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A B S T R A C T   

Multispectral infrared absorption spectroscopy was developed for in situ, non-intrusive and 
quantitative measurements of temperature distributions in laminar premixed ethylene/air sooting 
flames. Tunable distributed feedback (DFB) lasers near 1343 nm, 1392 nm and 2482 nm were 
used to exploit multiple H2O absorption lines with varied temperature sensitivities. Scanned- 
wavelength direct absorption spectroscopy combined with the multi-line profile-fitting strategy 
was conducted for temperature sensing along the line-of-sight. This optical method was first 
numerically investigated for representative combustion fields to evaluate the measurement ac-
curacy and uncertainty under different noise levels (2–10%). In the experiment, optical mea-
surements were performed at different heights above the burner (3–15 mm) under three 
representative flame conditions (equivalence ratio Φ = 1.9, 2.1 and 2.3) with different co-flow 
gases (N2 and air). Our measurements successfully captured the temperature field and were in 
excellent agreement with the thermocouple data within the high-temperature region. A slight 
temperature rise in the central flame was quantitatively differentiated when co-flow gas was 
changed from N2 to air. The proposed method proves to be a promising combustion diagnostic 
technique for quantitative temperature measurements with the line-of-sight information.   

1. Introduction 

Laminar premixed sooting flames have been extensively used for studying soot formation and novel diagnostic techniques due to 
the good temporal stability and spatial uniformity [1–3]. The quasi-steady and quasi-uniform flame is also suitable for the verification 
and validation of chemical kinetic mechanisms and soot models [4–6]. In these studies, the thermochemical profiles were normally 
investigated along the axial direction perpendicular to the burner surface by assuming the flame to be one-dimensional (1D). As a 
consequence, very limited information of two-dimensional (2D) thermochemical distributions was reported for such burner-stabilized 
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flames. For instance, in the well-structured database from International Sooting Flame (ISF) workshop [7], thermochemical param-
eters were generally provided in 1D format. However, recent experimental measurements and computational fluid dynamics (CFD) 
simulations have revealed that such flames are not strictly 1D [8–10]. The evident 2D effects induced by the buoyancy-driven hot 
downstream and the enhanced heat transfer to the cool co-flow stream may cause non-negligible errors in kinetic modeling [11]. As the 
soot formation has evident temperature dependence, the flame temperature has been identified as the most significant parameter in 
sooting flame studies [12–14]. With a more strict constraint on the 2D temperature profile, the simulated soot distribution was found to 
be more consistent with experimental data [15]. 

Thermocouple has been frequently used for flame temperature measurements. The spatially-resolved temperature profile can be 
obtained by the pointwise measurement, but thermocouple has limited use due to its intrusive perturbation of the local combustion 
field and the essential requirement of the heat-transfer correction to raw data. Additionally, the hostile environment with soot 
deposition and catalytic effect further introduces measurement uncertainties [16]. In comparison, the optical technique has become 
more attractive for flame diagnostics favoured for the non-intrusive nature and spatially-resolved capability. 

Camera- and laser-based diagnostic techniques are the two major optical methods used for studying sooting flames. The camera- 
based technique utilizes the collected multi-directional and multi-spectral soot radiation to reconstruct the temperature field. This 
method has been successfully used for temperature measurement in lab-scale sooting flames [17,18]. However, frequent camera 
pre-calibrations, specially designed mathematical models and sophisticated algorithms are typically required to ensure reliable and 
accurate measurements. In terms of laser-based measurements, laser-induced fluorescence (LIF) and coherent anti-Stokes Raman 
scattering (CARS) are the common approaches for spatially-resolved thermometry [19,20]. The two methods usually require expensive 
and cumbersome high-power laser sources (e.g., Nd:YAG and dye lasers) [21]. Additionally, calibration is also required to realize 
quantitative measurement. 

