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Abstract: This work proposed a novel model to simultaneously reconstruct temperature distribu-
tion and soot volume fraction field for two-dimensional thin-slice flames using the knowledge of
monochromatic radiation intensities at two wavelengths using a CCD camera. The deduction pro-
cess and numerical analysis of the model were described. Effects of wavelength combinations and
measurement errors on reconstruction accuracy were considered in detail. Numerical results have
proven the model’s accuracy and showed that the temperature and soot volume fraction fields can
be reconstructed well even with noisy input data from flame radiation. In addition, a series of
experiments were conducted on a mesoscale combustor to obtain the real thin-slice flames for further
experimental reconstruction via the model. The experimental results indicated that the proposed
model can successfully reconstruct the flame temperature distribution and soot volume fraction field
and the main features of thin-slice flames also can be reasonably reproduced.

Keywords: reconstruction; thin-slice flame; temperature field; soot volume fraction; inverse analysis

1. Introduction

With the continuous development of the economy and society, combustion, as a
primary type of energy utilization, has been extensively applied in various professions [1-4].
New technologies and achievements are emerging in various combustion fields. Among
them, the development of advanced combustion diagnostics technology has important
scientific significance and application value [5-11].

Temperature and soot volume fraction (SVF) are the key parameters of combustion
diagnostics [12]. For a deeper understanding of the combustion process and better control
of pollutant emissions, it is necessary to establish reliable and effective methods for the
measurement of these parameters with high accuracy. Therefore, an enormous amount of
numerical and experimental research based on the inverse radiation problem [13-20] has
been devoted to improving optical technologies to determine the distributions of tempera-
ture and soot volume fraction in various flame configurations. Arana et al. [21] adopted the
full-field light extinction method to measure soot volume fraction distributions in partially
premixed laminar co-flow ethylene flames. Zheng et al. [22] proposed a multiwavelength
radiation thermometry method employing multispectral imaging technology to measure
flame temperature and emissivity. Joo et al. [13] used a CCD camera to obtain the radiation
intensity of the methane—-air laminar flame boundary. The temperature and soot concen-
tration field in the flame were simultaneously reconstructed and the influence of pressure
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on soot formation was also analyzed. Liu et al. [23] introduced a nonintrusive measure-
ment technique to simultaneously reconstruct the three-dimensional soot temperature and
volume fraction in axisymmetric and nonaxisymmetric flames using a CCD camera.

The aforementioned studies have widely investigated optical diagnostic techniques in
three-dimensional axisymmetric and nonaxisymmetric flames. However, in some specific
flame conditions such as micro- and meso-scale combustion, the conventional reconstructed
model may not be convenient or suitable for these specific flame configurations. Moreover,
the flame formed in microconfined space is usually very small and thin, which increases
the difficulties of temperature and soot concentration measurement using the traditional
contact method. If the traditional thermocouple method is adopted in microcombustion,
the temperature field of the flame will be easily disturbed and extinction may happen. Up
to now, the simultaneous diagnostic method of temperature and SVF specific to the micro-
or meso-scale combustion is still scarce.

In micro- and meso-scale combustion, there are many specific flame structures and
configurations. One of them is the impinging diffusion flame, which is formed via the
impingement of two streams in a microconfined space [24-26]. The flame thickness of this
kind of structure is very small, which has been observed in a previous study [26], and
can be approximately regarded as a two-dimensional slice shape. In the consideration of
the unique characteristics of micro- and meso-scale combustion, it is necessary to develop
a corresponding reconstruction model to measure the fields of temperature and soot
concentration. Therefore, this study aims to propose a novel reconstruction model specific
to the two-dimensional thin-slice flame based on the inverse radiation problem using a
CCD camera system. In the present work, the model and numerical analysis are described
in Section 2. The numerical results on the model accuracy are given in Section 3. An
experimental reconstruction for the practical slice flame is presented in Section 4.

2. Reconstruction Model
2.1. Direct Problem

The direct problem here was to determine the flame radiation intensity with the known
distributions of temperature and soot volume fraction. With regard to the two-dimensional
thin-slice flame, the cross-section of a flame at a specific height could be simplified as
shown in Figure 1.

2

Two-dimensional
thin flame

Z=ZO

Figure 1. Reconstruction system based on a single CCD camera for a two-dimensional thin-slice
flame.

