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Three clean gases (shale gas, biomass gas, and coalbed gas) are simulated by
using Chemkin-Pro software. The GRI 3.0 mechanism, which exhibits superior
predictive performance overall, is chosen for numerical simulation based on com-
parative analysis. The comprehensive analysis of the effects of fuel components on
flame speed and temperature in the three mixtures. Based on the laminar burning
velocity, the numerical decoupling method is used to separate the chemical and
physical effects of CH,, as well as the dilution, thermal, and chemical effects of
CO,. At the same time, verification and analysis are carried out by sensitivity anal-
ysis and flame structure analysis. Sensitivity analysis is employed to evaluate the
impact of key fundamental reactions on laminar burning velocity and temperature,
while flame structure analysis is utilized to ascertain variations in crucial species
and temperatures during flame combustion.
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Introduction

Non-conventional energy such as shale gas, biomass gas, and coalbed gas are men-
tioned more and more frequently. With the demand for clean energy in society today, this kind
of energy is increasingly valued. As an unconventional natural gas, shale gas [1-3] is beneficial
in meeting the huge demand for clean energy for economic development and controlling pol-
lutant emissions. As a renewable energy, biomass gas [4-6] can replace fossil fuels to a certain
extent and reduce the output of pollutants. Coalbed gas [7-9] is also one the unconventional
natural gas, which can be mixed with natural gas, and it produces almost no waste gas after
combustion.

To make effective use of these gases for better practical use, a more complete under-
standing of their combustion characteristics is necessary. Vargas et al. [10] analyzed the com-
bustion characteristics of different shale gas mixtures by numerical and experimental methods,
including adiabatic flame temperature and calorific value, and obtained the most important
element reaction and the influence of dilution gas. Ozturk [11] computationally investigated
the adiabatic and partial premixed combustion of several shale gases at different flow rates,
inlet temperatures, equivalence ratios, and pressures. In terms of biomass gas, Bhasker [12]
from India studied the combustion characteristics of biomass gas and found that reducing the
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percentage of CO, in the fuel increased the combustion rate, thermal efficiency, and power of
the engine. Research on coalbed gas, the laminar flame of the CH,/Ny/air mixture was studied
by Miao et al. [13] using a constant volume combustion bomb and a high speed ripple shadow
system. Considering the non-linear effect of tension, the experimental data were analyzed by
conventional and non-linear methods. Compared with the results, different methods have little
effect on flame velocity, but a significant effect on Markstein length. Zheng et al. [14] investi-
gated the turbulent and laminar combustion characteristics of coalbed gas/air-premixed flames
in a constant volume combustion bomb. The findings indicate that the tension-free flame ve-
locity of mixed gas premixed flame decreases with increasing N, volume fraction and pressure.
The Markstein length increments with augmented N, volume fraction and equivalence ratio and
decreases with augmented initial pressure.

Shale gas, biomass gas, and coalbed gas are all unconventional natural gases, con-
taining CH, as a primary component, especially in shale gas and coalbed gas, while the CH,
content in biomass gas varies depending on the gasification process. Analysis of many scholars’
previous research indicates that studies have typically focused on the analysis of single gases,
with limited comparative analysis involving multiple gases. Therefore, a comprehensive analy-
sis of the laminar combustion of these three gases is helpful for studying the impact of varying
combustible component concentrations in gases. Based on the laminar burning velocity, Si,
the physical and chemical effects of CH4 have been separated using the numerical decoupling
method, as well as the dilution, thermal, and chemical effects of CO,. While there has been
analytical research on the physical effects of diluents, studies on chemical effects are relatively
scarce. Additionally, the decoupling analysis of combustible gases contributes to a deeper un-
derstanding of S;.

The study of premixed laminar flow combustion is relatively more basic. Meanwhile,
the St is an important index to test the chemical reaction mechanism of fuel and a key parameter
to calculate the diffusion of turbulent premixed flame [15-17]. Studying the basic combustion
characteristics of fuel is the only way to understand the fuel combustion process, improve efti-
ciency and develop clean energy. Therefore, the combustion research of premixed laminar flow
is of great significance [18-20].

