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Abstract: It is important to monitor the temperature and H,O concentration in a large combustion
environment in order to improve combustion (and thermal) efficiency and reduce harmful combustion
emissions. However, it is difficult to simultaneously measure both internal temperature and gas
concentration in a large combustion system because of the harsh environment with rapid flow. In
regard, tunable diode laser absorption spectroscopy, which has the advantages of non-intrusive,
high-speed response, and in situ measurement, is highly attractive for measuring the concentration
of a specific gas species in the combustion environment. In this study, two partially overlapped H,O
absorption signals were used in the tunable diode laser absorption spectroscopy (TDLAS) to measure
the temperature and H,O concentration in a premixed CHy/air flame due to the wide selection of
wavelengths with high temperature sensitivity and advantages where high frequency modulation can
be applied. The wavelength regions of the two partially overlapped HyO absorptions were 1.3492 and
1.34927 pm. The measured signals separated the multi-peak Voigt fitting. As a result, the temperature
measured by TDLAS based on multi-peak Voigt fitting in the premixed CHy/air flame was the
highest at 1385.80 K for an equivalence ratio of 1.00. It also showed a similarity to those tendencies
to the temperature measured by the corrected R-type T/C. In addition, the H,O concentrations
measured by TDLAS based on the total integrated absorbance area for various equivalent ratios
were consistent with those calculated by the chemical equilibrium simulation. Additionally, the H,O
concentration measured at an equivalence ratio of 1.15 was the highest at 18.92%.

Keywords: tunable diode laser absorption spectroscopy; temperature; concentration; partially
overlapped absorption; premixed flame

1. Introduction

The energy sources used worldwide are typically hydrocarbon fuels, renewable energy,
and nuclear fission. Among them, hydrocarbon fuels are expected to be used at a rate of 50%
or more by 2040 [1]. Generally, hydrocarbon fuels produce energy through a combustion
system, and the combustion emissions cause air pollution. Coal power plants are large-scale
combustion systems that convert energy using hydrocarbon fuels. Currently, coal power
plants face difficulties in reducing air pollutants while maintaining high-efficiency energy
production. Therefore, it is important to monitor the temperature and H,O concentration
in a large combustion environment to improve the combustion (and thermal) efficiency
and reduce harmful combustion emissions. Temperature is a fundamental parameter of the
combustion system and an important factor in determining the overall thermal efficiency.
However, it affects the production of pollutants, such as nitrogen oxides, in association with
the formation of localized high temperatures in the combustion field. In addition, the H,O
concentration in the combustion environment is an indicator of the overall combustion
efficiency as a primary product of the combustion reaction. However, it is difficult to
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simultaneously measure both the internal temperature and gas concentration in a large
combustion system because of the severe environment. In general, a thermocouple (T/C)
and dew point sensor are used for measuring the temperature and H,O concentration.
However, it is difficult to predict the overall reaction inside the combustion environment
using the results provided due to physical probing and sampling method at fixed points.
In addition, these methods have short durability due to the severe environment and high
temperatures, and cause flow disturbances in the combustion field. To overcome these
limitations, researchers have developed a non-intrusive method using tunable diode laser
absorption spectroscopy (TDLAS), which is an optical measurement method that utilizes
absorption with a narrow linewidth. It is also highly selective, durable, and fast responsive,
and is widely applied in various combustion environments such as IC engine, biomass,
scramjet, and coal gasifier [2-7]. From the theory of TDLAS, a single absorption signal and
the ratio of two absorption signals are used to measure the gas concentration and flow
field temperature in combustion environments [3,8]. In this case, as HyO molecules are
present in a considerable proportion in the combustion environment, the use of their two
absorption signals is advantageous to derive the temperature.

Temperature measurements using TDLAS have been previously performed in various
combustion environments. Webber et al. (2000) obtained the temperature from two
H,O absorption signals in each scan range by using two lasers (1.343 and 1.392 pm) and
wavelength division multiplexing to measure the temperature and concentration in the
CyH4/Air flame [9]. Torek et al. (2002) measured the temperature and H,O concentration
of silane/hydrogen/oxygen/argon flames using the H,O absorption wavelength region
of 1.392-1.394 um [10]. Here, Torek et al. used two H,O absorption signals separated
from each other within the single scan range of one laser. Unlike previous studies in
the wavelength range of 1.300-1.400 pm, Goldenstein et al. (2013) measured the internal
temperature under various pressures and temperature conditions in a three-zone electric
furnace using the new H,O absorption wavelength regions of 2.474 and 2.482 pm. Here,
the temperature was derived from two HyO absorption signals in each scan range by using
two lasers with wavelengths of 2.474 and 2.482 pm [11]. In addition, Wu et al. (2014)
measured the temperature using the CO, absorption wavelength region of 4.174 to 4.184
pum in the mid-infrared region, unlike the above mentioned study, in which the temperature
was measured using H,O absorption wavelengths in the near-infrared region [12]. Ma
et al. (2017) used two lasers at HyO absorption wavelength regions of 2.482 and 1.343 um
to measure the HyO concentrations and temperatures in the CHy/air flame [13].

