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a b s t r a c t 

We propose a novel strategy for the accurate determination of non-uniform thermochemical distributions in ax- 

isymmetric flames using line-of-sight laser absorption spectroscopy with the constraints of hybrid information. In 

this method, the computational fluid dynamics (CFD) simulation or other diagnostic method (e.g., thermocouple 

measurement) is used to qualitatively characterize the thermochemical properties, whereas the kinetic modelling, 

chemical equilibrium calculation and thermocouple measurement are used to constrain the range of unknown 

parameters. Experimental demonstrations were firstly performed in a standard laminar CH 4 /air premixed flame 

stabilized on a McKenna burner at different equivalence ratios ( Φ = 0.8-1.2). With proper hybrid constraints, 

multiple solutions are avoided, and the deviation and convergence time can be simultaneously reduced compar- 

ing to the conventional method. For further demonstration, this strategy was then applied to a turbulent jet flame 

to recover the significant thermochemical gradient without the need for tomographic reconstruction techniques. 
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. Introduction 

Laser absorption spectroscopy (LAS) is a powerful diagnostic tech-

ique for non-intrusive, species-specific, fast, quantitative and in situ

easurements of multiple gas properties (i.e., chemical composition,

emperature, pressure and velocity) [1–5] . This technique normally pro-

ides path-averaged results due to its line-of-sight (LOS) nature. How-

ver, in the actual combustion environments under open or confined

onditions, significant thermochemical non-uniformities exist ubiqui-

ously along the optical path due to complex chemical reactions, heat

nd mass transfers, shear and multiphase flows and other effects [6] .

n combustion research, even for the widely-used lab-scale flat flames,

here is only a limited uniform region under typical combustion condi-

ions [ 7 , 8 ]. In the presence of the aforementioned thermochemical non-

niformity, the LOS measurement is prone to large errors [9] . Therefore,

here is an urgent need for improving the capability of LOS LAS to quan-

itatively reconstruct the thermochemical parameters along the optical

ath in the non-uniform environment. 

Many efforts have been devoted to reconstructing the non-uniform

istribution along LOS in axisymmetric environments, including tomo-

raphic reconstruction [10–13] and multi-line thermometry [14–18] .

he tomographic reconstruction method determines the non-uniform
∗ Corresponding authors. 

E-mail addresses: liuhaoma@whut.edu.cn (L. Ma), kpcheong@scu.edu.cn (K.-P. Ch

p  

ttps://doi.org/10.1016/j.optlaseng.2022.107014 

eceived 31 May 2021; Received in revised form 26 November 2021; Accepted 21 Fe

vailable online 9 March 2022 

143-8166/© 2022 Elsevier Ltd. All rights reserved. 
hermochemical distribution by combining multiple LOS measurements

t different positions or directions with the Abel inversion method [19] .

his method has been widely used for flame characterizations and suc-

essfully applied to practical propulsion engine exhaust measurements

20] . However, the implementation of this method requires many op-

ical accesses, sophisticated optical setup, complex data processing and

athematical retrial methods. 

Alternatively, multi-line thermometry resolves the non-uniform ther-

ochemical distribution by exploiting the spectral information of multi-

le distinct absorption lines. It requires only a single LOS measurement

cross the center of the target field, which significantly simplifies the

ptical configuration and signal processing. By using the temperature-

inning or profile-fitting strategy, thermochemical distributions can be

btained from the measured absorption spectrum [15–18] . Particularly,

iu et al. [15] performed the numerical and experimental research of the

emperature-binning strategy to retrieve the non-uniform temperature

istribution, which was further improved by adopting the regularization

ethod [16] . Zhang et al. [17] explored the temperature non-uniformity

sing a combination of the binning strategy and Gauss-Seidel iteration

ethods. However, such a temperature-binning strategy becomes less

fficient for complicated combustion fields. In the profile-fitting strat-

gy, 2-T, parabolic, trapezoid and Boltzmann profiles are usually em-

loyed based on the prior knowledge of the combustion field [ 15 , 18 ].
eong). 
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or the simplest 2-T distribution, more than five absorption transitions

re required to obtain reliable results [15] . In terms of the other distri-

ution profiles such as trapezoid and Boltzmann profiles, the minimum

umber of required transitions increases to eight if no any physical con-

traints are considered. If a limited number of absorption lines are ac-

essible, the profile-fitting strategy suffers from discrepant results. Ad-

itionally, the thermochemical distributions of turbulent flames cannot

e simply described by 2-T, parabolic, trapezoid and Boltzmann profiles

3] . Although it is possible to describe the distribution by a piecewise

unction, there will exist a large number of unknowns, leading to mul-

iple solutions, solutions with large deviations, or great computational

ost for least-squares fitting. 

