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To tackle the cross-interference problem between CHy and C>Hy and the aliasing interference problem
of C2Hy itself, on the basis of the sparse decomposition theory, multiple Lorventz function-based methods
were proposed for separating the cross-aliasing interference of near-infrared (IR) C2Hy absorption lines.
A quadruple Lorentz function-based separation model describing the absorption coefficient of C2Hy is de-
veloped, with which the absorption lines of background gas and to-be-measured C>H4 were separated from
the absorption lines of mixed gas, thereby effectively separating the absorption line of C:Hy and accurately
measuring its concentration. The results show that the maximum errors of C:Hy and CHy gasometrical anal-
yses are 5.3x107%/201.7x107% and 57x107%/5000x107, respectively. The proposed method effectively elim-
inates the errors caused by cross-aliasing interference of C>Hy absorption lines in the near-IR bands and
improves the detection accuracy of the TDLAS gas detection system. The findings of this study provide a fea-
sible solution to the cross-aliasing interference problem of IR absorption lines.
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Jna pewenus npobnem nepexpecmuoii unmeppepenyuu mexcoy CHy u CoHy u unmepgpepenyuu aunuil
C2Hy 6 bnuocnem HK-ouanasone paspabomana ocnosanuas ma @ynxyuu Jlopenya mooenv paszoeneHus,
onucwisarowas kodgguyuenm noznowenus CoHy, ¢ nomowgpio Komopoti iunuu noeioujeHus (hoHo8o2o 2asa
u noonexcaujeco usmeperuio C2Hy; omoenenst om aunuii noznowenus 2a3o8oti cmecu. Taxum obpasom evloe-
Jlena JUHUS NO2NOoWeHUs U mouHo uzmepena kouyeumpayus CrHy Maxcumanvhvle nocpewrocmu
eazomempuueckozo aunanuza CoHy u CHy 5.3x107/201.7x107% u 57x107%/5000x10°°. Ilpeonacaemvuii

“Full text is published in JAS V. 90, No. 1 (http://springer.com/journal/10812) and in electronic version of ZhPS
V.90, No. 1 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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cnocob 3gghexmusno ycmpansem owubKuy, 8bi36anHble NePeKpecmHol uHmepgepenyueti IUHULL No210ujeHUs
C2Hy 6 Oauocnem UK-0uanaszoue, u nogviuiaem mouHocms cucmemvl ooHapyscerus eaza TDLAS.
Knrwoueeswvle cnosa: camososzopanue yena, penpezenmamugnviii 2as, C2Hy, nunus noznowenus, unmep-

Gepenyus.

Introduction. Risk determination of coal spontaneous combustion, which causes a significant loss of
coal resources and environmental pollution every year, is a worldwide technical challenge. During coal oxi-
dation heating, ethylene (C;Hs) can serve as a sensitive indicator for ignition characterization of low-
metamorphic coal in gasometrical analysis, which can also be used as an indicator for the degree of coal
spontaneous combustion and extinction. Thus, fast and accurate monitoring of CoHy is very important. With
high sensitivity, non-intrusive nature, and selectivity, tunable diode laser absorption spectroscopy (TDLAS)
technology allows simultaneous detection of multiple gases, which has prominent advantages in the accurate
detection of coal spontaneous combustion marker gases. Coal spontaneous combustion disasters spread
across the world, not only causing a significant loss of coal resources and environmental pollution every year
but also seriously threatening the ecosystem and human health, which has become a global disaster [1-3].
Unlike other types of solid fires, coal spontaneous combustion is characterized by self-ignition, smoldering,
and re-ignition, which is extremely difficult to prevent and control because of the concealed fire source [4, 5],
oxygen-deficient oxidation, and easy re-ignition. Risk determination of coal spontaneous combustion is
a worldwide challenge [6, 7], and much in-depth research has been conducted from different perspectives by
numerous scholars across the world. Given the poor thermal conductivity of coal, gas detection has recently
been adopted to determine the risk level of coal spontaneous combustion [8, 9]. During coal oxidation, heat
is continuously accumulated and a series of gaseous components, including CO, C,He, CH4, C2H4, and C2H,,
are released [10, 11]. The release duration, concentrations, and types of these gases correlate with the type of
coal, geological conditions, temperature, oxygen concentration, etc. Different types of coals release different
types of gas during oxidation, whereas the temperature and time differences vary when the gases are re-
leased. Hence, for accurate prediction of coal spontaneous combustion, it is crucial to select a reasonable gas
that can reflect the temperature and state of combustion. To improve the accuracy and sensitivity of predic-
tion, the CoH4 or CoH4/C,H; ratio is often used in combination with gas indicators such as CO, by which the
state of coal spontaneous combustion can be accurately determined [12]. C;H4, emerges later than CO,
which is detectable at around 110°C; hence, it can be recognized as a marker gas for the accelerated oxida-
tion stage of the coal spontaneous combustion process [13]. It can serve as a sensitive indicator for ignition
characterization of low-metamorphic coal in gasometrical analysis, which can also be used as an indicator
for the degree of coal spontaneous combustion and extinction. By monitoring the concentration of CoHa, coal
spontaneous combustion can be forecast. Once the indicator gas exceeds the threshold, timely treatments
should be taken to prevent further spontaneous combustion.