Recently, applied temperature measurement methods based on the two-line ther-
mometry method have been developed [14,15]. This applied temperature measurement
method typically consists of a temperature binning and tomography method for ana-
lyzing non-uniform temperature and concentration fields, and an intensity-modulation
spectroscopy method for increasing the sensitivity of temperature measurement in high
temperature/high pressure environments. These methods also used each absorption from
two lasers to fundamentally increase the temperature measurement sensitivity.

Temperature measurement by TDLAS was started with the two-line thermometry
method using two absorption signals, as described above. Previous studies have measured
the temperature using two absorption signals separated from each other within a single
scan range of one laser. In addition, the temperature was also obtained from two absorption
signals in each scan range using two lasers. Because the two absorption areas derived
from the two absorption signals change sensitively according to the temperature change, it
is difficult to accurately analyze the two sensitive absorption areas when the absorption
signals partially or completely overlap; this results in an error in the temperature readings.
For these reasons, most studies have used two absorption signals that were separated from
each other. This corresponds to the “appropriate spectral separation” in the line selection
method for measuring the temperature, summarized by Zhou et al. [16]. However, the
two HO absorption signals separated from each other within a single scan range of
one laser are limited to the wavelength region of 1.300-1.400 pm, in which the H,O
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absorption is most abundant. Temperature measurements systems using multiple lasers
are complex and have increased costs. A situation in which the two HyO absorption
signals overlap within a single scan range in the near-infrared region of 1.300-1.400 pm can
be advantageous if the temperature and concentration can be measured simultaneously.
First, there are several high-sensitivity absorption lines that were not previously selected
because of the overlapping of H,O absorption signals in the near-infrared region. Second,
the TDLAS method scans an absorption signal with the corresponding wavelength by
modulating a waveform with a constant period and amplitude. Thus, the wavelength scan
range decreases as the frequency modulation (constant period) increases. However, high-
frequency modulation is essential for measurement in fast flow fields, such as large-scale
combustion systems [17]. Therefore, it is easy for the partially overlapped H,O absorption
signals to be contained in a narrow wavelength region in the single scan range of a high-
frequency modulation. However, despite these advantages, studies on the measurement
of temperature and H,O concentration using two partially overlapped H,O absorption
signals under general normal pressure conditions are insufficient. In the present study,
the wavelength regions of the two partially overlapped H,O absorptions were selected
as 1.34923 and 1.34927 um in a single scan range. First, the set temperatures (1073.15-
1573.15 K) in the electric furnace were measured using two partially overlapped H,O
absorption signals. Second, the temperature and HyO concentration in the premixed
CHy,4/air flame were measured using two selected H,O absorption wavelengths. In this
method, the temperature was measured after separating the two partially overlapped H,O
absorption signals at the selected wavelength by using the multi-peak Voigt fitting and
reconstruction method using half absorbance. The H,O concentration was derived from
the total integrated area of two partially overlapped H,O absorption signals.

2. Theory
2.1. Recovery of Curve Fitting for Partially Overlapped Absorption Signal
2.1.1. Reconstruction Method Using Half Absorbance

The energy of the optical transition is the same as the energy difference between the
upper and lower states, and Heisenberg’s uncertainty principle can be associated with the
lifetime from the uncertainty of these energy levels [18]. The uncertainty of energy level i
can be expressed by Equation (1):

h
AE; >
"o

M

where T; is the lifetime of the energy level i, which can be expressed as the total energy
uncertainty AE; of the transition by combining the lifetimes v’ and 7 of the upper and
lower states, respectively. Therefore, the probability that the transition is measured can be
expressed as a nonzero-energy range. The range can be summarized as the full width at
half maximum (FWHM) of the line width given (in frequency units), as in Equation (2),
when Planck’s law AE = hAv is substituted into Equation (1) [19]:
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All lineshapes have the shape of a probability density function based on Heisenberg’s
uncertainty principle. Therefore, spectral lines have symmetry for a single transition. It
becomes possible to reconstruct the two partially overlapped H,O absorptions through
this symmetry.

2.1.2. Multi-Peak Voigt Fitting
The absorbance &, for multiple transitions can be further expanded, as shown in
Equation (3) [20]:

M
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¢v (v;vpi,vi), which is generally explained by the Voigt function, can be represented
by an individual absorption peak with a wavelength v. Here, «; is the peak height, vy ; is
the peak position, and 7; is the half-width at half maximum (HWHM). In addition, M and
i are the number of peaks and the serial number of each peak, respectively. Therefore, the
Voigt function can be expressed by Equation (4):

00 _ 42
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parameter in Equation (4) is composed of A = o X = VIn2==2, and y = VIn2:L.
Here, vp and <y, are the Doppler HWHM and Lorentzian’'s HWHM, respectively. As

expressed by Equation (5), yp is a function of the temperature T and molecular weight

Mmole:
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As expressed in Equation (6), 1, can be expressed as self-collision HWHM, foreign
gas collision HWHM, partial pressure of absorbed gas species, and total pressure by
subdividing Lorenzian’s HWHM:

dt can be obtained. The Voigt function

T \" To\"
YL = '7selfpself(T> +’)’self (P_ Pself) (T) (6)

where 1 is the corresponding coefficient of temperature dependence. The ratio of y in
Equation (4) is determined from the proportional relationship between the Lorentzian and
Gaussian features of the lineshape. If y is lower than 1, the Voigt function can be represented
as Gaussian, and if y is higher than 1, it can be represented as a Lorentzian. That is, the
parameter of each individual peak is determined at the same time by minimizing the
square variance between the measured absorbance and the model calculation. As a result,
an appropriate curve fitting method should be applied to accurately determine the two
partially overlapped H,O absorption signals based on the above equations [21].