Numerical simulation

According to information that the fuel composition of the gas mixture is very com-
plex, the instability of flame propagation [21, 22] and the inevitable error of the experiment [23]
itself are great challenges for the flame analysis of the gas mixture under laboratory conditions.
Therefore, the effects of different fuel components and experimental conditions on chemical
reaction rate can be analyzed in detail by numerical simulation method, component formation
rate [24] or consumption rate, flame temperature change, and so on from the perspective of
chemical dynamics.

Table 1. Chemical kinetics model

Mechanisms Number of species | Number of reactions Reference
GRI-3.0 53 325 [25]
USC 110 784 [26]
San Diego 58 270 [27]

The laminar combustion of fuel is simulated in this study using the pre-mixed com-
ponents in the Chemkin-Pro software, under normal temperature and pressure (7, = 300 K,
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Py=0.1 MPa) conditions [28]. For each simulation condition, the adaptive heavy grid method is
employed with a convergence criterion set at CURV and GRAD values of 0.02, while limiting
the maximum number of grids to 900 [29]. Table 1 includes GRI-3.0, USC-II, and San Diego.
All these models have been extensively validated, including pressure, temperature, etc. The
aforementioned mechanism papers have been used in many articles [30-33].

Table 2. Gas fuel components

. . Fuel mixture
Shale | Fuel mixture [vol.%] | giomass Fuel mixture [vol.%)] Coalbed [vol.%]

gas gas gas
XCH, |XC,Hg| XC;H; XCH, | XH, |XCO|XCO,| XN, XCH, | XN, | XCO,

aBasics | 70 20 10 aBasics 10 30 | 30 25 5 | aBasics 70 20 10
oCH,-0.1] 10 | 50 | 40
oaCH,-0.4| 40 | 50 10

aCH,-0.1| 10 80 10 |aCH,-0.3] 30 | 30 | 30
aCH,-0.5| 50 40 10 |aCH,-0.4| 40 | 30 | 30

aCH,-0.9 | 90 0 10

S O | O | W

5
0
aCH,-0.8| 80 10 10 |aCH,-0.6| 60 | 30 | 10 0
aCH,-0.9| 90 0 10 |aCH,;-09| 90 | 10 | O 0

Table 2, respectively shows the fuel components of shale gas [34-36], biomass gas
[37-39], and coalbed gas [40-42]. This paper focuses on studying the influence of the change of
fuel components on flame characteristics.

Results and discussion
Comparative analysis of three mechanism conditions

The experimental method used in this paper is the same as that of Zhang et al. [43],
and the details of the experimental method have been elaborated in their paper. A schlieren sys-
tem is added to the original experimental platform for capturing flame propagation images, and
the schematic diagram of the experimental platform is shown in fig. 1. The spherical expand-
ing flame method measures the S; of the mixed fuel under normal temperature and pressure
(Ty, =300 K, Py=0.1 MPa) conditions.

The basic components of three types of gas are selected for the experiment, with an
equivalence ratio ranging from 0.6-1.4 at intervals of 0.2. The flame propagation images are
shown in fig. 2. In fig. 3, the experimental data is compared with the predicted data from three
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chemical models. The Sy of the three kinds of gas mixtures increased first and then decreased.
The difference is that shale gas peaks at an equivalent ratio of 1.1. Biomass gas peaks at about
1.2, and coalbed gas flame speed peaks at an equivalent ratio of 1. This paper focuses on the
comparative analysis of the difference between three gas components to study the influence of
the change of fuel components on the flame. Based on the comparison between experimental
and simulated data in the figure, overall, the GRI 3.0 mechanism provides better predictions
for the S; of the three gases. Therefore, subsequent analysis will adopt the GRI 3.0 mechanism.
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Effect of composition change on laminar burning velocity

The effects of increasing the CH, content in syngas on its S; are manifold. These in-
clude chemical as well as physical effects of CH,. The physical effect includes dilution effect
and thermal effect. The chemical effect is mainly the effect of the chemical reaction of CH, on
Si, and the dilution effect refers to the effect of reducing the content of other combustible gases
in syngas. The non-dilution physical effects usually refer to the effects of changes in thermal
parameters such as specific heat and thermal diffusion coefficient, and are therefore, often re-
ferred to as thermal effects.