In this work, we report the development of a hybrid constraint strat-

gy for quantitative temperature measurements in non-uniform axisym-

etric flames. A near-infrared diode laser at 1343 nm and a mid-infrared

istributed feedback (DFB) laser at 2482 nm were used to exploit H 2 O

bsorption lines, where temperature and H 2 O concentration can be de-

ived by a combination of the profile-fitting strategy and hybrid con-

traints from computational fluid dynamics (CFD) simulation, CHEMKIN

inetic modeling and thermocouple measurements. This technique was

emonstrated for temperature and H 2 O concentration measurements in

oth laminar and turbulent flames. 

. Spectroscopic fundamentals 

The principle of LAS has been well documented in the literature [21] .

ere we only briefly describe the spectroscopic fundamentals in the con-

ext of the current experiment to define the notation and clarify the pro-

osed technique. 

When a monochromatic and collimated laser beam at a specific fre-

uency v (cm 

− 1 ) travels through the gas medium with an optical length

f L (cm), the fractional transmission is governed by the Beer-Lambert

aw: 

𝑣 = − ln 
( 

𝐼 𝑡 

𝐼 𝑜 

) 

𝑣 

= 𝑘 𝑣 𝐿 = 𝑃 ∫
𝐿 

0 
𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝜙𝑣 𝑑𝑥 (1)

here 𝛼v and k v represent the spectral absorbance and spectral absorp-

ion coefficient at optical frequency v (cm 

− 1 ), respectively, I 0 indicates

he incident laser intensity, I t indicates the transmitted laser intensity, P

atm) is the total gas pressure, S i [ T ( x )] (cm 

− 2 ⋅atm 

− 1 ) is the temperature-

ependent line-strength of a particular ro-vibrational transition i, T ( x )

nd X abs ( x ) are the temperature and mole fraction of the absorbing gas

t position x along the optical path, and 𝜙v (cm) is the normalized line-

hape function. As 𝜙v is defined such that its integral over the entire

ptical frequency is unity, the integrated absorbance A i is given by: 

 𝑖 = ∫
∞

−∞
𝛼𝑣 𝑑𝑣 = 𝑃 ∫

𝐿 

0 
𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝑑𝑥 (2)

If the absorption information of multiple lines is obtained, the un-

nown variables can be obtained by solving the following non-linear

quation set: 

 

 

 

 

 

 

 

𝐴 1 = 𝑃 ∫ 𝐿 0 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝑆 1 [ 𝑇 ( 𝑥 ) ] 𝑑𝑥 
𝐴 𝑖 = 𝑃 ∫ 𝐿 0 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] 𝑑𝑥 

⋮ 
𝐴 𝑚 = 𝑃 ∫ 𝐿 0 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝑆 𝑚 [ 𝑇 ( 𝑥 ) ] 𝑑𝑥 

(3) 

The number of equations is normally larger than the number of un-

nown variables in thermochemical profiles so that the non-linear least-

quares fitting (LSF) can be used to solve the Equation set (3) by: 

min 
( 𝑥 ) , 𝑋 𝑎𝑏 𝑠 ( 𝑥 ) 

𝑚 ∑
𝑖 =1 

( 

𝑃 ∫ 𝐿 0 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] 𝑑𝑥 − 𝐴 

𝑖 
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

𝐴 

𝑖 
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

) 2 

(4) 

As the range of temperature and gas concentrations are constrained

y chemical equilibrium calculations (CEC), Eq. 4 can be expressed as
2 
ollows: 

min 
 ( 𝑥 ) , 𝑋 ab 𝑠 ( 𝑥 ) 

𝑚 ∑
𝑖 =1 

( 

𝑃 ∫ 𝐿 0 𝑋 abs ( 𝑥 ) 𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] dx − 𝐴 𝑖 
meas ured 

𝐴 𝑖 
meas ured 

) 2 

 𝑚𝑎𝑥 ( 𝑥 ) ≤ 𝑇 𝐶𝐸𝐶 , 𝑋 𝑚𝑎𝑥 ( 𝑥 ) ≤ 𝑋 𝐶𝐸𝐶 

(5) 