Laser absorption spectroscopy (LAS) can provide highly quantitative and calibration-free measurements using compact, robust and 
simple diagnostic systems [22–24]. Although the line-of-sight (LOS) integration nature partially limits the measurement in 
non-uniform environments, two-dimensional measurements can be achieved using improved strategies, including tomographic 
reconstruction and multiline absorption thermometry [25,26]. The two strategies have been well-validated and widely used for 
quantitative measurements in flames [27–33]. However, the conventional tomographic reconstruction requires frequent mechanical 
translation to collect the absorption signals from multiple positions and directions, which limits the spatial resolution. Although 
advanced optical configuration with multiple photodetectors or CCD camera overcomes such issues [34,35], the consequent cost and 
complexity increase a lot. In addition, the tomographic reconstruction suffers moderate in measuring the low-temperature region due 
to the weak absorption near the flame boundary region. In comparison, multiline thermometry can be used to resolve LOS temperature 
distributions from high-temperature region to cool flame edge. This method utilizes the multiple spectrally-resolved absorption fea-
tures from a single LOS measurement to reconstruct the non-uniform distribution, making it attractive in axisymmetric flame mea-
surements [32]. Therefore, we selected the multiline thermometry to perform the measurements of sooting flames in the current work. 
Note that, the target laminar premixed sooting flame stabilized on McKenna burner is the benchmark flame collected in International 
Sooting Flame (ISF) workshop. Such flame is axisymmetric and steady. However, the radial distribution of temperature in this flame is 
not well measured due to its sooting environment for both contact and non-contact methods. LAS is a promising method for sooting 
flame due to its calibration-free and harsh-environment endurable features. To the best of the authors’ knowledge, attempt in ap-
plications of the multispectral absorption-based thermometry in this flame has not been reported elsewhere. Our main scope of this 
work is to optimize the selection of multiple absorption lines for temperature measurement in the target flame and develop strategy to 
resolve the temperature distribution along the line-of-sight optical path (i.e., the radial distribution). 

In this work, we present the development of multispectral infrared absorption strategy for temperature measurement in premixed 
sooting flames. A mid-infrared distributed feedback (DFB) laser near 2.5 μm and two near-infrared diode lasers near 1.4 μm were 
employed to target multiple H2O absorption lines. Regarding the measurement accuracy and uncertainty, the performance of the 
proposed method was first numerically evaluated under typical sooting flame conditions with different noise levels (2–10%). Ex-
periments were performed at different equivalence ratios (Φ = 1.9, 2.1 and 2.3) and co-flow gases (N2 and air). The slight temperature 
increase within the central flame due to the local re-burn near the flame edge was successfully captured. The current method proves not 
only show the capability of quantitative measurements but also the ability to differentiate the temperature nuance when boundary 
condition varies. 

2. Measurement principle 

The fundamental principles of LAS have been well detailed in the previous literature [36]. Here we only reproduce a brief 
description of spectroscopic fundamentals relevant to the current measurements to clarify the basic definition and nomenclature, and 
inform the reader how the gas temperature is inferred from the measured attenuation of laser intensity. When a collimated, 
spectrally-narrow laser beam at a specific optical frequency v (cm− 1) passes through a non-uniform absorbing gas medium with an 
accumulated optical absorption length L (cm− 1), the fractional transmission of the laser intensity is governed by the well-known 
Beer-Lambert law: 

(
It

Io

)

v
= exp( − αv) = exp

(

−

∫ L

0
Si(T(r))P(r)Xabs(r)φvdr

)

(1)  

Where I0 and It represents the incident and transmitted laser intensities, respectively, αv indicates the spectral absorbance at optical 
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frequency v [cm− 1], Si(T(r)) [cm− 2⋅atm− 1] is the temperature-dependent line-strength of the particular ro-vibrational transition i at 
local gas temperature T(r), P(r) [atm] is the total gas pressure, Xabs(r) is the local gas concentration of the absorbing species, r is the 
certain position along the line-of-sight (LOS), and φv [cm] is the line-shape function. As φv is normalized to 1, the integrated absorbance 
(Ai) across the entire absorption feature is expressed as: 