In order to be able to decouple the analysis of physical and chemical effects on the S;
of syngas. A dummy substance FCH, is introduced, which has the same thermodynamic and
transport mechanism as CH,, but FCH, does not participate in the chemical reaction. In order to
avoid the influence of the introduction of FCH, on the syngas equivalence ratio, FO, and FN,
are introduced in the same way.
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Shale gas

Figure 4(a) illustrates the ratio of S with different CH, content to the S; without CH,,
enabling an analysis of the influence of CH, content on the Sy of the mixed fuel under varying
equivalence ratios. The S; diminishes with decreasing C,Hs concentration. At an equivalence
ratio of 1, the alteration in S; with CH, content is relatively insignificant, suggesting that the
substitution of CH, for C,H, has a limited influence on S;.. The second is when the equivalent
ratio is 0.6, and the biggest change is when the equivalent ratio is 1.4. That is to say, in the lean
fuel area, with the increase of CH, content, the decrease rate of S is lower than that in the rich
fuel area.
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Figure 4. The impact of CH, content on the laminar burning velocity of shale gas;
(a) @=0.6,1.0, and 1.4 and (b) ®=1.0

In fig. 4(b) a decoupling analysis is performed using the effect of FCH, on CH,. The
portion filled with a diagonal line indicates the physical effect of increasing CH, content on
the S; of shale gas. It can be observed that the physical effect of CH, makes the S, of shale gas
decrease almost linearly. The green-filled part is the chemical effect caused by the increase of
CH,, which promotes the increase of Sy of shale gas. The blue-filled part is the coupled effect
of physical and chemical factors, i.e., overall increasing CH, causes a small decrease in the S;
of shale gas, which is a relatively small effect. At a CH, content of 20%, the ratio of the chem-
ical effect to the physical effect of CH, addition is approximately 97.36%. As the CH, content
increases, this ratio gradually decreases, reaching around 96.59% at a 60% CH, content. The
gradual increase in the ratio of chemical effect indicates that the chemical reaction of CH,4 has
a gradually increasing role in promoting the Sy of shale gas.

Biomnass gas

The focus here is on the effect of CH, substitution of CO on the S, of syngas. The vari-
ation of Sy of syngas with increasing CH,4 concentration (decreasing CO content) for different
equivalence ratios is given in fig. 5(a). It can be found that the S; of syngas decreases gradually
with increasing CH, content and the rate of decrease increases with increasing equivalence
ratio.

In fig. 5(b), a decoupling analysis is performed using the virtual substance FCH,
to assess the independent effects of CH, content on the S; of biomass gas. The region filled
with diagonal lines represents the physical effect resulting from an increase in CH,4 content
(from 40%-70%), causing a reduction in the Sy of the syngas. The green-filled region signifies
the chemical effect arising from the additional CH,, as CH,’s chemical reactions promote an en-
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hancement in S;. The chemical effect of CH,4 addition is smaller than its physical effect. When
both effects are considered together, the addition of CH, leads to a decrease in the S; of the syn-
gas, as depicted by the blue-filled region. At a 50% CH, content, the ratio of the chemical effect
to the physical effect is approximately 80.89%. This ratio decreases with an increase in CH,
content, reaching around 77% at a 70% CH, content. This implies an increasing prominence of
the physical effect, thereby restraining the Sy of the syngas.
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Figure 5. Laminar burning velocity with increased CH4 content;
(a) Si. of syngas (b) biomass gas

Coalbed gas

With the decrease of CO, and N, content, the change rate of S; is different. Therefore,
the S; of CH4/N,, CH,/CO,, and CH4/N,/CO, is being analyzed. As can be seen in fig. 6(a), the
S; of all three blends increased with the rise of CH, content, but at the same CH, content, the S
of CH4/N, is the highest, followed by CH,/N,/CO,. From this, it can be judged that the carbon
dioxide content of the coalbed gas S, inhibition is more obvious.
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Figure 6. The impact of N,/CO, on the S;, of coalbed gas;
(a) aCH, [%] and (b) CO,dilution [%]

Based on the studies of many scholars, the addition of N, in the mixed fuel only serves
as the dilution effect [44]. Therefore, the dilution effect of adding CO, is determined using an
equal volume fraction of N,, as shown in fig. 6(b). The region between FCO, and N, additions
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represents the thermal effect of adding CO, on the S of coalbed gas. The impact of the thermal
effect diminishes after CO, exceeds 30%, and its proportion in relation the physical effect de-
creases with increasing CO, concentration. As indicated by the area representing the chemical
effect in the figure, the chemical effect of CO, inhibits the S; of coalbed gas. The presence of
both chemical and thermal effects is the reason why adding CO, leads to a greater reduction in
the S} of coalbed gas compared to adding an equal volume fraction of N,.