By further introducing the physical constraints from boundary con-

itions, the LSF can be replaced by the constraint least-squares fitting

CLSF) as: 

min 
 ( 𝑥 ) , 𝑋 ab 𝑠 ( 𝑥 ) 

𝑚 ∑
𝑖 =1 

( 

𝑃 ∫ 𝐿 0 𝑋 abs ( 𝑥 ) 𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] dx − 𝐴 𝑖 
meas ured 

𝐴 𝑖 
meas ured 

) 2 

 𝑝𝑟𝑒ℎ𝑒𝑎𝑡 _ 𝑧𝑜𝑛𝑒 ≤ 𝑇 𝑚𝑎𝑥 ( 𝑥 ) ≤ 𝑇 𝐶𝐸𝐶 , 𝑋 𝑝𝑟𝑒ℎ𝑒𝑎𝑡 _ 𝑧𝑜𝑛𝑒 ≤ 𝑋 𝑚𝑎𝑥 ( 𝑥 ) ≤ 𝑋 𝐶𝐸𝐶 

 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ( 𝐿 ) ≥ 300 𝐾, 𝑋 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ( 𝐿 ) ≥ 0 

(6) 

It often happens that there are not sufficient absorption lines to solve

he unknown variables and that the proper thermochemical distribution

s not always available. Thus, it may lead to the issue of multiple so-

utions or solutions with large deviations. Previous study found that a

ore appropriate distribution profile can contribute to a better retrieval

f the thermochemical distribution [15] . Besides, prior knowledge of the

arget combustion field can help to constrain the number and range of

he unknown variables. 

Hence, in our proposed hybrid constraint least-squares fitting

HCLSF) method, we use the prior knowledge obtained from the

FD simulation to qualitatively predict the thermochemical distribu-

ion profile, which determines the number of unknowns preliminar-

ly. Then we use the kinetic modeling and other sensors such as ther-

ocouples to constrain the range of variables. The HCLSF can be

reated as an information fusion-based technique to solve the following

quation: 

min 
( 𝑥 ) , 𝑋 𝑎𝑏 𝑠 ( 𝑥 ) 

𝑚 ∑
𝑖 =1 

( 

𝑃 ∫ 𝐿 0 𝑋 𝑎𝑏𝑠 ( 𝑥 ) 𝑆 𝑖 [ 𝑇 ( 𝑥 ) ] 𝑑𝑥 − 𝐴 
𝑖 
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

𝐴 𝑖 
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

) 2 

in 
{
𝑇 𝑇𝐶 , 𝑇 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑇 𝐶𝐹𝐷 

} ≤ 𝑇 max ( 𝑥 ) ≤ max 
{
𝑇 𝑇𝐶 , 𝑇 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑇 𝐶𝐹𝐷 

}
in 
{
𝑋 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑋 𝐶𝐹𝐷 

} ≤ 𝑋 max ( 𝑥 ) ≤ max 
{
𝑋 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑋 𝐶𝐹𝐷 , 𝑋 𝐶𝐸𝐶 

}
00 𝐾 ≤ 𝑇 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ( 𝐿 ) ≤ max 

{
𝑇 𝑇𝐶 ( 𝐿 ) , 𝑇 𝐶𝐹𝐷 ( 𝐿 ) 

}
 ≤ 𝑋 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ( 𝐿 ) ≤ max 

{
𝑋 𝐶𝐹𝐷 ( 𝐿 ) 

}
 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑1 < 𝑃 𝑜𝑠𝑖𝑡𝑖𝑜 𝑛 𝑇 𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 < 𝑃 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑2 
 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑1 < 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 < 𝐺 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑2 

(7) 

here min { 𝑇 𝑇𝐶 , 𝑇 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑇 𝐶𝐹𝐷 } and max { 𝑇 𝑇𝐶 , 𝑇 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑇 𝐶𝐹𝐷 }
re the lower and upper limits of the thermocouple measure-

ent, the CHEMKIN modeling, and the CFD simulation, respec-

ively. A similar interpretation applies to min { 𝑋 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑋 𝐶𝐹𝐷 } and

ax { 𝑋 𝐶𝐻 𝐸𝑀 𝐾𝐼 𝑁 , 𝑋 𝐶𝐹𝐷 , 𝑋 𝐶𝐸𝐶 } . CEC indicates the chemical equilib-

ium calculation. The detailed thermochemical distribution function of

he laminar premixed flames and the turbulent jet flames studied in

his work can be found in the supplementary materials. For the laminar

nd jet flames, the “Position transition ” means the radial position where

he temperature/H 2 O concentration are ( 𝛽1 + 𝛽2 )/2 and ( 𝛽3 + 𝛽4 )/2, re-

pectively. The “Gradient ” means the gradient of the temperature/H 2 O

oncentration decline region. Taking the laminar flames for example,

he upper limit of “Position transition ” can’t exceed the diameter of the

ame (i.e., position near the flame edge), while the lower limit of “Po-

ition transition ” is the position near the edge of central flame region.