At the specific spectral range of 400-700 nm, the radiation emissions of soot particles
were taken into consideration [27] but the emissions of gaseous compositions such as CO,
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and HyO could be neglected [13]. Without the consideration of self-absorption and the
scattering effect [28], the radiation emission intensity along rays from the flame to the CCD
camera could be expressed as follows:

. Iy
0G) = [ xa @l M)
0

where I, (i) is the monochromatic radiation emission intensity from the flame to the CCD
along the ray i, k; is the local monochromatic absorption coefficient, and Iy, , is the local
monochromatic radiation intensity of the blackbody. The following applies according to
Wien's law [29]:

i) = /A exp (L2) @

1

where T(i) is the local temperature, and C; and C, are the first and second radiation
constants (C; = 3.7419 x 1071® W.m?2, and C, = 1.4388 x 1072 m-K).

Under this condition, because the flame was very thin, it was reasonable to assume
that the radiation intensity emitted from the inside of the flame (at the position between 1y
and I in Figure 1) along the ray i was approximately the same and homogeneous. Therefore,
the radiation intensity emission along the ray i could also be simplified as follows:

I
(i) = /f KA (DIp (Dl = k)T 0 f 3)

Iy cos 6;

where sf is the thickness of the flame, and 6i is the angle between the CCD optical center
and ray i. The field angle between the flame edge and the CCD optical center was 20.
According to the Rayleigh approximation, the value of local monochromatic absorption
coefficient k; could be calculated via the following equation:

o (1) = 67 fy(n)E(m) 36mnk fo
M A (n2 — k2 4 2)% + 4n2k2 A

4)

where fv(n) is the local soot volume fraction, and E(m) is a function of the complex refractive
index of soot (m = n — ik), which varied with the wavelength. The values of n and k could
be selected from Refs. [30,31].

ny = 1.811 4 0.1263 In A + 0.027 [n> A 4 0.0417 [n® A (5)

k) = 0.5821 + 0.1213 In A + 0.2309 In® A — 0.01 In® A (6)

2.2. Inverse Problem

For the inverse problem, the fields of temperature and soot volume fraction were
considered unknowns. From this, the unknown parameters above could be deduced from
the known received radiation intensity, I, via the CCD camera. From Equation (3), the
radiation intensity values at two different wavelengths could be expressed as follows:

Sf C] C Sf
L) = o _ _G 7
n () =r oy, oo = A5 F AT s 6, 7
. Sf C1 CZ Sf
Dy (i) = Ka Tp =2 = 2, —zexp (— =
12 (D) = K lopy o = 1y w23 F 5T ws 6, ®

By combining Equations (7) and (8), the temperature could be finally calculated using
the following equation:

N 1 1 I/\] (1) K/\l )\1
0= a5, ) /g s ¥
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Once the temperature was determined using Equation (9), the local soot volume frac-
tion fv (i) could be quickly obtained by substituting the temperature back into Equation (3)

using either A or Ay, as follows:

Iy, ())Aexp (%)

foli) = (10)
1[(

36mnk 1| _5f
n2—k2+42)? +4n2k2 M | cos 6

Therefore, the fields of temperature and soot volume fraction in two-dimensional
thin-slice flames could be simultaneously reconstructed according to Equations (3)—(10)
with the knowledge of radiation intensities I; and I, at two different wavelengths. In
the present work, thin-slice flames are defined as flames with a thickness of less than
1mm. Moreover, it should be mentioned that the emissivities of the two wavelengths could
be calculated using the present method, but these parameters were considered identical
according to the principle of the two-color method [12]. Therefore, this method theoretically

has higher accuracy than the two-color method.

3. Numerical Reconstruction Results and Discussion

In this numerical section, the received radiation intensities were calculated using
Equations (3) and (4) based on the assumed known input temperature and soot volume
fraction distributions via solving the direct problem. Inversely, to validate the modeling
and algorithm proposed here, the temperature and soot volume fraction distributions could
be reconstructed simultaneously using the measured radiation intensities via solving the
inverse problem.

Figure 2 displays the assumed input temperature and soot volume fraction distri-
butions, which were adopted from the actual experimental results of Ref. [32]. The tem-
perature and soot volume fraction usually exhibit opposite trends, which has also been
observed in Ref [7]. The field angle (26) between the flame edge and the CCD optical center
was assumed to be 20°, and the flame thickness was assumed to be 1 mm. It should be
mentioned that the symbol “r” represents the different flame widths in the cross-section of

the thin-slice flame.

