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A B S T R A C T

Volatile combustion is a critical process in solid fuel combustion, requiring a deeper understanding of its carbon 
conversion mechanisms. This study investigates the synergistic effects of different volatile fraction components 
CH4, CO, C2H4, and H2 on carbon conversion using a McKenna flat-flame burner. The spatial distribution 
characteristics of excited-state radicals in flames, namely OH*, CH*, and C2*, were qualitatively measured using 
image spectroscopy. Additionally, the final product H2O concentration and flame temperature were quantita
tively determined through Tunable Diode Laser Absorption Spectroscopy (TDLAS). Combined with chemical 
kinetics simulations, the study reveals the volatile combustion reaction pathways and the synergistic effects of 
multi-component co-combustion on carbon conversion. The experimental and kinetic analysis results indicate 
that H2 promotes CH2 and CH formation, thereby facilitating the production of C2* and OH*. C2H4 enhances C2H 
formation, which promotes the production of CH*. Additionally, H2 increases H2O production and raises tem
perature in flame, while CO inhibits both. While maintaining consistent combustible carbon content in fuel, H2 
primarily inhibits the carbon conversion from fuel to CO2 by reducing the pathway proportions involving the 
main chain reactions HCO and CO, as well as the branch reactions CH2* and CH2. In contrast, CO and C2H4 
promote carbon conversion to CO2 by increasing the pathway proportions of the branch reactions CH2* and CH2. 
When multi-component co-combustion, the gain in pathway proportion is influenced by both individual 
component effects and complex synergistic effects, which may result in various outcomes such as synergistic 
promotion, synergistic inhibition, or a simple additive effect.

1. Introduction

Solid fuels, such as coal and biomass, are a major component of 
primary energy composition. The combustion of solid fuels involves 
complex gas-solid phase reaction processes, including devolatilization, 
volatile combustion and char combustion [1–3]. The combustion of 
volatile gases, involving various physical changes and chemical re
actions, is a critical stage in the overall fuel combustion process. The 
volatile gases of fuels like biomass primarily include CH4, CO, H2, and 
C2H4, etc [4–6]. One of the main products of volatile combustion is CO2, 
which has been identified as a significant contributor to the greenhouse 
effect. The increase in atmospheric CO2 concentration has been linked to 
global warming and climate change. Therefore, it is essential to conduct 

the comprehensive study of the carbon conversion mechanisms during 
the combustion of volatile gases in order to optimize the combustion 
process, improve combustion efficiency, and reduce CO2 emissions.

The most commonly used traditional thermal analysis methods for 
studying solid fuel volatile combustion are thermogravimetric analysis 
(TGA) and tube furnace heating analysis. TGA measures the mass loss of 
a sample as temperature increases, providing insights into the patterns 
of fuel devolatilization and combustion. Ye et al. [7] utilized TGA to 
investigate the co-combustion characteristics of coal and microalgae 
under different blending ratios and atmospheres, revealing that the 
height of the volatile matter flame is influenced by both the release rate 
and the combustion rate of volatile matter. On the other hand, tube 
furnace experiments offer conditions that more closely resemble actual 
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combustion environments. By precisely controlling temperature and 
atmosphere, the tube furnace experiments simulate the 
high-temperature combustion of volatile. Khatami et al. [8] used an 
electrically heated drop tube furnace to examine the combustion of coal 
powders of different grades, observing that volatile combustion tem
perature is affected by both coal grade and temperature conditions. 
Liang et al. [9] used a transparent visual drop-tube furnace to investigate 
the combustion behavior of single particles of eucalyptus, pine and olive 
residues and found that the ratio of coke burnout time to volatile com
bustion time correlated well with the fixed carbon to volatile mass ratio.

Traditional thermal analysis methods typically analyze volatile 
combustion based on the overall mass loss or product formation of fuels, 
making it difficult to capture the dynamic changes of flame character
istics and intermediates. In contrast, non-contact optical measurement 
methods enable in situ measurement of components and characteristic 
parameters within the flame. Optical measurement techniques have 
become a key tool for in situ monitoring of combustion flow fields and 
have played an important role in combustion diagnostics and mecha
nistic studies. Due to the differing principles of various optical detection 
technologies, their focus on detection targets also varies. Common op
tical diagnostic techniques include imaging spectroscopy and laser 
spectroscopy.

Imaging spectroscopy is a passive measurement method that utilizes 
optical devices such as CCDs to collect flame signals. On one hand, it can 
measure flame characteristics, including flame morphology, flame 
speed, and radiative properties. Lee et al. [10] used a high-speed camera 
to capture real-time images of volatile matter flames from 
sub-millimeter fuel particles and analyzed the effects of fuel type and 
atmospheric conditions on fuel ignition and flame morphology. Zhu 
et al. [11] investigated the devolatilization combustion of coal particles 
on a McKenna flat-flame burner, using a visible-light camera to observe 
the time-resolved evolution of volatile flames. Selle et al. [12] measured 
laminar flame velocity of methane/air flames using a two-dimensional 
slot burner and discussed the limitations of this method to measure 
the flame velocity for other mixtures. Zheng et al. [13] measured the 
temperature and emissivity distributions of volatile flames from 
different types of biomass using flame emission spectroscopy and found 
that the radiative properties of these flames do not change with biomass 
species and combustion conditions. On the other hand, imaging spec
troscopy can also obtain intermediate species information through the 
analysis of the chemiluminescence signals of flames [14,15]. Kojima 
et al. [16] used a resolution-enhanced Cassegrain-type optical probe to 
measure the OH*, CH*, and C2* emission patterns in a CH4/air laminar 
premixed flame and established a correlation between the OH*/CH* 
chemiluminescence peak intensity ratios and the flame equivalence 
ratio. Wang et al. [17] used a lens-based fiber coupled with a spec
trometer to quantitatively measure the chemiluminescence of OH*, 
CH*, and C2* in a CH4/air premixed flame and found that the emission 
intensity of CH* and OH* were in the same order of magnitude.

While passive imaging spectroscopy is widely used for flame char
acteristic analysis due to its ease of operation and ability to effectively 
measure intermediate products, the reliance on chemiluminescence 
signals from the flame limits its spectral resolution and sensitivity. In 
contrast, laser spectroscopy, as an actively excited optical detection 
method, offers higher sensitivity and resolution, making it advantageous 
for precise measurements of species concentrations and temperatures. 
Among the laser spectroscopy techniques, tunable diode laser absorp
tion spectroscopy (TDLAS) can quantitatively measure temperature and 
target component concentrations in combustion fields [18,19]. Sentko 
et al. [20] used diode lasers with center wavelengths of 1344 nm, 1392 
nm, and 1853 nm to simultaneously measure the H2O concentration and 
temperature in CH4-rich oxygen flames. Liu et al. [21] used a diode laser 
with an emission wavelength of 1.4 μm to collect two H2O absorption 
lines for temperature measurement, achieving a measurement error of 
less than 4 % in a McKenna flat-flame burner.