3. Line Selection

The proposal of this study is to measure the temperature using two partially over-
lapped H,O absorption signals within a single scan range. Line selection methods summa-
rized in the study by Zhuo et al. were applied to measure the optimum temperature [16].
This method can be divided into five criteria, which can be expressed as follows.

(1) The two selected absorption lines should have sufficient absorption signals in the
temperature range;

(2) The two absorption lines are within a single laser scan range and do not overlap with
each other in the atmosphere;

(3) The R of the integrated absorbance area should be single-valued with temperature,
and the line strengths of the two absorption lines (R = 0.2-5.0) should be similar;

(4) The two absorption lines have sufficiently different lower-state energy E” to yield an
absorption ratio that is sensitive to the probed temperature;

(5) There should be no interference from other gas molecules near the two absorption
signals.

As mentioned above, two suitable partially overlapped H,O absorption lines (1.34923
and 1.34927 um) were selected meeting the criteria established, except the second one.



Appl. Sci. 2021, 11, 3701

50f16

For the first criterion, Zhuo et al. described the peak absorption of transition, which
includes the gas mole fraction, linestrength, pressure, and optical path length in the
measurement environment based on optically thick conditions. The range for the peak
absorption of transition was set to be higher than 0.001 and lower than 0.800. To satisfy this
range, the H,O concentration (range: approximately 10-20%) produced after the premixed
CHy/air flame reaction was predicted using a chemical equilibrium solver (Chemkin).
The linestrength magnitude (cm/molecule, 10~22) that did not violate the range for peak
absorption of transition in the corresponding H,O concentrations was also confirmed [16].
In addition, the optical path length that satisfies the range for the peak absorption of
transition was considered. Figure 1 shows a graph of the linestrengths of the two H,O
absorption lines at 296, 1073, 1473.15, and 1773.15 K using the HITRAN2012 database and
compared with the linestrengths of other combustion products [22]. As shown in Figure 1,
the linestrengths of the two selected absorption lines between 1073.15 and 1773.15 K had
a similar magnitude of 1022. It was also confirmed that there was no interference from
other combustion products (fifth criterion).
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Figure 1. (a) Linestrengths of H,O and combustion products within 1.3490-1.3495 um at 296 K, (b)
1073.15 K, (c) 1473.15 K, and (d) 1773.15 K from the HITRAN2012 database.

Figure 2 is a graph presenting the analysis of the third and fourth criteria. Figure 2a
shows the sensitivity of the linestrength ratio for the difference in lower-state energy as a
function of temperature. The lower-state energy between the two absorption wavelengths
for the fourth criterion must have a sufficient difference as it is related to the sensitivity of
the probed temperature. As can be seen from the relative sensitivity equation [18], the large
difference in lower-state energy improves the sensitivity to temperature measurement.
Most previous studies have found that the difference in lower-state energy at optimal
absorption line pair is between 1000 and 2000 cm~!. At 1.34923 and 1.34927 um selected
for our study, the lower-state energies were E; = 3655.4833 cm ™! and E; = 602.7735 cm ™},
respectively, with a difference of 3052.709 cm~!. This large difference in lower-state energy
can have a high sensitivity for temperature measurement, but it can also have drawbacks
depending on the temperature, optical path-length, and concentration in the measurement
environment [23]. As shown in temperature equation [24], the temperature is determined
by the ratio of the integrated absorbance area. The relationship between the integrated
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absorbance and the lower-state energy can generally be expressed by two effects. When
one of the two absorption signals has a high lower-state energy, it has a low absorbance.
In contrast, when the other absorbed signal has a small lower-state energy, it has a high
absorbance. In other words, if the integrated absorbance is very small or large, it will cause
an error in the analysis of the results. Thus, similar signal to noise ratio (SNR) is desired
for both absorption signals [25]. In this study, the linestrengths of the two selected H,O
absorptions had a similar magnitude (10722) as the analysis result shown in Figure 2b
increased to 900 K or more. They were expected to be suitable for absorbance analysis
based on the predicted H,O concentration and optical path length in the measurement
environment. In addition, the third criterion was satisfied for a linestrength ratio of
R = 0.2-5.0 for optimum temperature measurement. Table 1 shows the conditions of
the two HyO absorption lines selected to measure the temperature using two partially
overlapped H,O absorption signals.
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Figure 2. (a) Calculated temperature sensitivity of the linestrength ratio at the temperature range
550-1800 K, and (b) calculated linestrength ratios for the two selected absorption lines at 300-1800 K.