Sensitivity analysis

To assess the significance of the fundamental response to the influence of S; and
identify the most responsive fundamental reaction flame speed variations caused by different
fuel components, a sensitivity analysis is conducted employing flow rate sensitivity coefficients
[45-47]. If the sensitivity coefficient of a reaction is positive, it indicates that the reaction fa-
cilitates species formation. Conversely, if the sensitivity coefficient of a reaction is negative, it
indicates that the reaction promotes species consumption.

The sensitivity coefficients of elementary reactions under normal pressure and tem-
perature (7, = 300 K, P, = 0.1 MPa) are examined in this passage for equivalence ratios of
0.6, 1.0, and 1.4. It investigates the influence of CH, concentration on the primary elementary
reactions of shale gas, biomass gas, and coalbed gas.

In fig. 7(a), for shale gas, during lean combustion, chain termination reaction R99 and
chain initiation reaction R38 have similar sensitivity coefficients. For the former, OH radical
reacts with the CO molecule to form the H radical and stable product CO,, while for the latter
H radical decomposes the O, molecule to produce the O and OH radical. The whole reaction
process gradually speeds up as a result of these chain reactions that can generate a lot of free
radicals. The reaction R35 that consumes H radical is an important inhibition reaction. The
presence of H,O makes O, compete with H radical to produce the intermediate product HO,,
which reduces H group concentration and thus inhibits forward combustion.

In the case of rich combustion, chain reaction R38 becomes the most dominant for-
ward reaction, and O, becomes more competitive with the H group. At the same time, chain
propagation reaction R10 consumes the O group and generates the H group, increasing the
concentration of the H group, thus promoting laminar burning velocity. The most significant
elementary reaction at the moment to the lower H group is reaction R52, which involves CH;
competing with the H group. There is also a large increase in the value of the sensitivity factor,
indicating a more pronounced suppression of the flame speed.

The obvious changes in CH, content are R38, R52, R159, R119, and other reactions.
As the CH, content increases, the consumption of O radicals produces CH3, O radical concen-
tration decreases, and the R38 reaction rate is accelerated. At the same time, the content of CH;
also increased, the chain propagation reactions such as R97 and R119 also accelerated, and the
sensitivity coefficient increased. At the same time, the negative sensitivity coefficient of chain
reaction R52, which plays a leading role in inhibition, increased, and its inhibition of mass
combustion rate increased, thus inhibiting the combustion reaction.

The chemical reactions of R38, R99, R52, and R35 in biomass gas exhibit the highest
sensitivity to variations in Sy, as depicted in figs. 7(b) and 7(c). During lean burning, R38 and
R99 produce large amounts of OH and H radicals, which will advance the reaction rate. The
reactions of R290, R166, R167, and R284 produce H groups, which increase the concentration
of H groups and promote the R38 to move forward and increase the flame speed. Reactions
R35, R52, and R36 that consume H groups are the main inhibition reactions. The presence of N,
and H,O in R35 and R36 competes with the reactions of H and O, to produce the intermediate
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product HO,, and CH; in R52 competes with the reactions of H groups to produce CH,4, which
generally reduces the concentration of H groups and thus inhibits the forward combustion.