Planar laser-induced fluorescence (PLIF) is another laser 

spectroscopy technique commonly used for flame diagnostics. It enables 
high-resolution detection of the spatial distribution and dynamic evo
lution of key combustion radicals and small molecular products by 
exciting them with ultraviolet lasers of specific wavelengths (e.g., 266 
nm, 283 nm, or 355 nm). Kumar et al. [22] utilized high-frequency 
OH-PLIF imaging to investigate the transient dynamics and 
three-dimensional characteristics of bluff-body flame extinction, 
capturing the evolution of OH radical distribution and the dynamic 
behavior of the flame front. Additionally, they developed a multi-laser 
beam intensity distribution correction method, further enhancing the 
measurement accuracy of PLIF under complex combustion conditions 
[23]. Chaib et al. [24] obtained high-resolution images of turbulent 
flame fronts using PLIF and developed a hybrid detection algorithm that 
significantly improved the reliability of flame front identification. 
Tanahashi et al. [25] combined CH-OH PLIF with stereoscopic particle 
image velocimetry (PIV) techniques to conduct synchronized measure
ments of the three-dimensional structure of turbulent premixed flames 
and their coupling with turbulent flow fields. Rao et al. [26] used image 
spectroscopy, TDLAS, and planar laser-induced fluorescence (PLIF) to 
obtain the spatial distribution characteristics of the major 
excited-radicals (C2*/CH*/CN*/OH*), H2O, and NO, respectively, in 
NH3-doped methane flames, respectively.

To further reveal the reaction pathways, chemical kinetic analysis 
can be combined to identify the key fundamental reactions and gain 
insight into the generation and consumption of intermediate products, 
thereby revealing the carbon conversion mechanisms during the volatile 
combustion process. The volatile gases that are released during the 
devolatilization of solid fuels have complex compositions, and the car
bon conversion process is influenced by various factors. In recent years, 
research on volatile flame has gradually shifted from directly using 
complex solid fuels to employing model compounds as substitutes for 
volatiles. By selecting typical components from volatile gases to form 
model compounds, researchers can explore the combustion character
istics, reaction pathways, and product distribution of volatile flames 
under more controlled conditions. Taniguchi et al. [27] simplified the 
combustion of the coal volatile fraction as a premixed combustion of 
methane and hydrogen gas and investigated the NOx generation pattern 
under different equivalence ratios. Xia et al. [28] simulated the com
bustion of volatile gases using a mechanism including an H2/CO/C1-C4 
mechanism and found that the fuel/air equivalence ratios were posi
tively correlated with laminar flame velocity and flame temperature. 
Wang et al. [29] analyzed the CH4/H2/air combustion process using the 
AramcoMech mechanism. Through global pathway (GP) analysis and 
sensitivity analysis of the physical parameters of each species, they 
found that fuel oxidation is dominated by different GPs at varying 
hydrogen mole fraction, and each GP exhibits dominance in different 
flame temperature regions. Zhang et al. [30] conducted numerical 
simulations of oxygen-enriched methane/air flames with different 
equivalence ratios using the GRI 3.0 mechanism. They analyzed the NO 
formation characteristics and investigated the kinetic impact of oxygen 
enrichment on the flame reaction pathways. It was found that oxygen 
enrichment significantly affects the oxidation process of CH3, notably 
enhancing the reactions associated with the consumption of O, OH, and 
H.

To reveal the synergistic effects of volatile fraction components on 
carbon conversion pathways, this study focuses on the typical volatile 
components CH4/CO/C2H4/H2/air premixed flat flames, utilizing in-situ 
multispectral measurement techniques and chemical kinetics simula
tions. The spatial distribution of major excited radicals OH*, CH*, and 
C2* was qualitatively measured using imaging spectroscopy, while 
TDLAS was employed to quantitatively measure the concentration of the 
final product H2O and the flame temperature. Based on a comprehensive 
understanding of combustion intermediates, final products, and the 
thermodynamic parameter temperature, the volatile flames are modeled 
using the optimized GRI 3.0 kinetic mechanism. The simulation enables 
detailed analysis of the reaction pathways, identification of key 
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elementary reactions, and the formation and consumption of interme
diate products, thus revealing the effects of multi-component synergistic 
combustion on the carbon conversion pathways in the flames.

2. Methods and experimental

2.1. Experiment setup

The multispectral gas flame measurement system consisted of an 
optical measurement system and a combustion system, as shown in 
Fig. 1. The combustion system consisted of a McKenna burner (Holthuis 
& Associates) and a gas supply system. The McKenna burner used in the 
experiment has an outer diameter of 120 mm and an overall height of 
63.5 mm [31,32]. The burner exit surface was constructed from sintered 
fine bronze beads, with a diameter of 60 mm and a 5.5 mm width shroud 
ring. A water-cooling system was incorporated to maintain the initial 
temperature at 300 K. Fuels and air were mixed in a mixer before being 
introduced into the McKenna burner via fuel nozzles. Pure nitrogen, 
acting as a protective gas, flowed out of the shroud ring at a rate of 10 
L/min. The flow rates of gases were controlled by flow meters, and these 
gases were premixed in an air mixer to form a stable laminar premixed 
flat flame on the burner. The burner was mounted on a translation stage, 
allowing the position measured by the optical measurement system to be 
controlled by adjusting the electrical translation stage.

The gases used in this experiment have a purity of 99.999 %. Sev
enstar CS200 flowmeters were employed, each with an accuracy of 
±1.0 % of the set point (SP) for flow rates ≥35 % of full scale (FS), and 
±0.35 % of FS for flow rates <35 % FS. Flow rate errors are directly 
related to the set point or full scale, and these errors were accounted for 
and corrected during the experimental calibration process to ensure 
accurate control of flow rate measurements. The influence of systematic 
errors on the experimental results was reduced by repeating the exper
iment several times.

The optical measurement system consisted of image spectroscopy 
detection device and the TDLAS system. The image spectroscopy is a 
qualitative planar measurement technique that utilized an ICCD camera 
(DH734, Andor, 1024 × 1024 pixels) coupled with narrowband filters, 
selecting appropriate gate widths, exposure times, and gains to detect 
the radiation spectra of the excited-state radicals OH*, CH*, and C2* in 
the flame. The center wavelengths of the filters capturing OH*, CH*, and 
C2* were 315 nm, 434 nm, and 514.5 nm, respectively. A bandpass filter 
(FGUV11, Thorlabs) was used to reduce the interference of the yellow- 
green light with the spontaneous radiation of OH*. For OH* imaging, 
the exposure time and gate width were both set to 1000 ms, with a gain 
of 500. For CH* imaging, the exposure time and gate width were both set 

to 2000 ms, with a gain of 500. For C2* imaging, the exposure time and 
gate width were both set to 3000 ms, with a gain of 1000. The gain of the 
ICCD camera was carefully adjusted to optimize the signal-to-noise ratio 
while avoiding saturation. Background correction was performed by 
capturing images in the absence of a flame and subtracting these from 
the measured flame images to eliminate noise and stray light effects. The 
intensity averages of 20 spectra were used for the analysis to minimize 
the effect of random errors on the measurements.