Table 1. Two selected HyO absorption lines for measuring the temperature and concentration from
the HITRAN database.

S(T) at 1073.15 K, Line Spacing,

-1 " —1 /" -1

A, (um) v, (cm™1) (cm/molecule) E ,(cm™) AE ,(cm™1) em)
1.34923 7411.589 1.188 x10—22 3655.4833

1.34927 7411.376 2.227 x10~22 602.7735 3052.709 0.2126

4. Experimental Setup and Condition
4.1. Preliminary Experimental Setup

The experimental process in this study can be divided into two steps. The first
step was to confirm the accuracy of the measured temperature using two partially
overlapped H,O absorption signals. Here, the temperature set in the electric furnace by
the T/C gauge was compared to the temperature measured by TDLAS. The temperatures
(1073.15, 1173.15, 1273.15, 1373.15, 1473.15, and 1573.15 K) including the predicted
flame temperature range, were set in the electric furnace. Figure 3 shows a schematic
diagram of an overall preliminary experiment for measuring the temperature set in an
electric furnace.
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Figure 3. Schematic diagram of the measurement system applied to an electric furnace.

As shown in the schematic diagram in Figure 3, the inside of the electric furnace was
composed of ceramic board insulation to maintain a steady state (for internal temperature),
and a quartz tube (170 cm) was inserted in the center of the electric furnace. In addition,
calcium fluoride (CaF;) wedged windows were installed at both ends of the electric furnace
because the reflected light generated between the light source and the window causes
signal distortion (etalon noise). The temperature was set as the measured value from the
R-type T/C installed in the insulation at the center of the electric furnace. Next, in the
case of a laser system, the laser was largely divided into a transmitter and a receiver. For
the transmitter part, the laser of the irradiated light source was a distributed feedback
laser (butterfly 14 pin, NTT), which contained wavelengths of 1.34923 and 1.34927 um
within a single scan range. A laser controller (ILX Lightwave, LDC-3908) was used to apply
a constant current and temperature to the laser to emit the light source of the selected
H,O absorption wavelength. Here, the current and temperature of the laser controller
were determined using a wavemeter (HighFinesse laser and electronic system, WS-6)
to accurately confirm the selected wavelength region. In addition, a waveform with a
constant period and amplitude was applied to the laser controller using a function generator
(Tektronix, AFG320) for wavelength tuning and signal analysis of the absorption signal.
The receiver part was composed of a photodetector (Thorlabs, PDA20CS-EC) to detect light
sources and a data acquisition (DAQ) system for data acquisition. Then, the light source
transmitted through the inside of the electric furnace was focused on the photodetector
on the receiver. Here, photodetector 2 was used to receive the initial intensity also, light
source was detected at the photodetector 2 through the solid etalon with a free spectral
range (FSR, 2.00 GHz) to convert the time domain of the light absorption signal into the
wavelength domain. Additionally, photodetector 1 was used to analyze the transmitted
intensity, including the H,O absorption signal. The signals acquired by the DAQ system
(500 kS/s) were analyzed using MATLAB.

4.2. Combustion Experimental Setup

After the preliminary experiment, the combustion experiment was performed with
a metal fiber burner to analyze the characteristics of temperature and HyO concentration
generated from the premixed CH,/air flame. Figure 4 shows the combustion setup part
of the metal fiber burner for generating the premixed CHy/air flame and the laser setup.
The heat load of the metal fiber applied to the experiment was approximately 9000 kcal/h
with an equivalence ratio of 1.00. The fuel was supplied as CHy gas to the center below
the metal fiber burner. After general compressed air was converted to dry air via a drying
system, the oxidizer was supplied to the sides of the metal fiber burner. This dry air was
mixed with CHy gas at the center of the metal fiber burner. The premixed CHy4 gas and dry
air were formed into a flame from the porous surface of the metal fiber burner. The flow
rates of the fuel and oxidizer for controlling the equivalence ratio (®) were controlled by a
mass flow controller (MFC), and N, gas was injected on the side of the burner to eliminate
the inflow of external air into the flame.
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Figure 4. Schematic diagram of the measurement system applied to a metal fiber burner.

The laser setup part based on TDLAS was applied with the same setup as in the
preliminary experiment. The light source was transmitted directly into the premixed
CHy,/air flame to measure the temperature and H,O concentration. A gold mirror with
high reflectance was used to ensure a high SNR of the absorption signal because the
integrated absorbance increased as the optical path length increased (94 cm). The light
source was also transmitted to a height of 5 mm above the surface of the metal fiber burner.

Table 2 shows the conditions of the combustion experiment. The fuel was fixed at
8.46 L/min for a heat load of 9000 kcal/h, and the equivalence ratio was determined by
adjusting the oxidizer. The equivalence ratio was set at 0.15 intervals from the fuel lean
condition of 0.70 to the fuel-rich condition of 1.30.

Table 2. Operating conditions for the combustion experiment of premixed CHy/air flame.

