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A B S T R A C T   

Oxy-fuel combustion of coal pyrolysis gas has recently been proposed to serve as internal heat source of a vertical 
low-temperature pyrolysis furnace, in order to make the output pyrolysis gas nearly free of nitrogen and widely 
useful. To keep the pyrolysis temperature and the heat carrier gas volume unchanged from air combustion to oxy- 
fuel combustion, the equivalence ratio has to be increased up to 8. To explore the flame temperature and species 
variation at this ultra-rich condition, freely propagating premixed oxy-fuel flames of a typical coal pyrolysis gas 
at equivalence ratios of 0.5–10 are numerically studied with detailed chemistry. It is found that super-adiabatic 
flame temperatures (SAFT) occur at equivalence ratios larger than 3 for the considered pyrolysis gas and the 
SAFT magnitude is 294 K at equivalence ratio of 8. Due to the high H2 mole fraction (46%) in the pyrolysis gas, 
preferential diffusion plays a negligible role in the SAFT feature. Global net production of CO and H2 by the rich 
combustion only occurs at moderate equivalence ratio ranges, which are 1.5–8 and 3–5.5 respectively for the two 
species. At equivalence ratio of 8, the three fuel components are all net consumed following the mole ratio of 
CH4:CO:H2 = 1:0.07:0.84. Kinetic analysis reveals three factors responsible for the reaction mechanism change 
with the increase in equivalence ratio. Firstly, the lack of H-radical and the decrease in temperature result in the 
disappearance of the H2 production peak in the initial stage. Secondly, HO2 attack to CO prevails and hence 
contribution of CO oxidation in the initial stage increases. Thirdly, the long lasting OH attack to CO and H2 leads 
to the weakened CO and H2 production rate in the final stage.   

1. Introduction 

Low temperature pyrolysis is an effective method to utilize low-rank 
coal which constitutes more than half of the remaining coal reserves. 
Through low temperature pyrolysis, the low-rank coal can be converted 
into tar, semi-coke and pyrolysis gas, which are important chemical or 
metallurgical raw materials [1–5]. Direct-heating vertical furnace is the 
main type of low temperature pyrolysis facility, with current production 
capacity exceeding 100 million tons per year in China. It benefits from 
the compact structure and efficient heat transfer by direct contact of coal 
and heat carrier gas [6]. 

However, the pyrolysis gas from a direct-heating vertical furnace 
contains a large percent of useless nitrogen and cannot meet the 

requirements of most high-value utilizations. This is caused by the 
direct-heating method that the recirculated pyrolysis gas combusts with 
air in the lower part of the furnace and the burnt gas which contains the 
nitrogen from air enters the coal bed, heats the coal and mixes with the 
new produced pyrolysis gas. To eliminate nitrogen in the pyrolysis gas 
and to upgrade its value, oxy-fuel combustion has recently been intro
duced as heat source in a direct-heating pyrolysis furnace [7–9]. 

Commonly the equivalence ratio for the combustion of pyrolysis gas 
and air inside the pyrolysis furnace is set to a value around 2.5. This 
provides a reducing atmosphere with temperature of 500–750 ◦C for the 
low temperature pyrolysis. When oxy-fuel combustion is applied, the 
equivalence ratio needs to be increased further to keep the temperature 
inside the furnace essentially unchanged. In other words, more pyrolysis 
gas needs to be recirculated to substitute the eliminated nitrogen to 
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maintain the volume and heat capacity of the heat carrier gas. Following 
this concept, the equivalence ratio is as high as 8.42 for the condition of 
pure oxygen as oxidizer [8]. 

To our best knowledge, there is no literature concerning the com
bustion characteristics under equivalence ratio as high as 8. In the field 
of natural gas reforming by non-catalytic partial oxidation, fuel-rich 
combustion is applied under the equivalence ratios of 2–3 [10–15]. 
Kohler et al [12] reported the speciation data of methane partial 
oxidation at equivalence ratio of 2.5 in a high-temperature flow reactor. 
The fuel-rich combustion process consists of the fast oxidation and the 
slow reforming reactions that convert methane into carbon monoxide 
and hydrogen [16]. It was found that the thermochemical equilibrium is 
not reached with residence time of 2 s at temperatures lower than 1800 
K [12]. Dubey et al. [17] investigated rich methane/air premixed flames 
with equivalence ratios up to 6, finding that the methane conversion rate 
decreases with increasing equivalence ratio. 

A feature of fuel-rich combustion is the occurrence of super-adiabatic 
flame temperatures (SAFT), that is, the maximum flame temperature is 
higher than the equilibrium temperature [18–22]. Han et al. [20] found 
that the SAFT phenomenon for rich CH4, C2H6 and C3H8 premixed 
flames is caused by the post-flame reactions reducing H2O to H2 and 
oxidizing C2Hx (x greater than 1) to CO. Stelzner et al. [22] investigated 
the SAFT phenomenon of methane premixed flames at equivalence ratio 
of 0.5–3. Two regimes of SAFT were identified varying with the equiv
alence ratio. With equivalence ratio of 1–2, the magnitude of SAFT is 
120–180 K and preferential diffusion of H or H2 plays a key role. But for 
equivalence ratio of 2–3, the differential diffusion of species is not of 
high importance and the magnitude of SAFT is up to 400 K. 