TDLAS is a line-of-sight measurement technique based on the ab
sorption spectra of target molecules. It uses laser beams of specific 
wavelengths to detect the average concentration and temperature dis
tribution of gases along the optical path. By utilizing the absorption 
characteristics provided by the HITRAN database, TDLAS accurately 
retrieves the temperature distribution and derives the gas species con
centrations. The TDLAS system mainly consisted of a function generator, 
laser controller, distributed feedback (DFB) diode lasers, detector, and 
data acquisition module for the quantitative measurement of the con
centration of the final product H2O in the combustion field and tem
perature detection by the two-line method. With a narrow linewidth and 
high tuning stability, DFB lasers facilitate high-resolution and highly 
selective gas absorption spectroscopy measurements. During the 
experiment, a sawtooth wave current generated by the function gener
ator caused the DFB laser, with center wavelengths of 1343 nm (7444 
cm⁻1) and 1392 nm (7185 cm⁻1), to emit continuous laser light. The laser 
light passing through the flame was received by the detector, which 
obtains the laser attenuation signal. The detector signal was collected by 
the data acquisition module after passing through the transmission 
module. The spatial resolution of the measurements is set to 1 mm to 
obtain detailed spatial distribution information. When the flame was 
stabilized, TDLAS system was utilized for 1-min measurements at each 
position. The TDLAS system based on DFB lasers has a sampling fre
quency of 1000 Hz. During steady-state flame measurements, the 
collected spectral data are averaged to ensure accuracy and reliability.

In this study, two independent optical techniques, imaging spec
troscopy and TDLAS, were employed to investigate the steady-state 
flame on a McKenna burner. Due to the high stability and lack of tem
poral variation in the optical signals of the steady-state flame, reliable 
data could be obtained without the need for synchronized measure
ments. Imaging spectroscopy was used to capture the two-dimensional 
distribution of excited-state radicals in the flame [33], while TDLAS 
was applied to accurately measure the concentration distribution and 
temperature of specific components [34]. Since these two methods 
target different spectral ranges and signal characteristics, their optical 
paths and signal acquisition processes are entirely independent, 
ensuring no interference and guaranteeing the independence and 

Fig. 1. Experimental setup diagram.
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accuracy of the data. The uncertainty in experimental measurements 
primarily originates from flowmeter and TDLAS measurement errors. 
TDLAS measurements are highly sensitive to gas concentration, and the 
effects of temperature and pressure fluctuations on the shape and 
strength of the absorption lines have been taken into account in the 
choice of the Voigt function to ensure that the measurement error was 
within 0.5 %. The experiments were carried out under steady-state 
conditions with the flow rate controlled within ±1 %, which ensured 
the consistency of the proportions of the gas mixtures. In addition, the 
reliability and stability of the experimental data were ensured by mul
tiple repetitions of the experiments and averaged spectral analysis.

2.2. Experimental condition

In this work, we used the typical components of volatile light gases as 
substitutes for the actual volatile fractions produced from fuel devola
tilization. The syngas composition includes CH4, C2H4, CO and H2, 
which represent saturated hydrocarbons, unsaturated hydrocarbons, 
combustible carbon-oxygen compounds, and carbon-free high calorific 
value gases in volatile light gases, respectively. The ratio of each 
component was set according to the concentration range of the com
ponents in the volatile gases [35–37], where the concentration of CO 
was set at 4500 ppm, the concentration of H2 was set at 3500 ppm, and 
the concentration of C2H4 was set at 1500 ppm. The flames were 
composed of the base flame part and the multi-component coexisting 
flame part. The base flame was consistent in all cases, and the flame 
equivalence ratio was set to 1. The components of the multi-component 
coexisting flame are listed in Table 1. CH4 was added to the 
multi-component coexisting flame part to ensure the same combustible 
carbon content of the initial reactants. In the multi-component coex
isting flame part, the fuel-equivalent air was adjusted to maintain the 
flame equivalence ratio of 1, while the total flow rate was maintained by 
adjusting the N2 flow rate. Different combinations of coexisting gases 
were employed to simulate the multi-component coexisting combustion 
scenario during the combustion of volatiles in the biomass pyrolysis 
process.

2.3. Kinetic modeling

To investigate the changes in reaction pathways and rates under 
different cases of volatile components coexistence, the Premix Laminar 
Flame-Speed Calculation module of Chemkin-Pro was used to simulate 
the volatile flame on the McKenna burner, using the GRI-Mech 3.0 
mechanism for chemical kinetics analysis. The pressure was set to at
mospheric (1 atm) and the grid parameters CURV and GRAD were set to 
0.02.

The GRI-Mech 3.0 mechanism, widely used for simulating natural 
gas flames, includes the chemical kinetics mechanisms of typical com
ponents such as CH4, C2H4, CO, and H2, and has been extensively vali
dated in studies of syngas flames [38,39]. While the GRI-Mech 3.0 model 
provides a comprehensive description of the overall mechanism of 
methane oxidation, it does not fully account for the processes of 
excited-state free radical (OH*、C2* and CH*) formation and 

quenching, which play a critical role in intermediate product formation, 
flame chemical activity, and spectral diagnostics during combustion.

OH*、C2* and CH* are widely used in the diagnosis and mechanism 
studies of combustion processes due to their significant chemilumines
cent characteristics in flame [40–42]. Among them, the chem
iluminescence of OH* serves as a critical indicator of high-temperature 
oxidation reactions and is closely related to heat release processes and 
flame stability. Meanwhile, the chemiluminescence of C2* and CH* re
veals the decomposition mechanisms of intermediate species, providing 
key insights into the primary reaction pathways of volatile components. 
Specifically, the C2* radical is regarded as an effective tracer for hy
drocarbon combustion pathways, while the CH* radical, as a key in
termediate at the flame front, is intricately linked to the decomposition 
behavior during the early stages of combustion.

To address this limitation, this study extends the GRI-Mech 3.0 
model by incorporating elementary reactions related to the formation 
and quenching of excited-state free radicals to address the key limitation 
of the original model, guided by spectral experimental data, as shown in 
Table 2.