Equivalence Ratio (®) Fuel (L/min) Air (L/min)
0.70 252.57
0.85 208.68
1.00 8.46 176.44
1.15 154.58
1.30 137.03

5. Results and Discussion
5.1. Results of Preliminary Experiment

Figure 5 shows the two partially overlapped HyO absorption signals measured at
the center temperatures of 1073.15, 1273.15, and 1573.15 K in the electric furnace in the
preliminary experiment.

——1073.15 K

b
a C i
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Figure 5. (a) Two partially overlapped H,O absorption signals measured at 1073.15 K, (b) 1273.15 K,
and (c) 1573.15 K in the electric furnace.

As shown in Figure 2b, the linestrengths of the two partially overlapped H,O ab-
sorption wavelengths with increasing temperature were compared. It was found that the
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magnitude of the two partially overlapped H,O absorption signals measured according
to the temperature in the electric furnace corresponded to the tendency of the ratio of
the linestrength analyzed in Figure 2b. Specifically, in the linestrength ratio in Figure 2b,
S1 was larger than S2 below 1275.15 K. In contrast, it can be seen that S1 and S2 were the
same at 1267.66 K. It was confirmed that S1 tended to be smaller than 52 above 1273.15 K.
As shown in Figure 5a, the two partially overlapped H,O absorption signals measured
at 1073.15 K showed that Al was larger than A2, such as the ratio of the line strength in
Figure 2b. Figure 5b shows that the absorption signals of Al and A2 were almost the same
at 1273.15 K. Finally, it was found that the absorption signal at 1573.15 K was larger in
A2 than in Al. Thus, it was confirmed once again that the tendency of the two absorption
signals and the line strength ratio analyzed in Figure 2b were the same. Figure 6 shows the
result of internal temperatures measured by the T/C of the electric furnace set at 1473.15 K.
TDLAS based on line of sight is a technology that provides the line-average information
of a measurement target. Therefore, the temperature value measured by TDLAS in the
electric furnace was compared with the temperature value measured by the T/C based on
the internal length interval measurement.
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Figure 6. Measured temperature profile using thermocouple at 1473.15 K in the electric furnace.

As the measurement range of temperature is different depending on the T/C type,
K-type T/C was used for temperatures from 1073.15 and 1173.15 K, and R-type T/C was
used for temperatures from 1273.15 to 1573.15 K. In particular, the temperatures were
measured at 1-cm intervals in an electric furnace with a length of 170 cm. As shown in
Figure 6, the average temperature of the internal length intervals using a T/C at a center
temperature of 1473 K was measured at 1273.34 K. The average temperature of the internal
length interval was lower than the set center temperature of the electric furnace because the
mounts for fastening the CaF, windows on both sides of the electric furnace were far from
the heating element. In addition, it was a region where heat exchange with the atmosphere
occurred, and heat was not preserved at both ends of the electric furnace. As a result, the
comparison between the average temperature of the internal length interval measured by
the T/C and the set center temperature in the electric furnace was derived, as shown in
Table 3.

Table 3. Comparison of set temperature in electric furnace and temperature measured by T/C.

Set Temperature (K) 1073.15 1173.15 1273.15 1373.15 1473.15 1573.15

Measured

797.30 924.08 1069.39 1165.48 1273.34 1360.28
temperature (K)

Figure 7 shows a comparison of the reconstruction method using half absorbance
and the multi-peak Voigt fitting method proposed to analyze the two partially overlapped
H,O absorption signals. From Equations (1) and (2), the reconstruction method using half
absorbance focused on the spectral lineshape symmetry of lifetime broadening, which
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is the principle of Heisenberg’s uncertainty. As shown in Figure 7a, because they have
a symmetrical normal distribution based on the peak of the absorption signal, Al and
A2 can be reconstructed using each half absorbance except for the center of the two partially
overlapped H,O absorptions. Half absorbances that are bidirectionally symmetric with
respect to the center absorption line of A1 and A2 were generated, and then Voigt fitting was
applied. Figure 7b shows a graph that analyzes signals from a mathematical model (curve
fitting method) to which individual Voigt fittings were applied using the multi-transitions
theory of Equations (3) and (4).

(a) Reconstruction method using half absorbance (b) Multi-peak Voigt fitting

Ay T A; A A,
N

Figure 7. Comparison of reconstruction method using half absorbance and multi-peak Voigt fitting
method presented for analysis of the two partially overlapped H,O absorption signal.

As shown in Figure 7b, the peaks of absorbance areas Al and A2 analyzed by multi-
peak Voigt fitting were lower than the peak of the total absorbance area, unlike what
occurred for the reconstruction method using half absorbance shown in Figure 7a. The
center area of the two partially overlapped H,O absorption signals was expected to cause
the peak increase to be higher than the peak of the existing individual absorption signal.
In summary, analysis methods were presented to clearly identify the characteristics of the
two partially overlapped H,O absorption signals according to the temperature. Therefore,
the two partially overlapped H,O absorption signals were analyzed by the reconstruction
method using the half-absorbance and multi-peak Voigt fitting methods presented in this
study [18-21].