Ai =

∫ L

0
Si(T(r))P(r)Xabs(r)dr (2) 

For the flame environment with uniform pressure, Equation (2) is simplified to 

Ai =P
∫ L

0
Si(T(r))Xabs(r)dr (3) 

As the information of the non-uniform thermochemical distribution is embedded in Equation (3), measurements of the multiple 
absorption features are required to infer the unknown variables in temperature (T(r)) and gas concentration (X(r)) profile functions. 
When a series of absorption transitions with different temperature-dependence are selected, a non-linear equation set can be gener-
alized as: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 = P
∫ L

0
Xabs(r)S1(T(r))dr

Ai = P
∫ L

0
Xabs(r)Si(T(r))dr

⋮

Am = P
∫ L

0
Xabs(r)Sm(T(r))dr

(4) 

When the number of total equations is larger than or equal to the number of unknown variables, the equation set can be readily 
solved by the non-linear least-square fitting: 

min
T(r),Xabs(r)

∑m

i=1

(
P
∫ L

0 Xabs(r)Si(T(r))dr − Ai
measured

Ai
measured

)2

(5) 

The Levenberg-Marquardt algorithm was used for global convergence during the fitting process. In addition, the thermochemical 
distributions of the sooting flame under different co-flow conditions can be described by the following profile function: 

f (r)=

⎧
⎪⎪⎨

⎪⎪⎩

β2 +
β1 − β2

1 + e(r− β3)/β4
N2_Coflow

β1
′

1 + e(r− β2
′
)/β3

+
β4

′

1 + e(r− β5
′
)/β6

′ Air_Coflow
(6) 

If f(r) is the temperature profile function, for the flames with N2 coflow, β1 and β2 represent the central and the ambient tem-
perature, respectively; β3 is the radial position where the temperature is β1 − β2

2 ; and β4 is the gradient of the temperature decline region; 
for the flames with air co-flow, β1

′ and β4
′ represent the central flame temperature and the temperature rise near the flame edge, 

Fig. 1. Spectral simulation of the selected H2O absorption transitions near 1.4 and 2.5 μm based on HITRAN 2016 database for typical sooting flame 
conditions: T = 1600 K, P = 1 atm, L = 10 cm, XH2O = 10%, XCO2 = 3%, XCO = 16%, XCH4 = 0.5%, XC2H2 = 1.5%. 
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respectively; β2
′ and β5

′ indicate the transition position for temperature decline and rise; β3
′ and β6

′ are the gradient of the temperature 
decline region and gradient of the inverse-trapezoid temperature rise region, respectively. 

Note that, previous multispectral absorption spectroscopy with profile fitting strategy were mainly used to measure the laminar 
non-sooting premixed flame with central uniform high-temperature region and monotonic gradient region [28,29,32]. Study on the 
laminar premixed sooting flame with non-monotonic distribution profiles was sparse. Therefore, the optimal selection of multiple 
absorption transitions is very important to obtain reliable and accurate measurements. Firstly, the widely-used line selection criteria 
were utilized for the preliminary screening, mainly including sufficiently strong absorption line-strength and good spectral isolation 
from interfering species [37,38]. More specifically, for a minimum detectable absorbance of 0.01% and a required SNR over 10 in the 
atmospheric sooting flame measurements: 800 K < T < 2200 K, XH2O = 10%, L = 6 cm, the line-strength should ensure the peak 
absorbance of >0.1%. For the H2O absorption-based thermometry, interference from other major combustion products (e.g., CO2, CO) 
and intermediates species (CH4, C2H2) should be avoided. Then, the lower state energy (E”) of the selected transitions should be 
well-separated to ensure good temperature sensitivity in different temperature range [39]. Following the line-selection criteria, we 
finally select nine absorption transitions near 1.4 and 2.5 μm from the combination and fundamental band within 1–3 μm. 

Fig. 1 plots the spectral simulation of the selected absorption transitions under typical sooting flame conditions. All the selected 
lines have good isolation from other species and sufficient absorbance for detection. The relevant spectroscopic parameters of the 
selected transitions are listed in Table 1 based on the HITRAN database [40]. 