3. Results and discussion

3.1. Spatial distribution of excited-state radicals based on image 
spectroscopy

Radicals are key indicators of intermediate processes in the carbon 
conversion within volatile flames. The spontaneous emission of the main 
excited-state radicals (OH*, CH*, and C2*) in the flame can be obtained 
by imaging spectroscopy, thereby enabling an analysis of the effects of 
different components coexistence conditions on the generation of 
excited-state radicals in volatile flames. The radical spectra of OH*, CH* 
and C2* are shown in Fig. 2.

As shown in Fig. 2, the spectral intensity peaks of each radical are 
concentrated in the region of 0.2–0.4 cm from the burner nozzle, where 
the distribution of C2* is the closest to the nozzle. Researchers have 
found that the OH* front can be used to characterize the flame front and 
is closely related to the flame temperature [48]. The flame front repre
sents the region of the most intense combustion reactions, where fuel 
and oxidizer rapidly undergo rapid chemical reactions and release sig
nificant amounts of heat, resulting in the highest rate of temperature 
change. In the laminar premixed volatile flame on the McKenna burner, 
the flame front is located approximately 0.26 cm from the nozzle. The 
region beyond the flame front is defined as the post-flame region, where 
the reaction rate decreases, and the excited-state radicals are largely 
quenched.

Fig. 3 demonstrates that volatile components significantly influence 
the peak intensities of radical spectra in flames. Specifically, the in
tensities of OH* and C2* exhibit similar trends in response to different 
volatile components. When the fuel contains H2 (Case 2 and Case 6), the 
intensities of both OH* and C2* are notably enhanced. In contrast, the 
effect of volatile components on CH* intensity varies; the presence of 
C2H4 (Case 7) leads to a substantial increase in CH* intensity. Addi
tionally, Fig. 3 presents a comparison between the experimental spectral 

Table 1 
Gas flow rates and component concentrations.

Basic flame section(L/min) Multi-component coexisting flame section

φ CH4 O2 N2 CO ppm H2 ppm C2H4 ppm CH4 ppm Combustible Carbon Content ppm

Case 1 1 1.29 2.58 9.71 4500 3500 1500 0 7500
Case 2 0 3500 1500 4500 7500
Case 3 4500 0 1500 0 7500
Case 4 4500 3500 0 3000 7500
Case 5 4500 0 0 3000 7500
Case 6 0 3500 0 7500 7500
Case 7 0 0 1500 4500 7500
Case 8 0 0 0 7500 7500
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results and the simulated predictions of the maximum concentrations of 
excited-state radicals. The predicted generation trends of excited-state 
radicals align consistently with the experimentally measured image 
spectroscopy results.

As shown in Fig. 3, the formation patterns of excited-state radicals 
exhibit a significant correspondence with those of their precursor spe
cies. This relationship indicates that these radicals can be effectively 
utilized as reliable indicators for identifying and tracking various reac
tion pathways.

OH* and C2* have similar formation patterns owing to the reason 
that OH* is mainly formed by the reaction CH + O2 = OH* + CO, while 
C2* is mainly formed by the reaction C + CH2 = C2* + H2. The pre
cursors of OH* and C2* are CH and CH2 respectively, and CH is mainly 
generated by the dehydrogenation of CH2 via the reaction CH2 + H =
CH + H2. Therefore, the formation patterns of OH* and C2* are rela
tively close to each other. Fig. 3(d) and (f) show the formation of CH2 
and CH under various cases. In Case 2 and Case 6, the presence of H2 
significantly increases the production of CH2 and CH, which greatly 
promotes the formation of OH* and C2*. Compared to the control group, 
Case 8, the presence of C2H4 in Case 7 slightly inhibits the formation of 
CH2 and CH, while CO in Case 5 significantly suppresses the production 
of CH2 and CH. The coexistence of multiple components in Case 1, Case 

3, and Case 4 also inhibits the formation of CH2 and CH, thereby 
reducing the production of OH* and C2* to varying degrees. In addition, 
since CH2 forms earlier than CH, the formation of C2* is typically closer 
to the burner nozzle than OH*.

The pathways of CH* formation is C2H + O = CH* + CO and C2H +
O2 = CH* + CO2, with C2H + O = CH* + CO dominating. C2H is mainly 
produced by the reaction C2H2 + OH = C2H + H2O. Fig. 3(e) shows the 
formation of C2H in different flames. The results indicate that in Case 7, 
with C2H4 in the fuel, it undergoes gradual dehydrogenation to form 
C2H2 and C2H, which in turn promotes the formation of CH*, leading to 
a significant increase in CH* intensity.

3.2. Temperature and H2O generation analysis based on TDLAS

As a final combustion product, changes in H2O concentration can 
qualitatively assess the combustion efficiency and completeness of the 
flame. Flame temperature is a critical parameter in the combustion 
process. In the experiment, TDLAS technology was used to quantita
tively measure the temperature field and H2O concentration in the flame 
of volatile light gases, enabling in-situ monitoring of the flame’s com
bustion state. Specifically, DFB lasers with central wavelengths of 1343 
nm and 1392 nm were employed to measure H2O molecules in the 
combustion field, and the flame temperature was calculated using the 
two-line method. The absorbances at 7185 and 7444 cm− 1 are shown in 
Fig. 4.

The absorption spectrum is based on the Beer-Lambert law, and the 
absorbance formula is derived through Eq (1). 

αν =PS(T)xH2OϕνL= − ln
(

It

I0

)

(1) 

In the equation, αν represents the absorbance at frequency ν, P is 
atmospheric pressure, S(T) is the line strength that varies with tem
perature T, which is obtained by the HITRAN database, xabs is the 
component concentration, ϕν is the line shape function, L is the ab
sorption path length, It is the absorbed light intensity, and I0 is the 
incident light intensity.

Voigt line function is used to fit the absorption spectrum and the 
relative wavenumber range of the DFB laser was calibrated with an F-P 
etalon prior to the experiment. The integrated absorbance A of the gas is 
given by Eq (2). 

A=

∫ ν2

ν1

ανdν (2) 

where ν1 and ν2 are the wave number ranges of the absorption peaks.
Utilizing two absorption lines with different responses to tempera

ture enables the measurement of gas temperature, known as the two-line 
thermometry method. The temperature can be obtained from Eq (3). 

T=
hc
k

(
Eʹ́

1 − Eʹ́
2
)

ln
(

A1
A2

)

+ ln
(

S1(T0)
S2(T0)

)

+

(
hc
k

)(
Eʹ́

2 − Eʹ́
1

T0

) (3) 

where h is the Planck constant (h = 6.626 × 10− 34 J•s), k is the Boltz
mann constant (k = 1.38 × 10− 23 J/s), c is the speed of light in a vacuum 
(c = 299792.458 km/s), Ei’’ is the lower-state energy level of the ab
sorption line, Ai is the integrated absorbance of the target absorption 
peak, T0 is the room temperature (296K), and Si (T0) is the line strength 
at temperature T0.