Figure 8 shows the comparison of the temperature derived from the methods of
analyzing the two partially overlapped H,O absorption signals and the temperature
measured by the T/C to precisely measure the temperature set in the electric furnace.
In Figure 8a, the two partially overlapped H,O absorption signals were separated into
Al and A2 after applying the multi-peak Voigt fitting method at 1073.15 K of the electric
furnace. Because the linestrength ratio of the two partially overlapped H,O absorption
signals selected in this study changed sensitively depending on the temperature, the
two absorption signals were accurately analyzed for changes in the sensitive absorption
signals Al and A2 in the set temperature range. In particular, from Figure 2b, when the
linestrength was smaller or greater than 1267.66 K, at which S1 and S2 were equal, the
absorbance areas Al and A2 significantly increased or decreased, respectively. At the set
center temperature in the electric furnace, Figure 8b shows a comparison of the temperature
measured by TDLAS using the methods shown in Figure 7 and the average temperature
of the internal length interval measured by the T/C. The temperature was derived by
applying the integrated absorbance of the partially overlapped HyO absorption signal
separated by the reconstruction method using half absorbance and the multi-peak Voigt
fitting method to temperature equation [24]. It was determined that the temperature value
measured by TDLAS based on the methods of Figure 7 corresponded to the tendency of
the average temperature value of the internal length interval measured by the T/C.
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Figure 8. (a) Multi-peak Voigt fitting for measured data at 1073.15 K, and (b) comparison of the
experimentally obtained temperature using TDLAS with measured temperature using T/C in the
electric furnace.

In contrast, the temperature measured by TDLAS based on the methods shown in
Figure 7 did not significantly decrease compared to the center temperature of the electric
furnace because it was an internal line-average measurement. However, as can be seen
from Figure 8b, when comparing the temperature results measured by the methods of
Figure 7, the temperature measured by the reconstruction method using half absorbance
was considerably higher than the temperature measured by the multi-peak Voigt fitting
method at the center temperature of the electric furnace at 1073.15 and 1173.15 K. Thus,
it was derived that the temperature measured from the reconstruction method using
half absorbance tended to be lower than the temperature measured by the multi-peak
Voigt fitting method as the temperature increased to 1573.15 K. As shown in Figure 2b,
it was confirmed that the ratio of the two partially overlapped H,O linestrengths was
significantly different when the temperature decreased and increased at 1267.66 K. The
reconstruction method using half absorbance did not sensitively consider the increased area
due to the overlapped center area of the two partially overlapped H,O absorption signals
when the absorbance area Al was considerably larger than A2 (Figure 8a), such as the
absorption signals measured at 1073.15 K. The absorbance area A2 increased excessively
with the amount of absorbance area Al overlapped with the original absorbance area
A2. It was expected an error in temperature measurement caused by the reconstruction
method using half absorbance, as a result of analyzing the increased absorbance area
A2 due to the absorbance area Al instead of the original A2 absorbance area. As shown
in Figure 8a, the multi-peak Voigt fitting method showed a large difference, unlike the
reconstruction method using half absorbance, because it considered the increased area at
the center of the two partially overlapped H,O absorption signals. However, as can be
seen from the analysis results of Figure 8b, it was considered that the center area of the
two partially overlapped H,O absorption was not significantly affected because the two
H,O absorption signals analyzed by the reconstruction method using half absorbance had
similar linestrength in the temperature range of 1250-1350 K.

Figure 9 is a graph of the absorption signals at 1073.15 and 1473.15 K analyzed
by the reconstruction method using half absorbance. As can be seen from Figure 9a,
when Al was larger than A2, the large absorption area Al affected the increase of the
absorption area A2, which caused an error. However, as shown in Figure 9b, when the
absorbance areas Al and A2 were similar, they increased in the same proportion. Therefore,
the difference between the temperature measured by the two methods analyzed within
1250-1350 K showed a similar tendency. As a result, the two partially overlapped H,O
absorption signals throughout the preliminary experiment were more accurately analyzed
for areas Al and A2 derived from the multi-peak Voigt fitting method. It was confirmed
that the temperature measured by multi-peak Voigt fitting showed a linear tendency
similar to the center temperature of the electric furnace and had higher temperature
measurement sensitivity.



Appl. Sci. 2021, 11, 3701

12 of 16

@),, (b) .

T T T T T
Temperature - 1073.15 K Measured data Temperature - 1473.15 K Measured data
0.30 Aq — A
A, 051 A,
o2sL Yo Reconstructed Ay @ [ 1 |- Reconstructed A,
----- Reconstructed A, 04 - ----- Reconstructed A,

020
03

Integrated absorbance (cm'1 )
Integrated absorbance (cm'1)

015 | 1
02 i
0.10 | B
005 | 0.1+ i
0.00 - R : 0.0 = e
1.3491 13492 1.3493 13494 1.3495 1.34915 1.34920 1.34925 1.34930 1.34935 1.34940 1.34945
Wavelength (um) Wavelength (um)

Figure 9. Reconstruction method using half absorbance for measured data at (a) 1073.15 K and (b)
1473.15 K.