he upper and lower limits of “Gradient ” are determined by the range

f slope (the gradient from the position near the edge of central flame

o the position near the flame edge). 

Note that, the line selection is critical to obtain reliable measure-

ents. The detailed line-selection criteria have been well documented in

revious literature [14–16] . Following the well-validated criteria, seven

bsorption lines near 1343 and 2482 nm within the combination and

undamental band of H 2 O are eventually selected. The spectroscopic

arameters of the selected absorption lines can be found in the supple-

entary materials. 
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Fig. 1. Flow chart of the hybrid constraint least-squares fitting (HCLSF) method used for multi-line absorption spectroscopy. 
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Fig. 1 presents the flowchart of the diagnostic method. First, we can

se kinetic modeling and other diagnostic methods (i.e., thermocouple)

o constrain the range of variables and to reduce the number of un-

nown parameters. In laminar premixed flames on a McKenna burner,

or instance, the CFD simulation of the laminar premixed flame reveals

hat the H 2 O concentration and temperature have a similar distribu-

ion. Details of the CFD simulation and kinetic modeling can be found

lsewhere [ 8 , 22 , 23 ]. Then the spectral simulation is performed based

n the spectroscopic parameters, the presumed distributions of temper-

ture and gas concentrations, and other presumed unknown parame-

ers. By using the multi-Voigt fitting method of Levenverg-Marquardt

LM), the integrated absorbance of the selected absorption lines can be

btained. The sum-of-squared error (SSE) between the simulated inte-

rated absorbance A sim 

and the measured integrated absorbance A exp is

omputed. The unknown variables are iteratively updated by enumera-

ion until the SSE reaches the minimum. 

. Experimental 

.1. Flame description 

The current study aims to demonstrate the feasibility of the HCLSF

ethod for multi-line absorption measurements of non-uniform ax-

symmetric flames. Experiments were performed in a laminar premixed

H 4 /air flame stabilized on a McKenna burner and a turbulent jet

H 4 /air flame generated by a jet-in-hot-coflow (JHC) burner. The flame
3 
tructure and the three-dimensional rendering of the two burners are de-

icted in Fig. 2 . All the laser absorption measurements were conducted

t three HAB positions (HAB = 5, 10 and 15 mm for the laminar flame;

AB = 48, 72, 96 mm for the turbulent jet flame). For the laminar

ames stabilized above the McKenna burner with a 60 mm-diameter

intered stainless-steel porous disk, the flow rate of reactant CH 4 was

ept at 1.5 L/min, whereas the flow rate of oxidizer air was precisely

djusted between 12.0 and 18.0 L/min to acheive various equivalence

atios ( Ф = 0.8–1.2). The velocity of unburnt reactant mixtures varied

rom 0.080 m/s to 0.114 m/s, corresponding to Reynolds numbers of

97-432. The flow rate of co-flow nitrogen was fixed at 20 L/min as the

hielding gas to achieve stable flames. Details of the McKenna burner

nd gas supply can be found elsewhere [18] . The JHC burner consists

f a central jet (D = 1.2 mm) and an annular sintered copper (D = 99

m). Coiled tubes are buried inside the sintered copper and wrapped

round the sidewall for cooling. To achieve a more uniform and stable

nlet velocity, glass beads are filled in the chamber under the sintered

opper. The reactant mixture composition of the central jet was CH 4 /air

t Ф = 1.0 and an unburnt temperature of 298.15 K. The bulk flow ve-

ocity was set to be 43.5 m/s, corresponding to a Reynolds number of

3500. The premixed CH 4 /air co-flow from the sintered copper has an

quivalence ratio of Ф = 0.9 and an unburnt exit velocity of 0.073 m/s.

uring the experiments, the premixed CH 4 /air co-flow was firstly ig-

ited to obtain a stable hot co-flow, then the central CH 4 /air jet was

ntroduced and ignited. More details of JHC burners are described else-

here [ 23 , 24 ]. 
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Fig. 2. (a) Laminar CH 4 /air flame on a McKenna 

burner [25] ; (b) turbulent CH 4 /air jet flame on a JHC 

burner. 