Besides the ultra-high equivalence ratio of the oxy-fuel combustion 
in the pyrolysis furnace, the effect of the specific pyrolysis gas compo
sition on the flame temperature and species profiles has not been studied 
either. The typical composition of the low-temperature pyrolysis gas of 
low-rank coal is 46% H2, 17% CH4, 30% CO and 7% N2 [7,8], of which 
the CH4 and H2 fractions are lower than that of coke oven gas and the CO 
fraction is higher. Research on the partial oxidation of coke oven gas (at 
equivalence ratio around 2.5) indicates that H2 is first consumed in the 
flame zone and then gradually increases through CH4 steam reforming, 
while CO gradually increases from the flame zone to the post-flame zone 
[23]. Selective oxidation is occurring in the case of fuel-rich combustion 
of multiple-species fuel gas. This affects both the species and tempera
ture profiles. Liu et al. [24] found that the SAFT phenomenon is absent 
in a hydrogen flame with an equivalence ratio of 2. Whereas, the SAFT 
characteristics of various rich flames of H2, CO and CH4 mixture is in 
suspense. 

In this work, the premixed oxy-fuel flames of typical low-rank coal 

low-temperature pyrolysis gas at fuel-rich conditions with equivalence 
ratios up to 10 are studied using detailed kinetic modeling. The tem
perature and species profiles are analyzed in a wide equivalence ratio 
range. The SAFT feature is investigated considering both the non- 
equilibrium characteristics and the preferential diffusion. The selective 
combustion of CH4, H2 and CO, as well as the reforming reactions, are 
investigated through reaction kinetics and mechanism analysis. The 
topics are of interest for fundamental combustion science, and also 
directly relevant for the industrial application to low-rank coal low- 
temperature pyrolysis with oxy-fuel rich direct heating combustion. 

2. Model and method 

2.1. Equations and boundary conditions 

One-dimensional steady governing equations are applied in this 
study to model the freely propagating premixed flames [25]: 

∂(ρu)
∂x

= 0 (1)  

∂(ρuYi)

∂x
=

∂
∂x

(

ρDim
∂Yi

∂x

)

+ ω̇i (2)  

∂(ρuh)
∂x

=
∂
∂x

[
λ
cp

∂h
∂x

+
∑Ns

i=1

(

ρDim −
λ
cp

)

hi
∂Yi

∂x

]

(3)  

where u denotes the mixture velocity in the direction x. ρ is the density 
of mixture. Yi, Dim and ω̇i are the mass fraction, the diffusion coefficient 
and the production rate of species i. h, λ, and cp are the specific enthalpy, 
the thermal conductivity and the specific heat. 

By default, diffusion coefficients of each species are modeled by the 
mixture-averaged model which can represent preferential diffusion 
[26,27]: 

Dim =
1 − Yi

∑
j∕=iXj/Dij

(4)  

where Dim is the diffusion coefficient of species i in the mixture. Xi and Yi 
is the mole fraction and the mass fraction of species i. Dij is the binary 
diffusion coefficient of the mixture of species i and species j. 

To investigate the influence of preferential diffusion on the SAFT 
phenomenon, a unit Lewis number model is applied comparatively, by 
which diffusion coefficients of all species are calculated from the ther
mal conductivity indiscriminatingly as: 

Nomenclature 

Variables 
u velocity, m/s 
ρ density, kg/m3 

x distance in the flame propagating direction, m 
Yi species mass fraction, - 
Dij binary diffusion coefficient, m2/s 
Dim mixture averaged diffusion coefficient, m2/s 
ω̇ reaction source term, kg/(m3⋅s) 
h specific enthalpy, J/kg 
λ thermal conductivity, W/(m⋅K) 
Cp specific heat capacity, J/(kg⋅K) 
Xi species mole fraction, – 
ϕ equivalence ratio, – 
T temperature, K 
αT temperature index, – 

Subscripts 
i ith species 
im ith species in mixture 
ij ith and jth species 
eq equilibrium state 
end the end point 
ini the initial state 
Le unit-Lewis number model 
pre preferential diffusion model 
max the maximum value 
CO carbon monoxide 
CH4 methane 
H2 hydrogen 

Abbreviations 
SAFT super-adiabatic flame temperatures  
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Dim =
λ

ρcp
(5) 

In all cases, the inlet temperature is set to be 300 K. The fuel gas is set 
as mixture of 46% H2, 17% CH4, 30% CO and 7% N2 to reflect the 
practical gas composition from typical low-temperature pyrolysis of 
low-rank coal. Noting that this composition does not contain CO2, 
because CO2 separation and capture is designed in the oxy-fuel com
bustion facilitated low-temperature pyrolysis concept. The oxidizer is 
set as pure oxygen. The equivalence ratios are set from 0.5 to 10 with 
increment of 0.5. The gradients of velocity at the cold and hot boundary 
are both set to be zero to model the freely propagating flame. The 
Cantera software [28] is used to solve the equations. The self-adaptive 
grids are applied. The refine criterion for gradient is set to be 0.1, 
while the maximum size of the computational domain is set to be 500 
cm. 