The average concentration of the target component (xabs) along the 
detection path can be calculated as Eq (4): 

xH2O =
A

S(T)LP
(4) 

By adjusting the displacement platform to change the in-situ mea
surement position of the TDLAS, temperature-distance curves were 

Table 2 
Formation and quenching reactions of excited-state radicals [43–47].

Reactions A(cm3/ 
mol.s)

b Ea(cal/ 
mol)

Ref.

OH* formation 
reaction

CH + O2<=>OH* +
CO

1.80 ×
1011

0.0 0.0 [43]

O + H + M<=>OH* 
+ M

3.63 ×
1013

0.0 0.0 [44]

OH* quenching 
reaction

OH*<=>OH + hν 1.45 ×
106

0.0 0.0 [44]

OH*+N2<=>OH +
N2

1.08 ×
1011

0.5 − 1238 [43]

OH*+O2<=>OH +
O2

2.10 ×
1012

0.5 − 482 [43]

OH*+H2O<=>OH +
H2O

5.92 ×
1012

0.5 − 861 [43]

OH*+H2<=>OH +
H2

2.95 ×
1012

0.5 − 444 [43]

OH*+CO2<=>OH +
CO2

2.75 ×
1012

0.5 − 968 [43]

OH*+CO<=>OH +
CO

3.23 ×
1012

0.5 − 787 [43]

OH*+CH4<=>OH +
CH4

3.36 ×
1012

0.5 − 635 [43]

CH* formation 
reaction

C2H + O<=>CH* +
CO

1.08 ×
1013

0.0 0.0 [46]

C2H + O2<=>CH* +
CO2

2.17 ×
1010

0.0 0.0 [46]

CH* quenching 
reaction

CH*<=>CH + hν 1.85 ×
106

0.0 0.0 [45]

CH*+N2<=>CH + N2 3.03 ×
102

3.4 − 381 [43]

CH*+O2<=>CH + O2 2.48 ×
102

2.1 − 1720 [43]

CH*+H2O<=>CH +
H2O

5.30 ×
1013

0.0 0.0 [43]

CH*+H2<=>CH + H2 1.47 ×
1014

0.0 1361 [43]

CH*+CO2<=>CH +
CO2

2.40 ×
10− 1

4.3 − 1694 [43]

CH*+CO<=>CH +
CO

2.44 ×
1012

0.5 0.0 [43]

CH*+CH4<=>CH +
CH4

1.73 ×
1013

0.0 167 [43]

C2* formation 
reaction

C + CH2<=>C2* + H2 4.80 ×
1012

0.0 0.0 [47]

C2* quenching 
reaction

C2*<=>C2 + hν 1.00 ×
107

0.0 0.0 [47]

C2* + M<=>C2 + M 4.80 ×
1013

0.0 0.0 [47]
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obtained at 0–20 mm above the burner, as shown in Fig. 5. These curves 
were compared to the simulated combustion field temperatures based on 
the GRI-Mech 3.0 mechanism. The temperatures measured by TDLAS 
increase with the distance from the nozzle. Compared to the control 
group (Case 8), the flame temperatures in Case 6 and Case 2 are higher, 
while the flame temperatures in the other conditions are lower. The 
temperature curves measured by TDLAS are qualitatively consistent 
with the simulation predictions, indicating that the presence of H2 

increases the flame temperature, while the presence of CO decreases it. 
Combined with the results from the optical spectrum, it is evident that 
the spectral intensities of OH* and C2* are closely related to the flame 
temperature, with their intensities increasing as the flame temperature 
increases. The spectral intensity of CH* shows a relatively weaker cor
relation with the flame temperature and is mainly influenced by the 
formation characteristics of the intermediate product C2H.

Based on Eq (4), the H2O concentration can be calculated. As shown 

Fig. 2. Imaging spectroscopy of radicals. (a) OH*; (b) CH*; (c) C2*.

Fig. 3. (1) The image spectral peak intensity of radicals and their kinetic simulation peak concentration; (2) The kinetic simulation peak concentration of 
radical precursors.
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in Fig. 6, the H2O concentration in the combustion field increases with 
distance and reaches about 14–18 vol% at the end of the flame. 
Compared with Case 8, the H2O generation is higher in Case 6 and Case 
2, which contain H2 in the fuel, while it decreases to varying degrees in 
the other cases. The H2O concentration results measured by TDLAS are 
in qualitative agreement with the simulation results. This indicates that 
the presence of CO reduces H2O production, while the presence of H2 
promotes H2O generation.

3.3. Analysis of the carbon conversion process based on reaction kinetics

3.3.1. Analysis of carbon conversion efficiency in volatile flames
In the above work, we have measured the spatial and temporal dis

tributions of important intermediate groups (OH*/CH*/C2*) in the 
volatile flames by image spectroscopy, as well as the concentration 
distributions of the final product H2O and the thermodynamic param
eter temperatures by TDLAS, in order to validate the accuracy of the 
reaction mechanism in terms of the intermediate stage, the final stage, 

and the thermodynamic parameters of the reaction. The results show 
that the established chemical kinetic model can effectively describe the 
complex reaction process in multicomponent coexisting volatile flames 
and provides a data basis for the subsequent simulation calculations.

Based on the chemical reaction kinetics model established, the car
bon conversion mechanism was to be further analyzed. CO2 is the final 
product of combustion. By monitoring the changes in CO2 concentra
tion, the efficiency of carbon conversion and the completeness of com
bustion in the flame can be qualitatively assessed. The CO2 yield refers to 
the proportion of carbon in the fuel that is converted to CO2, as deter
mined by Eq (5). 

αi
CO2

=
ci

CO2

ci
Fuel C

× 100% (5) 

where αi
CO2 

is the CO2 yield of Case i, ci
CO2 

is the mole fraction of CO2 

produced by case i, and ci
Fuel C is the mole fraction of carbon of the re

actants in the fuel.
The CO2 yield gain Ai

CO2 
is the difference in CO2 yield between each 

condition and the control group (Case 8), which can be obtained from Eq 
(6). 

Ai
CO2

=αi
CO2

− α8
CO2

(6) 

Fig. 7 shows the CO2 yield and its gain at the flame front and at the 
end of the post-flame region for each case. Under the condition where 
the combustible carbon content in the fuel is held consistent, if the CO2 
yield gain is less than zero, it indicates a decreased ability to convert 
carbon from the fuel into CO2; if the CO2 yield gain is greater than zero, 
it indicates an increased ability to convert carbon from the fuel into CO2.