Fig. 3. Optical configuration of laser ab- 

sorption diagnostics in the axisymmet- 

ric flame. DFB, distributed-feedback diode 

laser; VL, visible laser; PD, photodetector; 

DM, dichroic mirror; FPM, flipper plane 

mirror; CM, concave mirror; NBF, narrow- 

band-pass filter. 
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n  

1  
.2. Optical setup 

Fig. 3 depicts the schematic of the optical setup used for the present

ame measurement. Two tunable continuous-wave distributed feedback

DFB) lasers at 2482 nm (Nanoplus GmbH) and 1343 nm (Nanjing

ingchen Inc.) were employed as the laser sources. The temperature and

njection current of the two DFB lasers were controlled by the commer-

ial low-noise laser drivers (Wavelength Electronics, LDTC 0520). The

njection current was tuned to sweep across the selected H 2 O transitions

y a triangle signal generated using a function generator (TekTronix,

FG3052C). The scan rate was set to be 100 Hz for the laminar flame
4 
nd 1.6 kHz for the JHC turbulent flame to capture the temporal vari-

nce downstream. The laser beams were collimated by aspherical lens

nd orthogonally merged by a dichroic mirror (Thorlabs, DMSP1000)

o pass through the flame. The transmitted laser beams were then sepa-

ated by another dichroic mirror and collected by concave mirrors onto

he photodetectors (Vigo Systems PVI-2TE-3; Thorlabs, PDA20CS2). To

ssist the optical alignment, a visible laser was used and made collinear

ith the two infrared lasers. 

To minimize the influence of thermal radiation from the flame, two

arrow bandpass filters (Spectrogon, NBF-2470-50; Thorlabs, FB1340-

2) were placed in front of the photodetectors. A shading plate with a



L. Ma, K.-P. Cheong, K. Duan et al. Optics and Lasers in Engineering 154 (2022) 107014 

Fig. 4. Typical absorption spectra measured in (a) laminar premixed CH 4 /air flame, and (b) turbulent CH 4 /air jet flame. The fitting residual is plotted at the bottom 

panel. 
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s  

w  
 mm hole was used to further mitigate the thermal radiation. Before

ach measurement, an etalon (FSR = 0.0164 cm 

− 1 ) was placed in the

ptical path for converting the scanning time to the relative frequency.

s a benchmark for temperature measurement, a fine-wire B-type (Pt-

0%Rh vs. Pt-6%Rh) thermocouple (Omega) with a diameter of 0.254

m was used. The sampling interval of the thermocouple was 1 s and

he mean temperature was obtained over 3 minutes with radiation and

onvection corrections (uncertainty ∼5.5%). 

. Results and discussion 

.1. Data analysis 

Fig. 4 shows the representative measurement of the selected absorp-

ion spectra of H 2 O along with the corresponding Voigt-fitting profiles.

he fitting residuals over the entire spectrum for the laminar flame

hown in Fig. 4 (a) and the turbulent flame shown in Fig. 4 (b) are within

% and 5%, respectively. The overall measurement uncertainty of LAS

as determined by a combination of the Voigt-fitting error ( < 2%) of

he integrated absorbance and the uncertainty of line-strength ( < 2%).

or example, when measuring the laminar CH 4 /air flame at Φ = 1.0,

e obtained the fitting residuals of 0.41%, (4028.178 cm 

–1 ), 0.25 %

4028.256 cm 

− 1 ), 1.43% (4029.524 cm 

–1 ), 0.78% (7444.360 cm 

–1 ), re-

pectively. Considering the uncertainty of line-strength ( ∼2.0%), we ob-

ained a total uncertainty of 4.34% for the absorption measurement,

eading to the temperature uncertainty of ∼82 K at the flame central

emperature of 1882 K. The similar uncertainty analysis was applied to

he measurement of the turbulent jet flame. 

