]. The present result indicates that the reconstruc-
tion error obtained using the flame reaction technique is smaller than that obtained from
the density field using speckle photography. Hence, the density gradient had to be inte-
grated along the line-of-sight direction to evaluate the density field in speckle photography
whereas the evaluation of the intensity field using the flame reaction technique is a straight-
forward approach that does not require integration. This result suggests that temperature
measurement using the flame reaction technique offers better accuracy than does speckle
tomography. The result also indicates that the reconstruction error associated with the flame
reaction technique decreases gradually with the increase in the number of cameras, similar
to the case of speckle tomography. The value of E,,,; was found to be 9.2 % in the present
study, in which six CCD cameras were used whereas it is known to increase to up to 19.5 %
when three CCD cameras are used.

The other error in temperature measurement arises during temperature evaluation, which
consists of temperature calibration and image analysis, using the flame reaction technique.
Uncertainties in temperature calibration using the flame reaction technique can be estimated
at 30 K (with the sodium D-line reversal method), 10 K (owing to the scattering of cali-
bration during flame reaction), 20 K (during non-uniform number density correction), and
30 K (with image analysis). The tomographic reconstruction error values were estimated at

0.5
®Flame reaction
04 o OLaser speckle
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o
02 r Y
0.1 . ®
[ [ J
® ) ° T
0 1 1 1
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N,

Fig. 4 E,,; versus N,
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30 and 60 K for six and three cameras, respectively, and consequently, the total uncertain-
ties in temperature measurement were estimated at 64 and 82 K, respectively. This result
suggests that tomographic reconstruction error is the major source of error in temperature
measurement although other error sources cannot be neglected.

3.2 Tomographic temperature measurement in steady axisymmetric flame

To confirm the accuracy of tomographic temperature measurement, the temperature field
reconstructed using the MART was compared with that obtained from Abel transforma-
tion for the steady axisymmetric flame under the influence of coflow at U, = 1.6, which
is adequately high for stabilizing the flame flickering [11]. The value of ¢ was set to 1.
The validity of temperature measurement using Abel transformation has been confirmed by
thermocouple measurement combined with the Na D-line reversal method [11]. Figure 5a
shows an example of flame visualization using the flame reaction technique, in which the
intensity contour of the flame was captured by one of the six CCD cameras. Figures 5b
and c display the vertical cross-sections of the temperature fields of the flame, measured
using tomographic reconstruction and Abel transformation, respectively. The two temper-
ature fields are seen to agree closely with each other, and this confirms the validity of
tomographic reconstruction conducted using the six cameras. Both temperature fields show
a high temperature region near the burner exit owing to active chemical reaction in the
flame, which is a well-known characteristic of the premixed flame at ¢ = 1 [9]. Radial reso-
lution values of 81 and 242 grids were obtained using tomographic reconstruction and Abel
transformation, respectively. The spatial resolution of 0.3 mm obtained using tomographic
reconstruction was fine enough to resolve the flickering of the flame in the present experi-
ment. Fewer grids were used in tomographic reconstruction to avoid the long computational
time (approximately 100 times longer than that of Abel transformation).

3.3 Tomographic temperature measurement for flickering flame with and without coflow

Figure 6 shows the time variations in the instantaneous temperature field of the flick-
ering flame at ¢ = 1 and U, = 0.6, which were measured using the flame reaction

z/d
/d
/d

<&
<&

yld . . yid ' . yid

Fig. 5 Temperature field of premixed methane/air flame (¢ = 1): a flame visualization, b temperature field
obtained using tomographic reconstruction, ¢ temperature field obtained using Abel transformation
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Fig. 6 Time variation in temperature field of flickering flame with coflow (U, = 0.6)