Compared to the control group (Case 8), the CO2 yield gain in Cases 2 
and 6, which contain H2, is lower than zero both at the flame front and at 
the end of the post-flame region, indicating that these cases inhibit the 
conversion of carbon from fuel to CO2. In contrast, the CO2 yield gain in 
Case 1, 3, 4, and 5, which contain CO, is higher than zero, indicating that 
these cases promote the conversion of carbon from fuel to CO2. CO2 yield 
can serve as an effective indicator for quantifying the degree of carbon 
conversion in volatile combustion, providing a better understanding of 
the carbon conversion process. The results clearly demonstrate the 

Fig. 4. Absorption of (a) 7185 cm− 1 and (b) 7444 cm− 1 absorption line.

Fig. 5. Flame temperature (a) TDLAS measurement; (b) simulation results.

Fig. 6. H2O concentration (a) TDLAS measurements; (b) simulation results.
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differing effects of various volatile components on carbon conversion. 
With a consistent combustible carbon content, cases with H2 show lower 
CO2 yield gains, indicating that H2 inhibits the conversion of carbon to 
CO2, while cases with CO enhance this conversion.

To further validate the analysis results, CO2 concentration in the flue 
gas at the outlet was measured in real-time using a gas analyzer (Testo 
350), which has a measurement resolution of 0.01 vol%. For each case, 
three 1-min continuous measurements were taken, and the average 
value was calculated. The measurement results are shown in Fig. 8. The 
gas analysis revealed that the CO2 concentration was lowest in Case 2 
(with H2 and C2H4) and Case 6 (with H2 only), at 7.95 vol% and 7.85 vol 
%, respectively. In contrast, in cases containing CO (Case 1, 3, 4, and 5), 
the CO2 concentration exceeded 9 vol%. In the control group (Case 8), 
the outlet CO2 concentration was 8.35 vol%. The trend is consistent with 
the predictions from the chemical kinetics simulation. This comparative 
validation allows for a more accurate assessment of the chemical ki
netics model’s predictive performance, ensuring consistency between 
theoretical predictions and experimental measurements.

3.3.2. Carbon conversion pathway analysis
By analyzing the yield of CO2, it can be found that the different 

components of the volatile fraction have different effects on elemental 
carbon conversion, either promoting or inhibiting the process. In addi
tion, the interactions between components may also have a synergistic 
effect on carbon conversion. The combustion process involves a variety 

of radicals and complex chemical reactions, so identifying the elemental 
reactions that have a significant impact on CO2 generation is essential to 
understanding the mechanism of carbon conversion. To identify the 
elementary reactions that have the greatest impact on carbon conver
sion, a sensitivity analysis was performed on the final product CO2 and 
examined changes in these key elementary reactions under different 
reaction conditions. A larger sensitivity coefficient indicates that the 
elementary reaction has a greater influence on the carbon conversion 
process.

As shown in Fig. 9, the top ten elementary reactions with positive 
CO2 sensitivity coefficients can be categorized into three types. The first 
type includes elementary reactions in the main reaction chain, such as 
R53 H + CH4=CH3+H2, R58 H + CH2O=HCO + H2, R166 HCO +
H2O=H + CO + H2O, and R99 OH + CO=H + CO2. The second type 
consists of the branch elementary reactions in the side chain, including 
R142 CH2*+N2=CH2+N2, R290 CH2+O2 = 2H + CO2 and R284 O +
CH3=H + H2+CO. The third type involves the formation and con
sumption of the key oxidizer OH, including R38 H + O2=O + OH, R86 
2OH=O + H2O, and R3 O + H2=H + OH.

Fig. 10 shows the reaction pathways of carbon conversion and the 
distribution of key elementary reactions in the volatile flame. By 
analyzing the overall reaction pathways in the volatile flame, it can be 
found that the elementary reactions that have the greatest impact on 
CO2 production are present throughout the elemental carbon conversion 
process. The carbon conversion pathways in the volatile flame primarily 
include: (1) CH4 is dehydrogenated to form CH3, which is further 
oxidized to CH2O, then to HCO, and finally to CO and CO2; (2) CH4 is 
dehydrogenated to CH3, which reacts with OH to form CH2*, then 
further transforms into CH2 and CH, which are oxidized to CH2O and 
HCO, and finally convert to CO and CO2; (3) CH3 is directly oxidized to 
CO, which is subsequently oxidized to CO2; (4) two CH3 molecules 
combine to form C2H6, which then undergoes successive dehydrogena
tion to form C2H5, C2H4, C2H3, and C2H2, ultimately oxidizing to CO and 
CO2. Reactions such as R53, R58, R166, and R99 are part of the main 
chain of the carbon conversion reaction pathway (CH4 → CH3 → CH2O 
→ HCO → CO → CO2), while R284, R142, and R290 are branch 
reactions.

Based on the sensitivity analysis of CO2 formation and the analysis of 
the carbon conversion pathways, it is clear that R99 OH + CO=H + CO2 
is the elementary reaction where CO is directly converted to CO2, with 
the highest sensitivity coefficient, making it the most critical reaction for 
CO2 formation. Reactions R38 H + O2=O + OH, R3 O + H2=H + OH, 
and R86 2OH=O + H2O either produce or consume the key oxidizer OH, 
thus promoting CO2 formation in the R99 reaction. The branch reactions 
R290 CH2+O2 = 2H + CO2 and R142 CH2*+N2=CH2+N2 are also 
crucial for CO2 formation. CH2 is an important intermediate product in 
oxidation branch reactions, formed from the excited state CH2*, and by 
consuming CH2, CO2 is directly produced, making this the second most 

Fig. 7. CO2 yield and its gain in various cases.

Fig. 8. CO2 concentration in the flue gas measured by gas analyzer and its mole 
fraction predicted by chemkin. Fig. 9. Results of CO2 sensitivity analysis.
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significant pathway for CO2 formation after R99. Additionally, the main- 
chain oxidation reactions R53 H + CH4=CH3+H2, R58 H + CH2O=HCO 
+ H2 and R166 HCO + H2O=H + CO + H2O significantly contribute to 
CO2 formation. Another branch reaction, R284 O + CH3=H + H2+CO, 
promotes CO2 formation by consuming CH3 to generate CO, further 
facilitating the process.

In addition, based on the carbon transformation pathway analysis, 
the formation of C2* is primarily attributed to the excitation of CH2, 
while OH* is mainly formed due to the excitation of CH. Since the for
mation of CH2 and CH follows the same reaction pathway, the charac
teristics of the formation of these two excited-state radicals are similar. 
On the other hand, CH* is primarily generated from the excitation of 
C2H, with its formation process influenced by the C2 intermediate 
products in flames. These radicals represent the reaction pathways of 
different intermediate products in the volatile flame. Specifically, C2* 
and OH* reflect the pathway involving CH2 and CH, while CH* reflects 
the pathway of C2 intermediates.