In the case of rich combustion, reaction R38 is the most important positive leading
reaction. Two active free radicals can be produced from each H radical (O radical and OH radi-
cal). The reaction R10 and R284 consume O radicals to generate two H radicals, thus increasing
the overall H radical concentration and promoting forward combustion. The competition of
CH; for the H group in the third body reaction R52 at this time is the most important elementary
reaction that reduces the H group.
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According to the change of CH,, when the proportion of CH, is from 0.4-0.7, CH,
gradually replaces the proportion of CO content, and the positive sensitivity coefficient of R99,
which is the main reaction consuming CO, gradually decreases, the catalytic effect of a chem-
ical reaction is reduced. However, the negative sensitivity coefficients of inhibition reactions
R52,R53,R55,R98, R158, efc. gradually increase, and the inhibition effect on combustion also
increases. When the ratio of CH, content ranges from 0.7-0.9 (CH, gradually replaces H,), the
sensitivity coefficient of R3 and R84 decreases, which means that the decrease of H, concentra-
tion makes H, less competitive against O and OH groups. Therefore, the sensitivity coefficient
of the reaction R99, which consumes the OH group increases slightly, and did not change much
for the reaction R38. The sensitivity coefficient decreases at the time of rich combustion. The
positive sensitivity coefficients of R10, R168, R98, and R158 will exhibit a decrease, while the
negative sensitivity coefficients will demonstrate an increase. Consequently, this phenomenon
is expected to exert a certain influence on the combustion reaction.

For coalbed gas, as depicted in figs. 7(d)-7(f), it’s noticeable that with changes in
equivalence ratio, the primary impacting elementary reactions are not entirely consistent. At an
equivalence ratio of 0.6, the most influential forward-promoting reactions are R38, followed
by R119, R99, and R97, displaying substantial promoting tendencies. The primary inhibiting
reaction at this point is R35, followed by the chain termination reaction R52. As CH, content
increases, it is observed that the concentrations of intermediate products also increase, conse-
quently reducing the sensitivity coefficients of R38 and R119. Similarly, the absolute values of
sensitivity coefficients for inhibiting reactions such as R35, R52, R168, R36, R10, and R87 also
decrease with increasing CH, content.

At an equivalence ratio of 1.0, the primary inhibiting reaction shifts to R52, while
R35 continues to exhibit significant inhibitory tendencies. Additionally, it’s noticeable that the
sensitivity coefficients of R38 and R52 undergo a much greater change with a decrease in CO,
concentration compared to a decrease in N, concentration. This suggests that the impact of CO,
on sensitivity is greater than that of N,. At an equivalence ratio of 1.4, the increased sensitivity
coefficients of R74 and R3 become more significant, while the impact of R35 in inhibiting
reactions decreases, replaced by reaction R53, correlating with the relatively higher concen-
tration of CH,. Overall, with an increase in equivalence ratio, the absolute values of sensitivity
coefficients for each elementary reaction also tend to increase.

Flame temperature and flame structure analysis
Flame temperature

Flame temperature, as a key characteristic of flame, plays a crucial role in the com-
bustion process of fuel mixture. It is worth noting that flame temperature exhibits a positive
correlation with the S; of the fuel mixture [48].

Figure 8(a) shows the curves of the variation of 7,4 [49] with the equivalent ratio for
the three gases calculated under different models. The simulation calculations of the three mod-
els are similar for the T,q4, so they can be effectively simulated. CH,, C,Hy, and C;Hg have sim-
ilar T,4. Influenced by dilute gases (CO, and N,), the temperature of biomass gas and coalbed
gas is lower than that of shale gas. Compared with coalbed gas, the temperature of biomass gas
under lean and rich combustion conditions is higher. In practice, it is almost impossible to reach
the T,4. Some of the heat of the flame is lost through thermal radiation and convection. Howev-
er, the corresponding analysis can be effectively applied to calculate combustion efficiency and
heat transfer processes. For high temperature flame (above 1800 K), the combustion products
undergo a decomposition reaction, which not only increases the volume but also absorbs a lot
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of heat. At low temperatures, only CO, and water should be produced after the combustion of
a chemical equivalence ratio mixture or lean fuel mixture. However, these products are very
unstable. As long as the temperature is slightly higher, they may be partially converted into
simple molecular, atomic, and ionic forms (for example, CO, H,, O, H, and OH). Accordingly,
during the transformation process, the energy is absorbed and the maximum flame temperature
is correspondingly reduced.
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Figure 8. Adiabatic flame temperature, 7,4, of different components
(T, =300 K, P,= 0.1 MPa): (a) shale gas, biomass gas and coallbed gas and
(b) three diffrent CH,