As a new approach to high-sensitivity gas detection, TDLAS technology has advantages of noncontact,
high selectivity, high sensitivity, fast response, high efficiency, long calibration period, and capability for
dynamic detection [14, 15], which allows simultaneous detection of multiple gases[16, 17]. Thus, TDLAS
are promising for the accurate detection of Co;Hy as a coal spontaneous combustion marker gas. Detecting the
C>Hs composition, concentration, and change rates during spontaneous combustion by using TDLAS tech-
nology provides reliable data for early combustion warning and relevant risk level determination, which has
significant research value.

Extensive basic studies have been conducted concerning TDLAS technology across the world [18-20],
which are valuable for application in industrial safety monitoring, environmental monitoring, etc. However,
simultaneous trace detections of coal spontaneous combustion marker gases based on TDLAS technology
have not yet been reported. As is clear from Fig. 1, the detection accuracy is limited by the cross-interference
between CHy4 and C,Ha4, the serious aliasing interference of absorption lines of CoHy itself, and the poor sin-
gle-peak feature of CoH4 near-IR absorption lines. Hence, high-precision TDLAS detection of C;Hs can be
achieved by tackling the cross-interference problem between CH4 and CoHy, as well as the aliasing interfer-
ence problem of C,H4 absorption lines. In this paper, focusing on the aforementioned problems, we propose
multiple Lorentz function-based methods for separating the cross-aliasing interference of C;Hy4 near-IR ab-
sorption lines, to effectively separate the absorption lines of CoH4 and accurately measure its concentration.
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Fig. 1. Absorption line distribution of C,Hy at the 1626.343 nm central wavelength.

Beer—Lambert law. Attenuation of IR spectral intensity caused by the absorption of gas molecules is
related to the optical path length of light passing through the target gas and the concentration of the target
gas, which can be described by the Beer—Lambert law [21, 22] with an expression of:

__ [o(V):
A(v)= ln—l(v) o(v)CL , (1

where lo(v) and /(v) represent incident and outgoing light intensities; v represents the wave number, v = 1/A;
a(v) represents the absorption coefficient of the target gas; A(v) represents the absorbance; C represents the
volume concentration of target gas per unit pressure; L represents the total optical path of light passing
through the target gas. According Eq. (1), if the light intensity of incident light and the total optical path
passing through the target gas are determined, the target gas concentration can be derived directly from the
attenuation of light intensity. The expression for the target gas concentration is:
_AW)
S(TPL’

where S(T) denotes the absorption line intensity of the gas spectral line per unit pressure, cm 2 - atm™'; T rep-
resents the temperature, °C; P denotes the ambient pressure of target gas, atm.