3.4. ROP analysis of flame fronts and post-flame region

Through sensitivity analysis of CO2 formation, we can identify the 
elementary reactions that have the greatest impact on carbon conversion 
among the complex combustion reactions. The analysis of these key 
elementary reactions helps to simplify the combustion process and 
provides a qualitative understanding of the overall carbon conversion 
mechanism. Furthermore, by performing ROP analysis and comparing 
the rate changes of each reaction in different cases, the specific effects of 
various volatile components on carbon conversion can be revealed.

Fig. 11 shows the reaction rates in the flame front and post-flame 
region for different cases. There are significant differences in ROP 
gains between the two regions. In the flame front region, where the 
temperature changes most drastically, its impact on reaction rates is 
significant. Case 6, which contains H2, exhibited the highest flame 
temperature, resulting in notable gains across various elementary re
actions, especially R38, R53, R284, R86, and R58. When H2 coexisted 
with C2H4 (Case 2), the flame temperature was also elevated, leading to 

significant rate increases in several reactions. In contrast, the presence of 
CO (Case 1, Case 3, Case 4, and Case 5) caused a noticeable decrease in 
flame temperature, leading to varying degrees of reduction in reaction 
rates. When only C2H4 was present (Case 7), it slightly suppressed the 
reaction rates. In the post-flame region, the flame temperature becomes 
more stable, reducing its impact on reaction rates. Instead, the influence 
of fuel components on reaction rates becomes significantly greater, 
making the chemical composition of the fuel a key factor in carbon 
conversion rates in this area. In Case 2 and Case 6, the rate gains for 
these elementary reactions have decreased, particularly for reactions 
R38, R53, R284, and R58. Meanwhile, in other cases, the reaction rates 
for R58, R53, and similar reactions have shown varying degrees of 
increase.

The above analysis indicates that, the rates of elementary reactions 
are affected by both the flame temperature and the chemical 

Fig. 10. Carbon conversion reaction pathways and the key elementary reactions.

Fig. 11. The ROP gain of the elementary reaction.
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composition of the fuel. In the flame front region where temperature 
fluctuations are the largest, the flame temperature plays a crucial role in 
determining the reaction rates. In the post-flame region, where the 
temperature stabilizes, the effect of fuel composition on the reaction rate 
dominates. Notably, the reaction R290 (CH2 + O2 = 2H + CO2) is the 
least sensitive to temperature and fuel composition, resulting in negli
gible changes in ROP gain.

3.5. Global carbon conversion pathway analysis for multi-component 
coexistence flames

The reaction rates in both the flame front and post-flame regions are 
jointly influenced by fuel composition and flame temperature. To 
accurately construct the carbon conversion reaction pathways and fully 
understand how variations in fuel composition affect reaction rates and 
their impact on the carbon conversion pathways, it is essential to 
perform the global carbon conversion pathway analysis of key elemen
tary reactions across the full computational domain. The overall carbon 
conversion pathways and the pathway proportions of key elementary 
reactions are shown in Fig. 12, where the numbers indicate the pro
portion of reactant A consumed by elementary reaction i relative to its 
total consumption. The calculation method is given in Eq (7). 

φi
A =

∫ L
0 ROPi

ldl
∑n

i

( ∫ L
0 ROPi

ldl
)× 100% (7) 

where φi
A is the pathway proportions of key elementary reaction i; 

∫ L
0 

ROPi
ldl is the ROP integral value of the reaction i in the computational 

domain; 
∑n

i

( ∫ L
0 ROPi

ldl
)

is the sum of ROP integrals of all reactions that 

consume reactant A.
By comparing the pathway proportions across different cases in the 

full computational domain, the conversion ratios of these key 

elementary reactions in the pathway can be analyzed, revealing the 
pathway tendencies in the carbon conversion process and providing a 
deeper understanding of how different fuel components specifically 
affect carbon conversion and the formation of the final product CO2.

The gains in pathway proportion for key elementary reactions across 
the full computational domain, in cases where only a single volatile 
component exists in fuel, are shown in Fig. 13. When CO is the only 
volatile component present in the fuel (Case 5), it significantly increases 
the pathway proportions of R290 and R142, while decreasing the 
pathway proportions of R53, R58, and R166. This indicates that the 
presence of CO significantly promotes the conversion ratios in the re
action branches CH2* → CH2 and CH2 → CO2, while weakening the 
conversions in the main chain reactions CH4 → CH3, CH2O → HCO, and 

Fig. 12. Combustion reaction pathways of various volatile component gas flames.

Fig. 13. The gains in pathway proportions for the key elementary reactions 
across the computational domain in cases with only a single volatile component 
in fuel.
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HCO → CO. Consequently, it promotes the conversion of carbon ele
ments from the fuel to CO2, given a consistent combustible carbon 
content. When H2 is the only volatile gas in the fuel (Case 6), the 
pathway proportions of R99, R290, R142, and R166 are suppressed to 
varying degrees, while the pathway proportions of R53 and R58 show a 
slight increase. This indicates that the presence of H2 reduces the pro
portions of the pathways for the main chain reactions CO → CO2 and 
HCO → CO, as well as the branch reactions CH2* → CH2 and CH2→ CO2, 
while slightly increasing the proportions of the pathway for CH4 → CH3 
and CH2O → HCO. Consequently, the conversion of fuel carbon to the 
final product CO2 is reduced, while the combustible carbon content of 
the fuel remains constant. When only C2H4 is present (Case 7), the 
pathway proportions of R290 and R142 increase slightly, while the 
pathway proportions of R53 and R166 decrease. This suggests that the 
presence of C2H4 slightly increases the path proportions for the branch 
reactions CH2* → CH2 and CH2→ CO2, while suppressing the pathway 
proportions for the main chain reactions CH4→ CH3 and HCO → CO.

In cases where multiple components coexist in the fuel, the gains in 
pathway proportions become more complex. When various volatile 
components coexist, the gains in pathway proportions are influenced not 
only by each individual component but also by additional synergistic 
effects. The pathway proportions for multiple component coexistence 
are given by Eq (8). 

Δγa+b
Ri =

(
Δγa

Ri +Δγb
Ri
)
+Ra+b

Ri (8) 

where Δγa+b
Ri represents the gain in pathway proportion for reaction Ri 

when components a and b coexist, Δγa
Ri represents the gain in pathway 

proportion when component a is present alone, Δγb
Ri represents the gain 

in pathway proportion when component b is present alone, and Ra+b
Ri 

represents the synergistic change in pathway proportion. Therefore, the 
synergistic change in pathway proportion can be obtained by Eq (9). 

Ra+b
Ri =Δγa+b

Ri −
(
Δγa

Ri +Δγb
Ri
)

(9) 

when Ra+b
Ri is greater than zero, it indicates a synergistic promotion effect 

when components a and b coexist. If Ra+b
Ri equals zero, it indicates that 

the coexistence of components a and b results in a simple additive effect. 
If Ra+b

Ri is less than zero, it indicates a synergistic suppression effect be
tween components a and b when they coexist.