-0.5

" 025

0
r(cm)

025

05

T
-0.5

T
-0.25

r(cm)

1900 . 14
a’.‘%'o A " F12
g 1850 oM VAR oo, WA . -
: Tiv AN 1
3 \ e | e / / I ~
£ 1800 . [ . . . . [
: \ /Y] ) [l et
g ] \ [ / / oo 3
= 1750 . . . . [ [ L] Loe &
: S O R S | | :
YRR SRS
2 1o . . ! . - b ro
\o_. . . ._o’ ! -v-‘ "‘
L Fo.
1650 4 ~¢ L'. —-'... ..-"l-
. : ————L 00
0 0.25 05

Figure 2. The input temperature and soot volume fraction distributions.

Due to the disturbance in practice, measurement errors usually exist in the received ra-
diation intensity, I. Therefore, the random error following normal distributions with mean
square deviations, o, was introduced into the radiation intensity, I, for the examination of
model accuracy, as shown in the following:

IA,meas = 17\,exa + (FL + O“E)Ik,exa (11)

where I meas and I exa are the measured radiation intensity with the error and the exact
(input) radiation intensity. The average value, y, was equal to zero and & was a variable of
a standard normal distribution with a 99% probability in the range of 2.576 < & < 2.576.
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The signal-to-noise ratio (SNR) was defined in terms of the logarithmic decibel
scale [33]. The SNR of the radiation intensity, I, was defined as follows:

SNR = 20log % J=12,...N (12)

1vN 2x2|2
[NZj:l 02G; }
Several numerical calculations were performed to examine the accuracy and robust-

ness of the reconstruction model. The local relative errors of temperature (Et) and soot
volume fraction (Eg, ) were defined as follows:

[ Toeeli) = Texal)]

Er(i) o X 100% (13)
Ep(i) = U vreﬂ%{;m(i)' x 100% (14)

where Trec (i) and Texa (i) represent the local reconstructed and exact temperature distribu-
tion, respectively. fvrec (i) and fvexa (i) are the local reconstructed and exact soot volume
fraction, respectively.

For a better direct comparison, the mean reconstruction errors of temperature and soot
volume fraction are also described as follows:

Er =Y 0, Er(i)/M (15)

Epy = sz‘\il Efo(i)/M (16)

In the following two cases, the effects of wavelength combinations and measurement
errors of radiation intensity, I\, were investigated.

3.1. Effects of Wavelength Combinations on Reconstruction Accuracy

The reconstructed results and errors of temperature and soot volume fraction in
this model using three different wavelength combinations (700/650 nm, 700/600 nm and
700/550 nm) with a fixed SNR of 50 dB are shown in Figures 3 and 4. In Figure 3, the
temperature and soot volume fraction are reconstructed generally using the selected three
wavelength combinations, but with different reconstruction effects. As for the wavelength
combination of 700/650 nm, the reconstructed curves of temperature and soot volume
fraction all had large distortions. However, when using the combination of 700/550 nm,
the reconstructed results seemed to be much smoother and closer to the input parameters.

Combined with the detailed error analysis in Figure 4, it could be observed that when
700 nm and 550 nm were used, the mean and max reconstruction errors of temperature
were 0.11% and 0.38%, respectively. Meanwhile, the average and largest soot volume
fraction errors were less than 1.47% and 5.52%. However, with regard to the combinations
of 700/650 nm and 700/600 nm, the reconstruction accuracy was not relatively satisfied,
especially when 700/650 nm was chosen. In this case, the average relative errors of tem-
perature and soot volume fraction increased to 0.4% and 4.80%, and the local maximum
errors even reached 1.10% and 15.65%, respectively. The reconstruction effect of the wave-
length combination of 700/550 nm was the most convincing among the three selected cases.
Therefore, the application of 700/550 nm was used for further examination in the following
analysis.
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Figure 3. Effects of wavelength combination on the reconstructed results for temperature (ET) and
soot volume fraction (Eg,).
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Figure 4. The reconstructed accuracy for different wavelength combinations.