5.2. Results of Combustion Experiment

The temperature and H,O concentration in the premixed CH,/air flame were de-
rived from the two partially overlapped H,O absorption signals with high sensitivity, as
confirmed by the multi-peak Voigt fitting method using an electric furnace (Figure 10).
Figure 10a shows the two partially overlapped H,O absorption signals at an equivalence
ratio of 1.00, for the premixed CHy/air flame. Similar as in the temperature analysis of
the preliminary experiment, the integrated absorbance areas Al and A2 were separated
using a multi-peak Voigt fitting, and the flame temperature was derived by applying the
separated integrated absorbance areas A1l and A2 to temperature equation [24]. Thereafter,
the derived flame temperature was used to calculate the linestrength equation [26], and
the obtained linestrength was used to calculate the H,O concentration using concentration
equation [27]. Figure 10b shows the two partially overlapped H,O absorption signals at an
equivalence ratio of 1.00, as shown in Figure 10a. The H,O concentration in the premixed
CH,4/air flame was calculated using the total integrated absorbance area (consecutive
slashes), as shown in Figure 10b. That is, as shown in absorbance equation [27], the total
linestrengths in the wavelength range in which the absorption signal occurs should be
included in the two partially overlapped H,O absorption signals. Therefore, after applying
the measured flame temperature to linestrength equation [24], the linestrength correspond-
ing to the two partially overlapped H,O absorption signals was calculated. Then, it was
applied to the calculation of the H,O concentration in the premixed CHy/air flame by using
the integrated absorbance obtained from the total partially overlapped H,O absorption
signals shown in Figure 10b. Figure 11 shows a graph comparing the flame temperature
and HyO concentration measured by TDLAS with the temperature value measured by
R-type T/C and the H,O concentration derived by Chemkin.

10 10
(a) ‘— Partially overlapped two H,O absorption signaII (b) —— Partially overlapped two H,O absorption signal

Current modulation (frequency): 1 kHz

gl |
Absorbance area
for H,O concentration calculation

|
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0 Equivalence ratio - 1,00 0 Equivalence ratio(®) - 1.00

I L I
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Figure 10. Two partially overlapped H,O absorption signals (a) for measuring temperature, and (b)
for measuring HyO concentration under an equivalence ratio of 1.00.



Appl. Sci. 2021, 11, 3701

13 of 16

(a).. | (b) .

—=— Multi-peak Voigt Fitting, TDLAS 23
[ |—*— R-type T/C - average for length interval ] 22
1500 -

—=— Measured H,O(TDLAS)
—e— Simulated H,O(Chemkin)

15580

21
20
19
18
17
16
15
14
13
12
11
10 I I I I I L I

1450 -

1400 |-

1350 -

1300 (-

12580

Temperature (K)
H20 concentration (%)

1200

1180

1100

Equivalence ratio (®) Equivalence ratio (@)

Figure 11. (a) Comparison of measured temperature using TDLAS and thermocouple, and (b)
analysis of the H,O concentration using Chemkin and TDLAS according to various equivalence
ratios in a combustion environment.

Figure 11a shows the results of comparing the temperature measured using the R-type
T/C and the temperature measured by the multi-peak Voigt fitting base TDLAS at a height
of 5 mm above the surface of the metal fiber burner. The blue symbol in Figure 11a is the
average temperature measured using R-type T/C corrected for heat loss (radiative, etc.)
based on the internal length interval measurement in the flame, such as the laser path. As
shown in Figure 11a, the temperature measured by the R-type T/C with various bead sizes
(0.4, 0.8, and 1.0 mm) was derived by a linear function in which the temperature increased
as the bead size decreased at the measured point in the flame. Then, the heat loss of R-type
T/C was corrected [28]. The error bar of the blue symbol was caused by the temperature
fluctuation measured by T/C in the region where the flame surface and the outside air
react. That is, the temperature measured by the multi-peak Voigt fitting base TDLAS and
the temperature measured by calibrated R-type T/C corrected for heat loss showed similar
tendencies. In general, in the case of a premixed flame in which fuel-air is well mixed, the
temperature near equivalence ratios of 1.00-1.05 has the highest value compared to when
the fuel is rich or lean [29,30].