Fig. 5 compares the representative radial distributions of tempera-

ure and H 2 O concentration, and the computational time using the LSF,

LSF and HCLSF methods. The term “HCLSF & LSF & CLSF ” means that

ll the three methods can obtain the presented results, respectively. As

ultiple solutions are obtained using LSF or CLSF method, we mark the

olutions as LSF 1, LSF 2, LSF 3, LSF 4, CLSF 1, CLSF 2 and CLSF 3. The

SF 1 and CLSF 1 are identical to the solution determined by HCLSF.

hen the red solid curve in Fig. 5 (a) corresponds to the solution marked

s “HCLSF & LSF1 & CLSF 1 ”. Similar explanation can be applied to the

erm “LSF & CLSF ”. The number “1-4 ” indicates the serial number of

he multiple solutions. As shown in Fig. 5 (a) and (b), the temperature

nd H 2 O concentration obtained by HCLSF agree well with the ther-

ocouple measurement and CFD simulation. Particularly, the central

ame temperature obtained by the HCLSF method agrees well with the

hermocouple measurement, CHEMKIN modeling and CFD simulation

ithin 69 K (3.6 %). In comparison, the multiple solutions obtained by

SF show a larger deviation of the central flame temperature by 100 K ( >
5 
.2%). The CLSF method can constrain the temperature range but still

uffers from the issue of multiple solutions. In addition, we also com-

ared the convergence time of LSF, CLSF and HCLSF methods as illus-

rated in Fig. 5 (c). The convergence is defined that the sum-of-squared

rror (SSE) between the simulated integrated absorbance A sim 

and the

easured integrated absorbance A exp reaches a minimum (10 − 5 -10 − 3 ).

he convergence time gradually decreases when more constraints are

ntroduced during the iteration. 

.2. Laminar CH 4 /air premixed flame 

Thermochemical parameters in the central flame region are particu-

arly important to the chemical kinetics study. Here we first discuss the

easured central flame temperature and species compositions Fig. 6 .

ummarizes the typical central temperature and H 2 O concentration of

H 4 /air flames at various equivalence ratios ( Φ = 0.8-1.2). The mea-

ured LAS results are compared to the radiation-corrected thermocouple

esults, as well as the CFD and CHEMKIN simulations. The readers are

eferred to our previous work [ 8 , 22 ] for details of CFD and CHEMKIN

imulation. The red shaded area and grey shaded area indicate the mea-

urement uncertainties of LAS and thermocouple, respectively. The LAS-

etermined temperature agrees quite well with the thermocouple mea-

urement within 20 K ( < 1.1%). The CFD and CHEMKIN simulations

lso lie within the experimental uncertainty of LAS. Additionally, the

AS-determined H 2 O concentrations are in excellent agreement with the

FD and CHEMKIN simulations; and the maximum absolute difference

s only 0.3 % between LAS and CFD. 

Fig. 7 depicts the representative radial distributions of temperature

nd H 2 O concentration at different HABs and a fixed Φ = 1.0, along

ith the thermocouple measurements and CFD simulations. The shaded

egion in Fig. 7 designates the non-uniform flame with gradients tem-

erature and species concentration. The LAS results are in good agree-

ent with the thermocouple data and CFD results within the uniform

egion. The temperature and H 2 O concentration gradients are captured

elatively well by the LAS measurement with HCLSF. 

.3. Turbulent CH 4 /air premixed flame 

After the validation in laminar premixed flames, the LAS with HCLSF

trategy was applied for studying the turbulent CH 4 /air premixed jet

ames Fig. 8 . shows the representative time-resolved integrated ab-

orbance of the two absorption lines centered at 4029.52 cm 

− 1 and

444.36 cm 

− 1 , respectively, at three different HABs of the JHC. As

hown in Fig. 8 (a), the evident periodic behavior (7 Hz) of absorbance

as observed in the 1-s time interval, which is mainly caused by the
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Fig. 5. Representative radial distribution of (a) temperature, (b) H 2 O concen- 

tration, and (c) the comparison of iteration time required for different LSF meth- 

ods. The term “HCLSF & LSF & CLSF ” in the legend means the distribution result 

is obtained from the three methods, respectively. The term “LSF & CLSF ” in the 

legend means the distribution result is obtained from LSF and CLSF, respec- 

tively. LSF 1-4 means that the four results are obtained using the LSF method. 