technique combined with tomographic reconstruction. The results are shown for the
vertical and horizontal temperature distributions through the flame axis at z/d = 1.
The time interval between the sequential temperature fields is 1/60 s, which corresponds
to the highest frame rate of the cameras. An observation of the flame flickering shows an
increase in the flame height in phases (a)—(c) and decrease in the following phase (d), (e)
which almost resembles the temperature contour of phase (a) owing to the periodicity of
flame flickering. The flame height is observed to be the minimum in phases (d) and maxi-
mum in phase (b). In the phases of increasing flame height (a)—(c), the width of the flame
decreases in its middle region, followed by its separation at its mid height (d). In phases (b)
and (c), the width of the flame is seen to be narrowed due to its vertical stretching motion,
followed by a sudden decrease in the flame height (d) owing to its separation. Therefore,
flame flickering with weak coflow is characterized by the periodic oscillation of the flame
at a frequency of approximately 15 Hz, which corresponds to the Strouhal number St = 0.2.
The axisymmetry of this periodic oscillation of the flame is also found in the horizontal
cross-section of the temperature field at z/d = 1, which is circular independent of the phase
of the flickering flame but with periodic change in the flame diameter.

The corresponding temperature distributions in the vertical and horizontal cross-sections
of flame flickering without coflow at ¢ = 1 are shown in Fig. 7. The time variation in
the temperature field indicates that unsteady flame flickering occurs in the field particu-
larly close to the top of the flame and that the flickering accompanies the unsteadiness
in the periodic oscillation of the flame, which may be due to the turbulence in the shear
layer between the flame and the surrounding air. This result also suggests that both
flame flickering and turbulence in the flame are suppressed by the influence of coflow.
Such a non-axisymmetric temperature field can be measured only using the tomographic
technique, which allows instantaneous measurement of a 3D temperature field. There-
fore, the present results reveal that the tomographic flame reaction technique serves as a
powerful tool for quantifying the 3D temperature field of an unsteady non-axisymmetric
flame.
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Fig. 7 Time variation in temperature field of flickering flame without coflow (U, = 0)

3.4 POD modes of flickering flame with and without coflow

Figure 8 shows the POD modes of the vertical temperature fields of the periodically flicker-
ing flame at ¢ = 1 and U, = 0.6. The modes were evaluated through POD analysis of 120
snapshots of the 3D temperature field of the flickering flame, which were obtained every
1/60 s. These POD modes do not vary significantly upon reducing the total number of snap-
shots to 60 because E; dominates in the first two modes of the fluctuating temperature field
[37]. The values of Ej in the 1%t and 2" POD modes were 38 % and 36 % of E;, respec-
tively, implying that 74% of Ej associated with the temperature arises from the first two
POD modes. The 0" POD mode corresponded to the mean temperature field of the flame.
The result agrees well with the mean flame temperature shown in Fig. 5, which confirms
the validity of the present POD. The 0™ POD mode showed the highest mean temperature
near the burner exit and along the reaction front of the flame, which is a typical feature of
the premixed flame at ¢ = 1 [9]. In contrast, the 1% POD mode showed the highest energy
associated with fluctuating temperature near the top of the flame, along the shear layer at
z/d = 2 and distributed symmetrically with respect to the flame axis. This result suggests
that the temperature is highly fluctuating near the top of the flame whereas opposite corre-
lation was observed in the lower shear layer at z/d = 1. Therefore, opposite temperature
oscillations occur in the temperature field at the top of the flame and along the lower shear
layer at z/d =1, although these oscillations are distributed axisymmetrically. In the 2ond
POD mode, the temperature fluctuation was the highest along the shear layer, in the mid
height of the flame at z/d = 1-2 whereas opposite correlation was observed near the top of
the flame and at the burner exit, and the fluctuations are distributed axisymmetrically. Sim-
ilarly, the axisymmetrical nature of the flame appeared in the 3" to 5™ POD modes, as seen
in Figs. 8d—f, and the scale of the structure is seen to decrease with the increase in the mode
number. The values of Ej in these POD modes are 3.2 %, 2.9 %, and 0.9 %, respectively.
This indicates that the POD modes of a flickering flame with coflow are dominated by the
axisymmetric modes of fluctuating temperature.
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Fig. 8 POD modes of temperature field of flickering flame with coflow (U, = 0.6)