3.2. Effects of Measurement Errors on Reconstruction Accuracy

In the present section, the effects of three different measurement errors on the accuracy
of the model are investigated, which were o = 5.62 X 10~* (SNR = 65 dB), 0 = 3.16 x 1073
(SNR =50 dB) and 0 =1 x 1072 (SNR = 40 dB). As exhibited in Figure 5, the reconstructed
temperature and soot volume fraction both had a similar distribution to that of the input
temperature and soot volume fraction in general. However, as the SNR declined, the
reconstructed curves became obviously rough, indicating a worse reconstruction effect.
In the error analysis of Figure 6, for the SNR of 65 dB, the mean and max relative error
of the reconstructed temperature was 0.02% and 0.06%, respectively. The mean value of
soot volume fraction relative errors was 0.26%, where the largest error was 0.83%. The
error distribution of every point was almost consistent. With the decrease in the SNR to
40 dB, the reconstruction errors of mean and max temperature increased to 0.35% and
1.22%, respectively. In addition, the average and largest reconstructed soot volume fraction
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errors rose up to 4.81% and 16.5%, respectively. The range of error distribution fluctuated
violently. In conclusion, a great reconstruction effect could be achieved with the SNR
reaching 65 dB. It could also be noted that the relative errors of the reconstructed soot
volume fraction were much higher than those of temperature, which indicated that the
reduction in the SNR affected the accuracy of the reconstruction results of the soot volume
fraction more obviously than it did that of the results of temperature. This was mainly
because the reconstruction result of the soot volume fraction depended strongly on the
accuracy of the reconstructed temperature. According to Equation (10), when there was
a small error in the reconstructed temperature field, the model enlarged this error in the
reconstructed soot volume fraction.

1900 ] —e— [nput 3 o Reconstructed —e— Input o Reconstructed |4
40 dB ﬁ 40 dB Fh : ’& L12
1850 . ﬁ/ 1 L Lo
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Figure 5. Effects of measurement errors (SNR) on the reconstruction results and accuracies for
temperature (Et) and soot volume fraction (Eg,).
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Figure 6. The reconstructed errors for different SNRs.

4. Experimental Reconstruction Results and Discussion

To evaluate the practical application of the reconstruction model above, a series of
experiments were conducted on a \-shaped meso-scale combustor. As shown in Figure 7,
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the fuel stream (ethylene) was ejected from the middle inlet channel of the combustor, and
the oxidizer stream (air) was transported via the bilateral inlet channels. The flame formed
in this combustor could be approximately regarded as a two-dimensional thin flame, which
was successfully applied in Ref. [34]. The front and side views of this kind of flame are
presented in Figure 8. According to the practical measurements, the flame thickness was
approximately 1 mm, and the max flame width was 6 mm. The distance between the CCD
and the flame was 10 cm. Therefore, the field angle (26) between the flame edge and the
CCD optical center was 3.4° and cos0; could be approximated as 1 for all rays.

Mixture of
0O, and N,

-shaped mesoscale
combustor

Mass Flow
Controller

Computer

Figure 7. Schematic diagram of the measurement system.

Figure 8. The front and side views of the two-dimensional thin-slice flame.

Using the above-mentioned deduction, it could be found that the key step in deter-
mining the fields of temperature and soot volume fraction in this model was the accurate
measurement of radiation intensities at two wavelengths. The radiation produced by the
flame after passing through the optical system was stored in the form of a gray scale. The
value of the gray scale read out from the computer had a strong relationship with the
radiation intensity emitted by the flame itself. The relationship between the accumulated
radiation intensity, I, of a single wavelength and the gray value, X,, obtained via the
image acquisition system can be expressed as follows [23]:

Iy = f(X)) (17)
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This specific relationship could be acquired via the calibration of the CCD system.
As shown in Figure 9, the calibration procedures were as follows. Firstly, we used the
blackbody furnace with a known temperature to calculate the released monochromatic
radiation intensity I,. Then, we allowed the CCD system to shoot this blackbody furnace
to obtain the corresponding gray value, X,. Therefore, the correlation between I, and Xj
could be ascertained via function fitting. During the calibration process, the exposure time
and f-number of the CCD system were set to 1/40 s and f-22, respectively. The practical
calibrated images are shown in Figure 10.

Blackbody
furnace

Temperature CCD
controller

Figure 9. Calibration system based on blackbody furnace.

950ME 1000 °C 1025 C

Figure 10. Calibration images of CCD camera.