As can be seen in Figure 11a, the temperatures measured by the multi-peak Voigt
fitting-based TDLAS and the temperature measured by the R-type T/C were the highest at
1385.80 and 1384.90 K, respectively at the equivalence ratio of 1.00, and the temperature
decreased in the fuel-lean condition less than the equivalence ratio of 1.00. In addition, it
was found that the temperature under the fuel-rich condition with an equivalence ratio
of 1.00 or more decreased, as in the fuel-lean condition. When the amount of air was
reduced at an equivalence ratio of 1.00 (fixed fuel rate) or more of the combustion reaction,
unburned CO was generated. The temperature was expected to decrease owing to the
incomplete combustion. In contrast, when the equivalence ratio was 1.00, the unreacted
air cooled the heat of the flame, which lowered the flame temperature and the oxygen
concentration increased [31]. Figure 11b is a graph comparing the H,O concentration
measured by TDLAS with the H,O concentration derived by Chemkin in the premixed
CH,4/air flame. Chemkin simulations were performed using a GRI 3.0 based chemical
reaction mechanism suitable for CH, /air flames, and a premixed laminar burner-stabilized
flame code was considered [32]. As mentioned in the experimental setup, because the light
source is transmitted to a height of 5 mm above the surface of the metal fiber burner, the
simulated HyO concentration based on a height of 5 mm above the burner surface was
considered. The H,O concentration derived from Chemkin according to the equivalence
ratio decreased to 0.85 (16.30%) and 0.70 (13.70%) under the fuel lean condition. The H,O
concentration was expected to decrease significantly, owing to the increase in unreacted air
in the combustion reaction under fuel-lean conditions, and the H,O concentration under
the fuel-rich condition of 1.15 (18.80%) was derived to be higher than the equivalence ratio
of 1.00 (18.40%). Table 4 shows the flame temperature and concentration measured using
TDLAS based on multi-peak Voigt fitting at the equivalent ratio from 0.70 to 1.30.
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Table 4. Results of the temperature and concentration measured using a TDLAS-based multi-peak
Voigt fitting in a premixed CH,/air flame, and the analyzed standard deviation corresponding to the

measured temperature and concentration.

Equivalence T:ﬁf;s%rsiig Standard Measured Conc. Standard
. . . .. . o . o

Ratio TDLAS (K) Deviation (£K) Using TDLAS (%)  Deviation (£%)
0.70 1342.3 13.1 13.89 0.32

0.85 1374.9 16.2 15.39 0.33

1.00 1385.8 11.2 18.05 0.31

1.15 1384.3 15.6 18.92 0.32

1.30 1337.0 13.8 18.62 0.30

In addition, the measured temperature and concentration results showed standard
deviation values through 10 repeated experiments. The changes in the analyzed tem-
perature and concentration deviation were derived in the range of about 11~16 K and
0.30~0.33%, respectively. In general, the H,O concentration was maximized when it was
slightly fuel-rich ($ = 1.15), but not when it was stoichiometric. This phenomenon oc-
curred because the heat combustion and specific heat decreased simultaneously when the
equivalence ratio was larger than 1.00. That is, when the heat combustion was larger than
the equivalence ratio (® = 1.05) corresponding to the maximum temperature, it decreased
more rapidly. The decrease in specific heat is a phenomenon that occurs mainly because
the number of product moles decreases compared to the number of reactant moles [29,33].
Based on this result, the HyO concentration tendency measured by TDLAS according to
the various equivalence ratio is consistent with the H,O concentration tendency calculated
by Chembkin.

6. Conclusions

In this study, an experiment was conducted to measure the H,O concentration and
temperature in a premixed CHy/air flame using two partially overlapped HyO absorption
signals based on TDLAS.

It was confirmed that the two partially overlapped H,O absorption regions selected
through the HITRAN database did not interfere with other combustion products, and the
validity of the wavelengths selected from the optimal line selection method summarized
by Zhou et al. was verified.

The accuracy of the temperature measurement was confirmed in the set tempera-
ture range, including the flame temperature, through a preliminary experiment using
an electric furnace. To analyze the change in the sensitivity of two partially overlapped
H,O absorption signals according to the temperature, they were separated into integrated
absorbance areas Al and A2 via multi-peak Voigt fitting. The line-average temperature
measured by the multi-peak Voigt fitting base TDLAS within 1073.15-1573.15 K set in the
electric furnace exhibited a linear tendency when compared to the temperature measured
by the T/C. Subsequently, the flame temperature and HyO concentration were derived
from the premixed CHy/air flame based on the results of the confirmed sensitivity in
the preliminary experiment. The temperature measured by the multi-peak Voigt fitting
based on the TDLAS and the temperature measured by the T/C corrected for heat loss
under lean fuel conditions showed the same tendency, and the highest temperature was
measured at an equivalence ratio of 1.00. In the case of the H,O concentration in the
premixed CHy/air flame, the HyO concentration derived using the GRI 3.0 mechanism
of Chemkin was compared with the H,O concentration measured by TDLAS. The H,O
concentration derived from the Chemkin simulation decreased sharply under fuel-lean
conditions, and the highest H,O concentration was derived in the fuel-rich region 1.15.
Hence, it was consistent with the tendency of H,O concentration measured by TDLAS.
This study focused on whether it is possible to accurately measure the temperature and
H,O concentration using two partially overlapped H,O absorption signals. In conclusion,
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the two partially overlapped H,O absorption signals can provide good results and are
expected to be effective in measuring the internal temperature and H,O concentration of
large combustion systems.
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Nomenclature

AE; Uncertainty of energy level

T Lifetime

ay Absorbance of multiple transitions

ov Voigt function

v Wavelength

vo,i Peak position

Vi Half-width at half maximum

M The number of peaks

i The serial number of each peak

YD Doppler’s half-width at half maximum
YL Lorentzian’s half-width at half maximum
M0 Molecular weight

E Lower-state energy

R Linestrength ratio
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