In this study, we focus on analyzing Case 2, where H2 and C2H4 
coexist as volatile components in the fuel. Analyzing this specific case 
provides insights into their overall effects and synergistic gains on 
pathway proportion. For the other multicomponent coexistence cases, 
the analytical methods and approaches used are consistent with those 
applied to Case 2. Therefore, further elaboration on these cases will be 
omitted to maintain focus and clarity.

In Case 2, where H2 and C2H4 coexist in the fuel, the pathway pro
portion gains are shown in Fig. 14. Compared to the case where only H2 
is present (Case 6), Case 2 decreases the pathway proportion gains of 
CH4→CH3 (R53) and CH2O→HCO (R58), weakens the inhibitory effects 
on the pathway proportions of CH2*→CH2 (R142) and CH2→CO2 
(R290), but intensifies the inhibitory effect on the pathway proportion 
of HCO→CO (R166). In terms of the overall effect, Case 2 similarly in
hibits the conversion of carbon from the fuel into CO2.

In Case 2, the pathway proportion gains for key elementary reactions 
are not solely determined by the individual effects of H2 and C2H4 but 
are also influenced by synergistic effects, as shown in Fig. 15. The 
reduction in pathway proportion gains for CH4→CH3 (R53) and 
CH2O→HCO (R58) in Case 2 results from the combined effect of the 
promoting effect of H2 and the inhibiting effect of C2H4, along with 
additional synergistic suppression when H2 and C2H4 coexist. The 
weakening of the pathway proportion inhibition for CH2 *→CH2 (R142) 
and CH2→CO2 (R290) is due not only to the suppression by H2 and the 
promotion by C2H4 but also to the synergistic promotion effect for R290 

and synergistic suppression for R142. Although Case 2 intensified the 
inhibition of the pathway proportion for HCO→CO (R166), the syner
gistic effect was nearly zero, indicating that the inhibition of R166 is 
simply the additive effect of H2 and C2H4.

The same method was used to analyze other multicomponent coex
istence cases, calculating the synergistic variations for each case and 
presenting these changes in Fig. 16. It reveals the synergistic effects of 
key elementary reactions under different multicomponent coexistence 
cases. As shown in Fig. 16, the synergistic effects in multicomponent 
combustion are highly complex, mainly in two aspects. First, each vol
atile component affects carbon conversion in a specific manner, and in 
multicomponent coexistence cases, the overall effect on carbon con
version is a result of the combined impacts of the individual compo
nents, with different combinations producing varying effects. Second, 
even within the same multicomponent flame, the synergistic effects on 
different elementary reactions vary, with some reactions exhibiting 
synergistic promotion, others facing synergistic inhibition, or simply 
showing additive effects. Therefore, to accurately reveal the complexity 
of synergistic changes, it is essential to conduct a detailed analysis of the 
reaction mechanisms in each case, clarifying the variations in carbon 
conversion pathways and the specific synergistic effects between 
elementary reactions in each multicomponent system.

In summary, the variation in volatile fuel components significantly 
affects the pathway proportions of key elementary reactions and impacts 
the conversion of carbon from fuel to CO2. When there is only one 
volatile component in the fuel, the presence of CO and C2H4 primarily 

Fig. 14. The gains in pathway proportions for the key elementary reactions 
across the computational domain in Case 2, 6 and 7.

Fig. 15. Synergistic effects on pathway proportion gains for key elementary 
reactions in Case 2.
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promotes the conversion of carbon in the fuel to CO2 by increasing the 
pathway proportions of the branched reactions involving CH2* and CH2. 
In contrast, the presence of H2 inhibits the conversion of carbon to CO2 
by reducing the pathway proportions of both the main-chain reactions 
involving HCO and CO, as well as the branched reactions involving CH2* 
and CH2. When multiple volatile components coexist in flames, the 
pathway proportion gains Δγa+b

Ri are influenced not only by pathway 
proportion gains in individual components Δγa

Ri and Δγb
Ri, but also by 

complex synergistic effects Ra+b
Ri . It is crucial to conduct a detailed 

analysis of carbon conversion pathways and the synergistic effects of 
specific elementary reactions to better reveal the carbon conversion 
mechanisms in multi-component flames.

4. Conclusion

This study has systematically revealed the carbon conversion path
ways in volatile flames and the synergistic effects of co-combustion of 
various volatile components on these pathways. Multi-spectral diag
nostic techniques (imaging spectroscopy and TDLAS) were utilized to 
obtain the spatial distribution characteristics of radical OH*, CH*, and 
C2* spectral intensities, H2O concentration, and flame temperature in 
CH4/CO/C2H4/H2/air laminar premixed flames. The accuracy of the 
established chemical kinetic model was validated from the perspectives 
of intermediate reaction products, final products, and thermodynamic 
parameters. Furthermore, a more comprehensive kinetic model of the 
volatile flame chemical reaction was established, based on which the 
key elementary reactions were illustrated, the formation characteristics 
of the relevant components were analyzed, and the synergistic effect of 
the carbon conversion pathway were revealed. Experimental and kinetic 
simulation results indicate that. 

(1) C2*, OH*, and CH* are generated from CH2, CH, and C2H, 
respectively, and the spectral patterns of these excited radicals 

are consistent with the formation patterns of their precursors. The 
presence of H2 in the volatile flame promotes the formation of 
CH2 and CH, thereby enhancing the formation of C2* and OH*. 
The presence of C2H4 promotes the formation of C2H, which 
enhances the formation of CH*.

(2) The presence of H2 in flame enhances the generation of H2O and 
increases the flame temperature, while CO reduces both H2O 
generation and the flame temperature. Both the flame tempera
ture and the composition of volatile components influence the 
reaction rates of the elementary reactions.

(3) The key elementary reactions for the generation of the final 
product CO2 are present throughout the entire carbon conversion 
process. With the combustible carbon content in the fuel kept 
consistent, H2 mainly inhibits the conversion of carbon from the 
fuel to CO2 by reducing the pathway proportions of both main 
chain reactions of HCO and CO, and branch reactions of CH2* and 
CH2. In contrast, CO and C2H4 promote the conversion of carbon 
to CO2 by increasing the pathway proportions of branch reactions 
of CH2* and CH2.

(4) When multiple volatile components coexist in flame, the gain in 
pathway proportions is not only influenced by the individual ef
fects of each component, but also the complex synergistic effects. 
The synergistic effects on different elementary reactions vary 
greatly and may appear as synergistic promotion, synergistic in
hibition, or simple additive effects.

This study clarifies the carbon conversion synergistic patterns in 
multi-component flames by comparing the effects of individual volatile 
components and their coexistence, providing a scientific basis for un
derstanding the chemical kinetic mechanisms of volatile combustion.

Fig. 16. The synergistic effects of key elementary reactions under different multicomponent coexistence cases.
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