3. Experimental details 

The target laminar C2H4/air premixed sooting flame was stabilized on a standard water-cooled McKenna burner with an inner 
porous media diameter of 60 mm shielded by an annular co-flow. The flow rates of high purity fuel (99.95%), air (99.99%) and 
shielding co-flow (99.99%) were precisely and simultaneously monitored by the calibrated mass flow controllers (Sevenstar, ±1% 
accuracy). Similar to the flame condition in Refs. [9,41], the total flow rate of the fuel mixture was set to be 10 L/min. A series of 
equivalence ratios (Φ = 1.9, Φ = 2.1, Φ = 2.3) was achieved by varying the C2H4 and air flow rates. Table 2 lists the detailed flame 
conditions. The uncertainty of the overall equivalence ratio was estimated to be within ~ 1.4%. The shielding co-flow of ~10.8 L/min 
was used to avoid the surrounding air entrainment and fluctuations. Additionally, an extra stainless steel plate was placed 21 mm 
above the burner to eliminate the flame flickering for better stability. Typical sooting flame images recorded by a digital single lens 
reflex (SLR) camera was shown in Fig. 2. It is evident to observe the visually yellow radiation from high-temperature soot particles. The 
blue region around the central flame indicates the outer oxidation due to the co-flow air, which will be quantitatively measured. 

A schematic of the optical configuration for sooting flame measurements is illustrated in Fig. 2. Three spectrally-narrow, tunable 
and continuous-wave distributed feedback (DFB) lasers near 2482 nm (Nanoplus GmbH), 1392 nm (Wuhan Liujiu Inc.) and 1343 nm 
(Nanjing Qingchen Inc.) were utilized as the single-mode laser sources to target the selected absorption lines. The operation tem-
perature of the DFB lasers was precisely controlled by the commercial low-noise laser drivers (Wavelength Electronics, LDTC 0520) 
with a standard variation of ~ 0.002 ◦C during the whole experimental process. The laser injection current was scanned at 2 kHz using 
triangle waveforms generated by a function generator (TekTronix, AFG3052C) and the signals were sampled at a rate of 4.96 MHz 
using a multi-channel DAQ card (National Instruments, PCI-6110). Before traveling through the flame, all the collimated laser beams 
were concentrically aligned using a combination of dichroic mirror and beamsplitter. The transmitted laser beam was separated by a 
dichroic mirror and focused by convex mirrors onto the photodetectors. To mitigate the significant thermal radiation from the flame, 
narrow bandpass filters were placed before the photodetectors. In addition to the optical measurements, thermocouple measurement 
using a fine-wire B-type (Pt–30%Rh vs. Pt–6%Rh) thermocouple (Omega) with a diameter of 0.254 mm was also performed for 
comparisons. The measured raw thermocouple data were corrected considering the heat-loss correction and reading errors, which 
were detailed in Refs. [37,42]. 

Table 1 
Spectroscopic parameters of the selected H2O absorption transitions [40].  

Line # Frequency (cm− 1) Wavelength (nm) S @296 K (cm− 2atm− 1) E” (cm− 1) 

1 4029.428 2481.742 9.353 × 10− 6 2748.099 
2a 4029.524 2481.683 8.497 × 10− 5 2660.944  

4029.524 2481.683 2.834 × 10− 5 2660.945 
3 4030.361 2481.167 1.225 × 10− 5 2414.722 
4a 4030.498 2481.083 5.998 × 10− 10 4902.625  

4030.510 2481.076 1.800 × 10− 9 4902.612 
5a 4030.728 2480.941 2.146 × 10− 9 4889.485  

4030.729 2480.941 7.153 × 10− 10 4889.486 
6a 7185.597 1391.673 4.902 × 10− 3 1045.058  

7185.597 1391.673 1.470 × 10− 2 1045.058 
7a 7444.352 1343.300 5.405 × 10− 4 1774.750  

7444.368 1343.297 1.539 × 10− 4 1806.670  
7444.370 1343.297 4.619 × 10− 4 1806.669 

8 7444.563 1343.262 1.555 × 10− 4 1774.615 
9 7444.695 1343.238 5.455 × 10− 4 1437.968  

a Several neighboring transitions with frequency spacing <0.02 cm− 1 have been considered as one transition. 
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Table 2 
Flame conditions and the corresponding flow rates.  