CLSF 1-3 means that the three results are obtained using CLSF. 

h  
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fl  

Fig. 6. Measured central flame temperature and H 2 O concentration at HAB = 10 

mm under different equivalence ratios ( Φ = 0.8-1.2). Uncertainties of LAS and 

thermocouple measurements are shaded in red and grey, respectively. 
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ot co-flow induced buoyancy instability. The spikes within the peri-

dic signal include both the absorbance fluctuation caused by the tur-

ulent instability and the experimental noise. The spike noise becomes

ore significant at higher HABs. This is because the flow becomes more

urbulent due to the interactions between the central jet and hot co-

ow, and the signal-to-noise ratio becomes lower due to the lower ab-
6 
orbance. However, at all three HABs, we are able to obtain relatively

table values of the averaged integrated absorbance over the 1 s inter-

al, as illustrated in Fig. 8 (b). Therefore, we can take an average of the

easured integrated absorbance over a period of 30 s to represent the

ime-averaged result. 

Fig. 9 presents the radial distributions of temperature measured at

hree different HABs. The LAS-determined temperature is in good agree-

ent with the thermocouple measurement in terms of the central jet

egion and the hot co-flow region. More specifically, within the central

et region (red shaded region), the maximum temperature difference is

4.6% existing at HAB = 48 mm, whereas the maximum temperature

ifference of 3.2% exists at HAB = 72 mm. Note that the central jet re-

ion expends radially as the flow goes downstream and the temperature

rofile of the jet region approaches a Gaussian distribution, which is the

ain feature of a fully developed turbulent jet [26] . In the hot co-flow

egion, the LAS measurement agrees well with the thermocouple mea-

urement with a difference of 10–50 K. The LAS well captures the three-

tage temperature variation from the central jet to the hot premixed

o-flow and till the cool surroundings. The thermocouple measurement

n the radial direction was stopped when it displayed unstable readings

ear the boundary region, where the temperature is < 450 K. 

Similarly, the radial distribution of H 2 O concentration was deter-

ined by the HCLSF shown in Fig. 10 . The evident non-uniform dis-

ribution is observed from the central jet region to the hot coflow re-

ion. In addition, the measurement successfully captured the effect of

ir entrainment as the turbulent jet travels downstream, which can be

nterpreted from the decreasing H 2 O concentration and peak tempera-

ure ( Fig. 9 ) at higher HAB within the central jet region and hot coflow

egion. 

Note that, local temperature and H 2 O concentration ( X H2O ) are

ighly correlated due to their common relevance to heat release or com-

ustion reactions in flames [27] . In the turbulent flames, temperature

nd H 2 O concentration are also statistically correlated in time. Pineda

t al. performed the pioneering study of correlated variables effects on

he LAS-determined thermochemical parameters and found there exists

eviations in measuring the time-averaged variables in the presence of

orrelated fluctuations [28] . Following the similar method, the influ-

nce of turbulence-induced correlated fluctuations on temperature and

 2 O concentration measurement in the current JHC flame was investi-

ated. In the current multiline absorption spectroscopy, the correlated

emperature and X H2O fluctuations mainly cause fluctuations in the in-

egrated absorbance A , making the time-averaged A deviates from the
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Fig. 7. Radial distribution of temperature and H 2 O concentration at different HABs ( Φ = 1.0). Symbol: thermocouple measurement; red line: LAS measurement with 

HCLSF; blue line: CFD simulation. 

Fig. 8. Time-resolved integrated ab- 

sorbance (A) of two absorption lines at 

4029.52 cm 

− 1 and 7444.36 cm 

− 1 : (a) 

time-resolved measurement in 1 s; (b) 

averaged integrated absorbance in 30 s. 
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esult obtained from the time-averaged spectrum, which can be math-

matically expressed as 𝐴 𝑖 ( 𝑇 ( 𝑥 ) , 𝑋 𝑎𝑏𝑠 ( 𝑥 )) ≠ 𝐴 𝑖 ( 𝑇 ( 𝑥 ) , 𝑋 𝑎𝑏𝑠 ( 𝑥 ) ) . The devia-

ion can be expressed as “𝐴 𝑖 ( 𝑇 ( 𝑥 ) ′, 𝑋 𝑎𝑏𝑠 ( 𝑥 ) ′) ”, which represents the time-

veraged correlation between the turbulent fluctuations in temperature

nd X H2O . 𝑇 ( 𝑥 ) ′ and 𝑋 𝑎𝑏𝑠 ( 𝑥 ) ′denotes the fluctuation value of tempera-

ure and X H2O . Note that, according to previous measurements in the

urbulent jet flames by Rayleigh scattering, temperature and H 2 O con-

entration are positively correlated [29] . The probability distribution

unction of the two parameters in the downstream follows Gaussian dis-

ribution. Therefore, we firstly performed a numerical study to investi-

ate the turbulent fluctuations on the time-averaged temperature and

 2 O. One hundred thousand (100,000) random numerical tests were
7 
erformed for flames with different turbulent intensity (TI). Note that,

e fix the mean H 2 O concentration at 0.15 to explore the fluctuation

ffects on the measured X H2O . Firstly, we investigate the fluctuations ef-

ect on homogeneous environment with uniform temperature and X H2O .