Figure 8(b) shows three different CH, concentrations that are set, and the changes in
T,q are analyzed for each of the three gases at various equivalence ratios. For shale gas, as the
proportion of CH, content gradually replaces the proportion of C,Hg, the difference in 7,4 is not
significant. Combined with the aforementioned conclusions, it is determined that the 7,4 is not
the main reason for the increase in flame speed. When the content of dilute gas in the biomass
gas is large, the content of dilute gas gradually decreases as the CH, content increases, which
can effectively increase the flame temperature. As CH, gradually replaces the proportion of CO
and H,, the content of the two as high calorific value fuel the reduced content will reduce the T4
to some extent. However, the combustion temperature is still better than the gas mixture with
diluted gas. The change of coalbed gas is relatively simple. With the proportion of CH, replac-
ing CO,, it is evident from the picture that there is a huge increase in flame temperature. Rel-
atively speaking, the temperature increase is greater than the proportion of CH, replacing N,.

Figure 9 shows the flame temperature sensitivity coefficients of three gases under
stoichiometric conditions based on the GRI mechanism file. Figure 9(a) is a comparison dia-
gram of the temperature sensitivity coefficients of the three gases under basic data. For the three
gases, R38(H + O, = O + OH) and R52[H + CH; (+ M) = CH, (+ M)] have the highest absolute
value of sensitivity coefficients in the premixed zone. While the R99(OH + CO = H + CO,) of
biomass gas becomes the highest and positive. Increasing the reaction rate will raise the flame
temperature.

Figure 9(b)-9(d) show the temperature sensitivity coefficients of shale gas, biomass
gas, and coalbed gas under stoichiometric conditions under different CH, concentrations. Fig-
ure 9(b) shows the temperature sensitivity coefficient of shale gas. Select five reactions that
reflect the change in CH, content. In the pre-combustion zone, with the increase of CH, content,
the absolute values of sensitivity coefficients of R52 and R38 increase. In the reaction zone, the
reaction rates of the basic reactions R52 and R35(H + O, + H,O = HO, + H,0), which promote
the temperature rise, gradually decrease in the reaction zone, will inhibit the heating of the
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flame. In contrast, the elementary reaction R38 which inhibited flame temperature increased
with the change in CH, concentration. The temperature sensitivity coefficient of biomass gas is
shown in fig. 9(c) according to the change curve of CH, concentration. In the pre-combustion
zone, the negative and positive sensitivity coefficients of R38 and R52 are the largest, and the
reaction moves forward to a certain extent with the increase of CH, concentration, while the
absolute value of the sensitivity coefficient also increases. However, it is observed that R35
exhibits a higher value at 50% CH, content. Within the reaction zone, the peak of endothermic
reaction R38 gradually shifts backwards and intensifies, resulting in a prolonged reaction du-
ration and subsequent temperature decrease within the reaction zone. The elementary reactions
R52 and R35 that promote temperature rise are both decreasing. The rate of decline increases as
the CH, content increases. Figure 9(d) shows the temperature sensitivity coefficient of coalbed
gas with CH, content. In the pre-combustion zone, as the proportion of CH,4 content increases,
the absolute values of the sensitivity coefficients of reactions R38 and R52 decreased signifi-
cantly in the initial phase, while the other reactions decreased slightly in the initial phase. but
gradually increase with the transition the reaction zone. Both R52 and R35, which promote the
temperature increase in the reaction zone, showed a decreasing trend. However, with the in-
crease of CH,, the decrease rate slowed down, and the overall temperature in the reaction zone
increased. By examining the characteristics of flame speed, it is determined that the flame speed
and temperature of multi-component fuels exhibit independence from each other, with chemical
action playing a more significant role than thermal action in the combustion process.
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Flame structure analysis

The flame structure of three gas-premixed combustion flames can be analyzed by
studying the changes in the concentration of various substances during flame propagation. In-
cluding the chemical reaction zone free radical concentration distribution curve, 7,4 change
curve, and reactant and product concentration change curve. Free radical-induced chain propa-
gation and chain-induced reaction are the driving force of flame propagation. Free radical con-
centration plays a very important role in premixed laminar flow combustion and is important
data to measure flame stability.