Flame C2H4 (L/min) Air (L/min) Co-flow Gas(10.8 L/min) Φ 

1 1.174 8.826 N2 1.9 
2 1.282 8.718 N2 2.1 
3 1.387 8.614 N2 2.3 
4 1.174 8.826 Air 1.9 
5 1.282 8.718 Air 2.1 
6 1.387 8.614 Air 2.3  

Fig. 2. Schematic of the laser absorption diagnostics in laminar premixed sooting flames. DFB, distributed-feedback diode laser; PD, photodetector; 
DM, dichroic mirror; BS, beamsplitter; NBF, narrow-band-pass filter; CM, convex mirror. 

Fig. 3. Simulated radial temperature distributions for sooting flames with (a) nitrogen co-flow and (b) air co-flow under different noise levels. 
Symbol, the expected distribution; line, the simulated distribution. 
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4. Results and discussions 

4.1. Numerical simulation 

We firstly conducted a numerical investigation of the sensor performance for sooting flame temperature measurements. The 
measurement accuracy and uncertainty are the major factors to be evaluated. Two representative temperature distributions originally 
obtained from the CARS measurement [9] were selected for the preliminary investigation. One distribution consists of a uniform 
high-temperature central region and a monotonically decreasing boundary region. The other distribution includes an 
inverse-trapezoid-like high-temperature region and a monotonically decreasing boundary region. The experimental noise usually 
influences the accuracy and uncertainty of the final derived results. Therefore, random white noise with a standard deviation of 2–10% 
was imposed to the integrated absorbance to explore such effects. For each investigated case, simulations were performed 100 times 
and the mean value of the simulated results was used as the derived results. 

The derived temperature distributions under different noise levels (2–10%) are depicted in Fig. 3 with a comparison to the expected 
distributions. The shaded area indicates the uncertainties mainly from the non-linear least-square fitting and Voigt fitting. For the 
sooting flames with nitrogen co-flow, as illustrated in Fig. 3(a), the derived temperature agrees well with the expected temperature 
within ~0.5% in the uniform central high-temperature region. In the boundary region, the derived temperature profiles are in good 
agreement with the set temperature profiles, but an evident temperature discrepancy exists near the gradient region. The maximum 
temperature difference is ~50 K, which is below the 10% noise level. For the non-monotonical temperature distribution in sooting 
flames with air co-flow, the derived temperature distribution agrees well with the expected distribution in the high-temperature re-
gion. As illustrated in Fig. 3(b), the relative temperature difference is mostly within ~1% for the noise level below 5% and the 
maximum relative temperature difference is ~ 2% for the noise level of 10%. The derived temperature profiles within the boundary 
region also show the evident temperature discrepancies near the gradient region. 

In addition to the above two experimentally measured distribution profiles, temperature contours from computational fluid sim-
ulations [43] were also selected for performance evaluation. The temperature contours cover a wide temperature range (1500–2200 
K). The derived temperature contours and the related absolute temperature difference contours under different noise levels were 
depicted in Fig. S1 of the supplementary material. For all the cases, the derived results well capture the entire temperature distribution 
profiles. It is evident that the temperature difference is mostly within 30 K within the high-temperature region. Similar to the findings 
in Fig. 3, the evident temperature difference lays in the gradient region, mostly within 100 K. Particularly, for the cases with a noise 
level below 5%, the maximum temperature difference is mostly within ~60 K. Hence, the simulation results indicate that the proposed 
optical method with high measurement SNR is robust to obtain reliable and appropriate temperature information. 