According to chromatic theory, each pixel of the image generated three digital numbers
(R, G, and B) which, respectively, represent the spectral responses of the red, green and
blue spectral bands for the CCD camera approximately. In the present work, red (700 nm)
and green (546 nm) wavelengths were selected as the measurement temperature band
because the previous numerical results indicated that the adjacent wavelength combination
(700/550 nm) had a high reconstruction accuracy. The polynomials obtained by fitting the
values of I, (monochromatic radiation intensity) and X, (gray value) with R-squares of
0.9985 and 0.9997 are exhibited in Figure 11. After the calibration, the local monochromatic
radiation intensity (I ) in the flame at two different wavelengths could be determined.
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Figure 11. Fitting results of red and green wavelengths.

(a)

Figure 12.

To verify the feasibility of the proposed model, two representative experimental
conditions were used for experimental reconstruction. It is worth mentioning that only one
image was selected for each working condition because the adopted flame was a steady-
state flame, and its morphology would not change with the variation in time. Figure 12
exhibits two representative thin-slice flames for the experimental reconstruction. Figure 12a
shows the DME/ ethylene flame with a DME fuel flow of 40 mL/min and an ethylene flow
rate of 60 mL/min. Figure 12b shows the pure ethylene flame with an ethylene flow rate of
100 mL/min. Combined with the calibration results and the model above, the distributions
of temperature and soot volume fraction for typical two-dimensional slice flames at two
specific heights can be reconstructed, as shown in Figure 13.

(b)

Height 1

(a) 40%DME/60% ethylene flame, (b) pure ethylene flame.

Two representative thin-slice flames used for the reconstruction of the model:
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Figure 13. Experimental reconstruction results of temperature and soot volume fraction in a two-
dimensional slice flame at two specific heights.

As shown in Figure 13, the reconstructed flame temperature ranged from 1400 K to
1650 K, and the flame temperature in the central area was generally higher than that on
both sides. The reconstructed temperature curve of Figure 12b was relatively smooth, and
could reflect the law of temperature distribution at both heights well. However, there were
some fluctuations in the reconstructed results of Figure 12a, especially at height 2. This was
because the brightness of flame (a) was much lower than that of flame (b). The radiation
intensity emitted by the flame was stored in the digital image as gray information. Because
the gray value could only be expressed as an integer, the larger the gray value was, the more
accurate the radiation intensity and the smaller the reconstruction error. Moreover, the
reconstructed temperature and soot volume fraction both had good symmetry. The flame
temperature at height 1 was higher than that at height 2, but the soot volume fraction had the
opposite distribution trend. This result was generally reasonable and had good agreement
with previous experiments [27]. The reconstruction result successfully indicated that the
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flame with a large DME addition had apparently lower combustion temperatures and
soot volume fractions, which was consistent with the practical combustion situation [35].
Through the analysis above, the reconstructed result of the proposed model had good
reliability and could reproduce the actual combustion condition.

5. Conclusions

This work proposed a novel model to simultaneously reconstruct the temperature
and soot volume fraction field specific to the two-dimensional slice flame using the knowl-
edge of monochromatic radiation intensity at two wavelengths. The numerical analysis
and deduction process of the model was described in detail. The effects of wavelength
combination (700/650 nm, 700/600 nm, and 700/550 nm) and measurement errors (65 dB,
50 dB, and 40 dB) on reconstruction accuracy were investigated. In addition to the nu-
merical analysis, a series of experiments were also conducted on a meso-scale combustor
to obtain a real thin-slice flame for further reconstruction via the new model. Numerical
results indicated that the temperature and soot volume fraction field could be reconstructed
exactly for both the accurate and noisy input data. The mean reconstruction errors of the
temperature and soot volume fraction were 0.11% and 1.47% for 700/550 nm, and were
the most accurate among the three selected wavelength combinations. When the SNR was
65 dB, the average errors of the temperature and soot volume fraction could reach 0.02%
and 0.26%. Furthermore, the experimental results showed that the temperature and soot
volume fraction field could be determined successfully based on a CCD image system. The
reconstruction results had high reliability with regard to the actual combustion condition.
Furthermore, the model proposed in this work could also be applied to a large-scale two-
dimensional thin-slice flame structure. In this study, micro- or meso-scale combustion was
only used as an example.
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