Experimental system. To test the method we proposed, we built an experimental system for the gas
contraction calibration based on a commercialized high-precision gas distribution device, as shown in Fig. 2.
The gas distribution mode is the flowed distribution mode, and the flow rate of each channel can be set via
computer software. By using this system, we can produce a gas mixture with eight components and control
the concentration of each component with a ppv-level accuracy. During the experimental characterization,
the Herriott cell is first purged by pure nitrogen gas for 5 min to avoid the interference of residual gas in the
cell, and then is fulfilled by the tested gas with pre-set concentration. The intensity of the optical signal pass-
ing the Herriott cell is collected by a focusing lens and detected by a photodetector, which is connected to
the computer via a lock-in amplifier.

)
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Fig. 2. Experimental system for gas concentration calibration.

Multiple Lorentz decompositions for separating cross-aliased C;H4 absorption lines. With the
presence of multi-component absorption gases in the vicinity of the absorption line of the target gas, the
Beer—Lambert absorption law can be rewritten as:

A(v) =In[1,(v) 1 1,(V)]=[o,(V)C, + o, (V)C, +---+ 0, (V)C, IL . 3)
Equation (3) can be excessively described as:
AWV)=Inly(v)-Inl,(v)=0,(V)C,L+a,(V)C,L---+0a,(V)C,L, 4)

where v denotes the laser frequency; o(v) and /,(v) denote the incident and outgoing light signals, respective-
ly; A(v) represents the absorbance of gas; a(Vv) represents the gas absorption coefficient; C is the gas concen-
tration; and L is the optical path length.
The Beer—Lambert absorption law commonly used in TDLAS is expressed as:

AWv)=InI,(v)-Inl,(v)=S(T)pg(v)CL, 5)
where S(7) stands for the absorption line intensity; p denotes the gas pressure; g(v) is the Lorentzian line
shape. The expression for g(v) is:

1

(V—v,)* +d* ’
where d denotes the collisional broadening half-width.

By combining Egs. (1), (5), and (6), we can derive the expression of the gas absorption coefficient,
which can be given as:

gv)=d/mn (6)

S(Tpd /n
(Vv=vo) +d*
Near the absorption line at 1626 nm, the absorption line of C;H4 is primarily cross-overlapped with that of
CHs. As clearly shown in Fig. 3, the cross-overlap interference of CHy exists at the positions where the four
strongest absorption peaks occur. Because under normal conditions, the concentration of CHys is at least 2 or-
ders of magnitude higher than that of C;H4, the absorption lines at these wavelengths are greatly influential
to the C,H4 measurements. Based on these facts, the peak at 1626.343 nm was selected as the optimal ab-
sorption line of C,Ha.

Within the absorption band 1626.0-1626.6 nm, C,H4 has four different absorption peaks. Thus, the Lo-
rentz line-shape functions can be used to represent the relevant absorption coefficients. Besides, the central
wavelengths and line widths of the Lorentz line-shape functions at these four peaks are relatively stable,
which are immune to the variation of C,Hs concentration. Hence, a quadruple Lorentz function model are
developed to describe the C,H4 absorbance, which can be given as:

K S, N S5 N Sy

a(v)=S(T)pg(v) = (M

M(v,s,5,,8:,8,) = + 5 8
(Vo51082:52.4) v=v)’+o’ (vov) o, (vevi)ita? (v-v)iHa’ ®
where v; =1626.057 nm, o;=0.04484 nm, v,=1626.184 nm, o,=0.0434 nm, vi3=1626.343 nm,
a3 =0.04421 nm, v4 = 1626.535 nm, o = 0.04502 nm, and s refers to the undetermined coefficients associ-
ated with absorption peaks.
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Fig. 3. Cross-section (a) absorption and (b) absorbance values of CH4 and C;H4 around near-IR 1626 nm.

According to Eq. (7):
Si = Si(T)pCc2 H4L . ©)

When the temperature 7, pressure p, and optical length L are known, the C;Hs concentration can be inverted
through multiple Lorentz fitting.