4.2. Experimental results 

4.2.1. Raw signal analysis 
A comparison of the multi-line and single-line Vogit-fitting was plotted in Fig. 4. For all the spectral features, the multi-line Voigt- 

fitting gives smaller residuals. In particular, the peak-normalized residuals near the absorption line-center of the multi-line Voigt- 

Fig. 4. Representative measurement results with multi-line and single-line best Voigt-fitting profiles. The residuals of the Voigt-fitting are presented 
at the bottom panels. 
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fitting are typically 2–10 times smaller than that given by the single-line Voigt-fitting. Therefore, multi-Voigt fitting was used during 
the Voigt-fitting process. 

Typical measurements of raw absorption spectra along with the multi-Voigt fitting profiles for sooting flames with different co-flow 
gases was depicted in Fig. S2 of the supplementary material. All the absorption features have a high SNR and can be well fitted by the 
multi-Voigt function. The fractional Voigt-fitting residuals are less than 1.5% over the entire absorption feature for the sooting flames 
with N2 coflow and air coflow. The peak absorbance in sooting flames with air coflow is larger than that in sooting flames with N2 Co- 
flow, which is due to the higher temperature and gas concentrations within the region where the unburnt fuel, intermediate products 
(e.g., CH4, C2H2 and H2) and generated soot re-burns with the coflow air. In particular, the residuals near the line-center of the se-
lection absorption lines are typically below 0.5%. Such a small fitting residual indicates the appropriate spectral fitting process and 
accurate integrated area of the absorbance, which ensures reliable and appropriate measurement results. The fitting residuals and non- 
linear least-square fitting error are mainly considered to estimate the measurement uncertainties. 

4.2.2. Discussion 
Firstly, we select the ISF target sooting flame at Φ = 2.1 for experimental demonstrations. The measured radial temperature 

distributions are depicted in Fig. 5 and are compared with the CARS measurements [9]. The LAS-determined temperature profiles are 
observed to be almost identical to the CARS and thermocouple measurements. More specifically, in the central uniform region, the LAS 
measurement agrees well with the CARS and thermocouple measurements within 7.7% and 1.4%, respectively. The LAS measurement 
also well captures the decline transition position in the boundary region and the raise transition position in the inverse-trapezoid-like 
region. Similar to the findings in Section 4.1, the measurement discrepancies mainly lay around the gradient region. The 
thermocouple-determined temperature agrees well with the CARS measurement mostly within 80 K, which indicates it can be a good 
reference for comparisons. 

Fig. 6 depicts the measured axial distribution of flame temperature along height above the burner (HAB). The LAS results at 
different equivalence ratios are compared with the thermocouple measurements to show the good agreements, mostly within a relative 
difference of ~42 K. The maximum temperature difference between the LAS and thermocouple measurements occurs at HAB = 13 mm 
with Φ = 2.3. Additionally, temperature results obtained by the LAS-based two-line thermometry and thermocouple measurements 
from the literature [41] are also plotted in Fig. 6 for comparison, showing a relatively good agreement. The temperature measured by 
multi-spectral LAS is consistently higher than the results obtained by the LAS-based two-line thermometry. This is because the cool 
thermal boundary layer near the flame edge reduced the derived temperature. The evident temperature decrease at HAB = 5–15 mm is 
due to the strong heat radiative loss of high-temperature gas products and soot particles, as well as the heat sink effect of the stabilized 
plate. The highest temperature is within a HAB of 3–5 mm, where strong fuel oxidation occurs. 

Fig. 7 presents the measured radial distribution of temperature at three representative HAB positions, including scarce sooting 
positions (HAB = 3 mm), slight sooting positions (HAB = 9 mm), and significant sooting positions (HAB = 15 mm). For each HAB, the 
LAS measured temperature agrees reasonably well with the thermocouple measurement, particularly in the central high-temperature 
region. For flames with N2 co-flow, the radial temperature remains almost constant in the central region and then decreases to the 
ambient condition. However, for the flames with air co-flow, the radial temperature remains almost stable till the edge of the fuel- 
mixture stream, and then experiences an increase before falling to the ambient condition. For a fixed equivalence ratio and HAB, 
the central temperature was observed to have a slight increase (10–24 K) when the co-flow was switched from N2 to air. Such a slight 
temperature increase is due to the enhanced flame heat transfer from the re-ignition high-temperature region near the flame edge. The 
re-ignition is mainly due to the oxidation of the combustible products by oxygen in the air co-flow. At the same HAB, the radius of the 
central uniform region for flames with different co-flow gases is almost identical. For the flames with air co-flow, the radial position of 