he correlation between the temperature and species fluctuations has

een set to 0.95. Fig. 11 depicts the correlated temperature and H 2 O

oncentration as a function of set temperature along with the absolute

ifference under different turbulent levels. The schematic diagram of

he fluctuated temperature and H 2 O and the corresponding statistics

istogram are included in Fig. 11 (b). It can be figured out that the influ-

nce of correlated fluctuations has negligible influence on the measured

emperature and X H2O when the TI is relatively small ( ≤ 0.05). The ab-
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Fig. 9. Radial distribution of temperature at various HABs: (a) HAB = 48 mm; 

(b) HAB = 72 mm; (c) HAB = 96 mm. Red shaded region: central jet region. 
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Fig. 10. Radial distribution of H 2 O concentration at various HABs. 
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olute temperature difference is mostly within 45 K and the absolute

 2 O concentration difference is within 0.4%. 

For the radial distributions of temperature and H 2 O concentration

t various HABs in the current JHC flame, we have conducted similar

umerical tests to local temperature and X H2O following the method

bove to evaluate the effect of turbulence at different turbulent inten-

ity. The fluctuation-induced deviations in the integrated absorbance A
Fig. 11. Correlated temperature (a) and H 2 O concen

8 
hen affects the measurements of temperature and X H2O . A represen-

ative summary of the influences on the measurements at HAB = 48

m was presented in Fig. 12 . The narrow shaded regions represent the

uctuation-induced uncertainties (statistical variations) when the effect

f homogeneous turbulence is considered. It is clearly seen that turbu-

ence of low turbulent intensity have limited impact on the tempera-

ure and H 2 O concentration results when TI is small. For TI ≤ 0.05, the

tatistical uncertainties caused by the fluctuated combustion field on

emperature and X H2O are estimated to be less than 50 K and 0.5 %,

espectively, which demonstrates the reliability of the present measure-

ents. 

Additionally, for the turbulent jet flame, CFD simulations were con-

ucted before the experiment to identify the number of unknowns re-

arding the profile we proposed for both temperature and species con-

entration. In this stage, the CFD simulations does not necessarily quan-

itatively agree with the experimental measurement. After the number

f unknowns is determined, we followed the HCLSF method validated in

he laminar flame to obtain the final LAS measurement for the turbulent

ame. As we can see from Fig. 9 , the result from the hybrid-constrained

ethod agrees well with the measurement by thermocouple, which fur-

her validated our new method. Therefore, the CFD simulation does not

ecessarily served as a precise constrain for the present method but can
tration (b) under different turbulent intensities. 
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Fig. 12. The radial distribution of temperature and H 2 O concentration along with the fluctuation-induced uncertainty at HAB = 48 mm under different turbulence 

intensity. 
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e a qualitative prior constrain when determining the form of profile

istributions. 

. Conclusions 

In this work, we developed a constrained strategy for quantitative

easurements of non-uniform thermochemical distributions in axisym-

etric flames based on line-of-sight laser absorption measurements. This

trategy utilized the hybrid constraint information from numerical sim-

lations or experimental measurements to avoid multiple solutions and

ccelerate convergence time during the least-squares fitting process.

he proposed strategy was firstly demonstrated in a laminar CH 4 /air

remixed flame. The LAS measurements were compared to radiation-

orrected thermocouple measurements, kinetic modelling and CFD sim-

lations. Excellent agreement was observed for the central flame tem-

erature and H 2 O concentrations. For flame at Φ = 1.0, the derived

hermochemical distributions at different HABs agree well with the ther-

ocouple measurements and CFD simulations. The proposed HCLSF

ethod avoids the multiple solution problem even using less absorp-

ion transitions, meawhile significantly reduces the convergence time.

inally, the HCLSF method was also further demonstrated for the tem-

erature and H 2 O concentration measurements in turbulent jet flame.

he radial distribution of temperature from high-temperature central

et region to hot coflow region was in good agreement with the thermo-
9 
ouple measurements. The HCLSF method proves to be a robust method

ith great potential for measuring flames with significant thermochem-

cal non-uniformity. 
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