Cross-aliasing interference between CH4 and C;Hy is mainly considered during the detection of CyHa
in multi-component gases from coal spontaneous combustion. Accordingly, the following equation can be
derived from Eq. (4):

11110(\/) - lnlt(v) = [M(V’SI’SZ’SS’S4) + Damethane(v)] ’ (10)

where M (v,s,,5,,55,5,) denotes the absorbance of CoHs; Da (v) is the absorbance of CH4. According

methane
to Eq. (4), the concentration-associated undetermined coefficient D is:
D=Cqy,L. 11

Through nonlinear fitting of Eq. (10) by the least square method, various undetermined coefficients were ob-
tained, thereby achieving separation of the target gas and background absorption lines from the mixed gas
absorption line. Based on the calibration results of undetermined coefficients and gas concentrations, Cc y,

(concentration of C;Hs) and Cgy, (concentration of CHs) were obtained. To assess the effect of the quadru-

ple Lorentz decomposition in separating the multi-component gases from coal spontaneous combustion, two
groups of standard mixed gases, namely sample gas 1 and sample gas 2, were assigned. Table 1 lists the
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components and concentrations of the two sample gases, where the carrier gas is nitrogen. The standard
mixed gases mainly comprised the atmospheric air and the gases generated by coal spontaneous combustion
and oxidation.

TABLE 1. Components and Concentrations of Two Sample Gases

Standard 1 gas composition | Concentration, % Standard 2 gas composition | Concentration, %
CcO 102.4x10°° CcO 199.2x10°°
CO; 501.6x107° CO; 0.5
CH4 0.5 CH4 0.5
CyH4 99.2x107°° CyH4 201.7x10°°
CoH, 31.9x107°¢ CoH, 58.3x107
O 18 0, 12
Voltage, V a Absorbance, a. u. —a— C,H, absorption peak 1
7.5 S ——— LAt —e— C,H, absorption peak 2

—=— Absorption line —&— C,H, absorption peak3

70 0.008 —— C,H, absorption peak 4
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0.06 0.002
005 n 0.001
004 i
H 0.000
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Fig. 4. Absorption line separation effect with standard samples gas 1: (a) Absorption and background lines,
(b) C,H4 absorption peaks, (¢) CHy absorption peaks, and (d) Residual.

To measure the standard sample gas 1, different concentrations of multi-component standard gases from
coal spontaneous combustion were prepared using high-purity (99.999%) nitrogen as the carrier gas. Ac-
cording to the sparse decomposition theory, the scanning absorption lines of to-be-measured gas were de-
composed, and the absorption lines of target gas were separated by the quadruple Lorentz decomposition
method. Figure 4 displays the absorption line separation results with the C,Hs concentration of 59.52x107°.
Next, the corresponding gas concentrations were inverted based on the separated C;H4 and CH4 absorption
lines, respectively. Table 2 lists different concentrations of C;Hs4 and CH4 obtained with the standard sample
gas 1, as well as their detection results. According to the data in Table 2, the maximum detection error of
C2H4 concentration using standard sample gas 1 can be evaluated as 4.22x107%, whereas that of CH4 concen-
tration is 46x107°.
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TABLE 2. Different Concentrations of C,H4 and CH4 were Obtained Using Standard Sample
Gas 1 and Gas 2 and their Detection Results
Flow, L/min | Proportioning concentration, 10° | Measure concentration, 10° |  Error, 10°°
Gas 1
N2(99.999%) | Standard gas | CoHy CH4 CoHy CH4 CoHy CH4
0.8 02 19.84 1000 21.6 976 1.76 —24
0.6 04 39.68 2000 372 2015 —2.48 15
04 0.6 59.52 3000 55.3 3029 —4.22 29
02 0.8 79.36 4000 834 3967 4.04 -33
0 1 99.20 5000 95.7 5046 -3.50 46
Gas 2
0.8 02 40.34 1000 42.9 971 2.56 -29
0.6 04 80.68 2000 78.1 2042 -2.58 42
04 0.6 121.02 | 3000 116.5 2983 —4.52 =17
02 0.8 161.36 | 4000 166.6 3943 5.24 =57
0 1 201.7 5000 195.4 4955 -5.3 —45
Voltage, V a Absorbance, a. u. —=—C,H,absorption peakl  p
75 - 0.012 —&—C,H absorption peak2
—a— Background line .
—=— Absorption line —a—C,H,absorption peak3
70 F 0.010 —#—C,H,absorption peak4
& 0.008
6.0
0.006
55
0,004
5.0
0.002
45t r
16260 16261 16262 16263 16264 16265 16266 %260 10261 1g222 16263 16264 16265 16266 A, nm
, nm
Absorbance, a. u. c Residual, a. u. d
0.10 0.001
0.08 | 0.000 |-
0.06 | -0.001 |
0.04 -0.002
002} -0.003 |
0.00 ! ! ! . ! -0.004 1 1 1 1 1
16260 16261 16262 1£26.3 16264  1626.5 16266 16260 16261 16262 16263 16264 16265 16266 A, nm
, nm