Fig. 5. Comparison of the radial temperature distribution for sooting flames at Φ = 2.1 under different co-flow conditions. Blue line: LAS mea-
surement; Black symbol: thermocouple (TC) measurement; Red symbol: CARS measurement [9]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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the highest temperature locates near the boundary where the reactants interact with the co-flow. 
Fig. 8 summarizes the radial temperature distribution at different HABs in a contour plot to visualize the thermal structures of the 

sooting flames. The LAS measurements are compared with the thermocouple data at different equivalence ratios and co-flows. The 
spatial resolution of the LAS-measured contour along the HAB and radial direction are 2 mm and 1 mm, respectively. For each case, the 
LAS and thermocouple measurements provided almost identical radial and axial distribution profiles of temperature. More specifically, 
the LAS measurement well captures the central uniform high-temperature region with a radius of ~25 mm for the flames with nitrogen 
co-flow and the inverse-trapezoid-like high-temperature region with a radius of ~32 mm for the flames with air co-flow. 

For the case study in axisymmetric laminar premixed sooting flames, the developed measurement technique is demonstrated to be 
reliable and appropriate to provide accurate temperature results. Note that, the application of current measurement technique in 
turbulent flames or unsymmetrical laminar flames is quite challenging. For unsymmetric laminar flames, it can be solved probably by 
adopting the tomography reconstruction method to obtain the basic distribution profiles of the flame, and then information of the 
similar flames can be measured using the line-of-sight absorption with presumed profile. For turbulent flames, by considering the effect 
of turbulence and using high-bandwidth (kHz-MHz) modulation strategy, time-averaged and time-resolved profiles of the turbulent 
reaction zone can be obtained. 

5. Conclusions 

In this work, we demonstrated the multispectral infrared thermometry for quantitative measurements of temperature field in 
sooting flames with different co-flow conditions using three tunable DFB lasers. Multiple H2O absorption transitions within the 
combination and fundamental ro-vibrational band (v1+v3, v3) were probed for accurate and sensitive temperature measurements using 
scanned-wavelength DAS. The technique was firstly validated against the data provided in the literature under the same flame con-
dition. Good agreement was found between the measured results and the literature data in terms of the axial and radial distributions of 
temperature. The optical measurements were then compared with the thermocouple measurements to show the successfully captured 

Fig. 6. Measured central flame temperature along the HAB in sooting flames at different equivalence ratio (Ф = 1.9, 2.1 and 2.3).  
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Fig. 7. Measured central flame temperature along the HAB in sooting flames with N2 co-flow at different equivalence ratios (Ф = 1.9, 2.1 and 2.3).  

Fig. 8. Temperature contours for C2H4/air sooting flames at different equivalence ratios and various co-flow gas types. The LAS measurements are 
compared with the thermocouple data. 
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temperature field. The slight temperature difference between different co-flow conditions reflects the enhanced heat transfer from the 
re-ignition high-temperature region near the flame edge. The successful differentiation of such a nuance indicates the superior 
sensitivity of the current method. The method described in the present work shows good potential for sensitive temperature sensing in 
sooting flames. To the best of our knowledge, this is the first quantitative measurement of temperature distributions in the laminar 
premixed sooting flame using multispectral infrared absorption spectroscopy. If the tomography reconstruction method and high- 
bandwidth (kHz-MHz) modulation strategy are adopted, the spatiotemporal resolution of the current method can be improved and 
has the potential of being used in combustion diagnostics of highly-transient or unsymmetrical flames. 
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