Figure 9 shows the POD modes of the unsteady flickering flame without coflow at ¢ = 1.
The mean temperature field of the 0" POD mode is in close agreement with that of the peri-
odic flame flickering with coflow shown in Fig. 8. This indicates that the mean temperature
field of the flame does not change significantly with coflow velocity. In contrast, the 1 and
2" POD modes of the fluctuating temperature field are distributed non-axisymmetrically
compared to those of the case with coflow (Fig. 8). High correlation in the first POD mode
appeared along the right-hand-side of the shear layer in the flame at z/d = 2 whereas the
weaker correlation was distributed along the left-hand-side of the shear layer at z/d = 1.5.
In the second POD mode, high and low correlations occurred along the right and left shear
layers, respectively, whereas the positions of the correlations were shifted along the shear
layer compared to those in the first POD mode. The values of E, in the 1-5" POD modes
were 36 %, 33 %, 5.6 %, 3.1 %, and 2.2 %, respectively, of E;. These results indicate
that the POD modes of the flickering flame without coflow were dominated by the non-
axisymmetric oscillation of the flame. This behavior can be caused by the amplification
of the unstable non-axisymmetric mode of Kelvin-Helmholtz instability in the shear layer
along the flickering flame without coflow.
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Figure 10 shows the cumulative energy distributions of the POD modes of the flickering
flame with and without coflow. The first two POD modes are observed to cover most of the
E}, independent of the presence of coflow. The cumulative energy values in the first two
POD modes are higher in the case with coflow whereas most of the total cumulative energy
distribution is higher in the case without coflow. This result indicates that the cumulative
energy distribution gets suppressed by the coflow in the higher POD modes of the flickering
flame, and this agrees with the behavior directly observed in the flame in Figs. 6 and 7.

3.5 Further analysis of unsteady behavior of flickering flame with and without coflow

Figures 11a and b show the power spectra of flame flickering with and without coflow,
respectively. The spectrum of flame flickering with coflow shows a distinct peak at a fre-
quency of 15 Hz whereas that without coflow shows a broad spectrum peak at 14 Hz. Thus,
coflow causes an increase in the peak frequency of flame flickering and magnifies its peak
spectrum. This implies that the periodic oscillation of the flame is magnified in the absence
of coflow whereas the spectrum distribution becomes sharper under the influence of coflow.
Thus, the unsteady flickering of the flame without coflow (in Fig. 7) may be caused by the
broadened spectrum of flame flickering, as seen in the 1% and 24 POD modes in Fig. 11a.
In contrast, the power spectra were magnified in the 3'9—5" POD modes owing to coflow.
The low frequency spectra in the 3" and 4™ modes were magnified, and the spectrum at
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Fig. 11 Spectrum analysis of temperature fields with and without coflow
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the higher frequency range increased in the 5 POD mode. These results suggest that noisy
spectra appear in the higher POD modes of the flickering flame without coflow, resulting in
the unsteady oscillation of the flame, as seen in Figs. 6 and 7. The total cumulative energy
associated with the flickering flame without coflow is observed to be 2.1 times higher than
that with coflow, despite the lower peak spectrum of flame flickering.

4 Conclusions

An experimental technique for measuring the 3D flame temperature field using the flame
reaction technique combined with tomographic reconstruction is described. This combined
experimental technique facilitates the visualization of the 3D temperature field of a flicker-
ing flame with and without coflow. The flame visualization was conducted by supplying a
mist of sodium chloride to a premixed methane/air flame at ¢ = 1, and the visualized images
were captured by six CCD cameras located around the flame. The experimental method was
validated for a steady axisymmetric flame at high U, using Abel transformation. The 3D
temperature measurement conducted for the flickering flame indicated that a flame is char-
acterized by periodic flickering under weak coflow whereas without coflow, it demonstrates
unsteady flickering. POD analysis of the flickering flame indicated that flame oscillation
occurs in the first two POD modes of the fluctuating temperature field. The POD modes of
the periodically flickering flame with coflow were found to be axisymmetric whereas those
of the flame with unsteady flickering without coflow were non-axisymmetric. The spec-
trum analysis revealed that a sharp spectrum peak appears in the flame with coflow whereas
the peak broadens and a noisy spectrum appears in the flame without coflow. Therefore,
the structure of the flickering flame is significantly different in the cases with and with-
out coflow, which in turn, is due to the elimination of the noisy spectrum in the higher
POD modes of the flickering flame under the influence of coflow. The experimental results
demonstrate that the tomographic flame reaction technique combined with POD analysis
serves as a powerful tool for understanding the structure of the flickering flame, particularly
that of the non-axisymmetrically flickering flame.
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