Fig. 5. Absorption line separation effect with standard samples gas 2: (a) Absorption and background lines,
(b) C2H4 absorption peaks, (c) CHs absorption peaks, and (d) Residual.

Standard sample gas 2 was experimentally measured in the similar way, where different concentrations
of multi-component gases from coal spontaneous combustion were prepared using the gas mixing system.
Table 2 lists the relevant CoH4 and CH4 concentrations. The absorption lines of the target gas were separated
by using the quadruple Lorentz decomposition method. Figure 5 shows the absorption line separation results
with the C,H4 concentration of 80.68x107°. Thereafter, the corresponding gas concentrations were inverted
using the separated C;H4 and CHy4 absorption lines, respectively. Table 2 lists different concentrations of
C,;Hs4 and CH4 obtained with the standard sample gas 2, as well as their detection results. According to the
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data in the table, the maximum detection error of C,H4 concentration using standard sample gas 2
is 5.3x107%/201.7x107, whereas that of CH4 concentration is 57x107%/5000%107°.

As suggested by the above experimental results, the quadruple Lorentz decomposition allows separation
of the C;H4 and CHy4 absorption lines from multi-component coal spontaneous combustion gases and enables
accurate concentration detection of the two gases. Within the spectral scanning band of 1626.0—1626.6 nm,
the C,H4 absorption line in multi-component coal spontaneous combustion gases is interfered with primarily
by the cross-aliasing of absorption lines, whereas the interference of other gases is negligible. The measured
concentration of CHy in the multi-component standard mixed gas is more than 20 times higher than that of
C,Hy. The purpose is to provide strong interference of CH4 absorption lines for the measurement of CoHy
concentration and to thereby examine the effect of the quadruple Lorentz decomposition method. The meas-
urement data show that the maximum error of this separation method for measuring C,Hs concentration is
5.3x107%/201.7x107°, whereas that for measuring CH, concentration is 57x107/5000x107°, suggesting that
the proposed method can meet the requirements of actual detection.

Conclusions. Focusing on the cross-interference issues between CHys and C;Hy, as well as the aliasing
interference problem of C,Hs absorption lines, multiple Lorentz function-based methods for separating the
cross-aliasing interference of Co;Hs near-IR absorption lines are proposed according to the sparse decomposi-
tion theory. A quadruple Lorentz function-based separation model describing the absorption coefficient of
CyHy is developed. With the multiple Lorentz decompositions, a quadruple Lorentz function-based decom-
position model is used to describe the C,Hs absorption coefficient, and the absorption lines of to-be-
measured C,H4 and background CHy4 are separated from the cross-aliased absorption lines of the target gas,
thereby separating the overlapped absorption lines of C;Hs and CHy, as well as the aliased absorption lines
of CoHy itself. The maximum error of C;Hy gasometrical analysis is 5.3x107%/201.7x107, whereas that of the
concentration of CH4 gasometrical analysis is 57x107%/5000x1076. The experimental results show that the
proposed multiple Lorentz function-based separation method can effectively eliminate the cross-aliasing in-
terference of C,H4 absorption lines in the near-IR bands, reduce the measurement errors, and improve the de-
tection accuracy and stability of the TDLAS gas detection system.
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