The mole fractions and temperature distribution characteristics of the main components
of the three gases, calculated using the GRI 3.0 model under normal pressure and temperature
conditions (7, = 300 K, P, = 0.1 MPa), are illustrated in fig. 10. Figure 10(a) shows the variation
law of temperature degree distribution and mole fraction of main components in shale gas. Com-
pared with CH,, C,Hy with two carbon atoms need more oxygen for complete combustion. To
maintain the equivalence ratio of 1, less air will be involved. In addition, because the ratio of the
number of hydrocarbon atoms in CH, is 1:4, compared with C,H, with the number of hydrocarbon
atoms of 1:3, the molar fraction of CO, produced by the combustion of CH, per unit of material
will decrease, while the mole fraction of water will increase. The CO plays an irreplaceable role
in the oxidation of hydrocarbons, and the combustion of hydrocarbon fuels can be simply divided
into two steps: first, the fuel bond breaks to form CO, and the second step is the final oxidation of
CO to CO,. Among them, the basic reaction R99 is a chain transfer reaction that can effectively
promote the combustion of hydrocarbon fuels. The mole fraction of CO decreases with increasing
CH, concentration, which will slow down the forward progress of reaction R99, thus inhibiting
the Si, which is also consistent with the sensitivity coefficient analysis.

Figure 10(b) shows the temperature distribution of biomass gas and the change of
mole fraction of main components. The involvement of CH, in the chain termination reaction
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R52 leads to significant consumption of OH, H, and O radicals, resulting in a reduction in the
overall chemical reaction rate. Consequently, there is a corresponding decrease in the flame
speed of the fuel mixture. Additionally, with an increasing concentration of CH,4, the mole
fraction of CO initially increases and then subsequently decreases. This is also due to the initial
oxidation of hydrocarbon fuel to generate CO, which increases the mole fraction of CO. As CH,
is about to be depleted, the mole fraction of CO begins to slowly decline because CO compete
weakly on the O radical. The CO is gradually oxidized when there is an excess of O radicals.
In the presence of diluted gas, CH, is more susceptible to the temperature rise rate of the flame
than hydrogen. The maximum heating rate occurs when the CH, is depleted and the CH, con-
centration is not the largest factor affecting the temperature. Therefore, the inhibitory effect of
CH, on biomass gas flame speed is mainly the result of chemical and thermal effects.

In fig. 10(c), the mole fraction of CO also initially increases as the reaction progresses
and slowly decreases when CH, is about to be consumed completely. With an increase in CH,
content, the required amount of O, for the reaction also increases. When the CH, content increases
from 50%-70%, the molar fraction of CO will significantly increase, whereas an increase from
70%-90% CH, content will result in only a small increase in the molar fraction of CO.

Conclusions

® In shale gas, CH,has an inhibitory effect on the S of the mixture. The inhibitory effect
decreases first and then increases as the equivalence ratio increases. In biomass gas, as CH,
replaces CO, the S, gradually decreases, and the rate of decrease is faster with higher equiv-
alence ratios. In coalbed gas, as the CH, content increases, the S; increases, and CO, has a
stronger inhibitory effect on the S;.

e In shale gas and biomass gas, the physical effect resulting from the addition of CH, is great-
er than the chemical effect produced by CH,, and as the CH, content increases, the ratio of
chemical effect to physical effect decreases, leading to a reduction in the S; of the mixed
fuel. In coalbed gas, due to the thermal and chemical effects of CO,, CO, exhibits a greater
inhibitory effect on the fuel compared to an equal volume fraction of N,.

® In shale gas, the forward reaction R38 and the inhibitory reaction R52 exhibit the highest
sensitivity coefficients, which increase with the CH,4 content. In biomass gas, the forward
and inhibitory reactions with the greatest sensitivity coefficients remain to be R38 and R52,
however, the sensitivity coefficients increase with a decrease in CO content and decrease
with a reduction in H, content. In coalbed gas, the forward reaction R38 shows the highest
positive sensitivity coefficient, while the reaction with the highest negative sensitivity co-
efficient in the lean burn region is R35, which gradually transitions to R52 with an increase
in equivalence ratio.

® In shale gas, the consumption of CH, and C,H; progressions approximately simultaneously,
while the molar fraction of CO initially increases and then decreases as the reaction pro-
ceeds, playing a significant role in the reaction. In biomass gas, in the presence of diluting
gases, CH, is more susceptible to the flame heating rate compared to H,. The maximum
heating rate occurs when CH, is depleted. In coalbed gas, the molar fraction of CO initially
rises and then falls as the reaction progresses, starting to decrease as CH, is about to be
consumed completely.
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