2.2. Chemical mechanism 

Dubey et al. [17] have evaluated the performance of four mecha
nisms on modeling the premixed CH4/air flames at equivalence ratios up 
to 6, namely GRI3.0, SD2016, KAUST, and ARAMCO1.3, among which 
SD2016 [29] and GRI3.0 [30] is found to give better prediction in 
species mole fractions. Bouvet et al. [31] have tested premixed H2/CO- 
air flame speeds at equivalence ratios up to 5, and compared plenty of 
experimental data with the predicted results by the Li mechanism [32]. 
There is not available experimental data of rich premixed pyrolysis gas 
flames to be applied directly in the chemical mechanism validation. We 
tested the SD2016 and GRI3.0 mechanisms on the prediction of pre
mixed H2/CO-air flame speeds, to see their performance beyond the CH4 
flames. To be close to the composition of the pyrolysis gas in this study, 
the cases with syngas composition of 50% H2 and 50% CO are tested. All 
experimental data discussed in Ref. [31] are considered, including those 
from Bouvet et al. [31], Hassan et al. [33], Sun et al. [34], Prathap et al 
[35], and Burke et al [36]. Results are shown in Fig. 1. It is observed that 
at equivalence ratios larger than 3, both SD2016 and GRI3.0 mechanism 
predict slightly lower flame speeds than that by the Li mechanism, but 
the predicted flame speeds by the GRI3.0 mechanism produce the 
smallest mean square error compared with all the experimental data 
sets. Considering the performance on both rich CH4 and syngas flames, 
we decided to use GRI3.0 mechanism in this study, to determine the 
chemical reaction source terms, the thermodynamic properties and the 

transport properties in the equations introduced in Section 2.1 to model 
the premixed pyrolysis gas flames. 

3. Results and discussion 

3.1. Super-adiabatic flame temperatures (SAFT) 

Fig. 2 presents the maximum flame temperatures, the temperatures 
at the end point and the equilibrium temperatures as function of 
equivalence ratio, by the mixture-averaged diffusion model and the unit 
Lewis number model respectively. With equivalence ratios less than 3, 
the curves overlap each other, showing that no SAFT phenomenon ex
ists. With equivalence ratios larger than 3, the magnitude of SAFT in
creases and reaches a maximum of 428 K at equivalence ratio of 5.5, and 
then decrease, while that at equivalence ratio of 8 is 294 K. The differ
ences between the results from the mixture-averaged diffusion model 
and the unit Lewis number model can be neglected, indicating that the 
preferential diffusion is not the main cause of the SAFT phenomenon. 
Compared with the findings from Stelzner et al. [22] on methane flames, 
the SAFT for coal pyrolysis gas flames occur at relatively larger equiv
alence ratio, and the first regime that preferential diffusion plays a key 
role is not observed in this case. This can be ascribed to the difference in 
the fuel gas composition. The mole fraction of hydrogen is as high as 
46% in the coal pyrolysis gas, making the behavior of the flames more 
like the hydrogen–oxygen flames, for which the SAFT phenomenon is 
absent [24]. 

Besides difference between the maximum temperature and the 
equilibrium temperature (SAFT), there is also difference between the 
end point temperature and the equilibrium temperature. With equiva
lence ratios larger than 3.5, the end point temperature becomes appar
ently higher than the equilibrium temperature, which means the 
reacting system does not reach the equilibrium state, not even when the 
computational domain is extended from 100 to 500 cm. On the other 
hand, the difference between the maximum temperature and the end 
point temperature can only be observed in the equivalence ratio range of 
3–6. This indicates that for equivalence ratio smaller than 3, no signif
icant endothermic reforming reactions occur beyond the flame front, 
while for the equivalence ratio larger than 6, the endothermic reforming 
reactions proceed slowly in the immediate post-flame zone. 

Fig. 1. Comparison of the experimental flame speeds with the predictions by 
different mechanisms for H2/CO-air (50% H2 + 50% CO in fuel) flames. 

Fig. 2. Flame temperatures as function of equivalence ratio (subscript eq, end, 
max, Le and pre denote the equilibrium, the end point, the maximum, the unit 
Lewis number model and the preferential diffusion model). 
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3.2. Selective combustion of three fuel components 

Fig. 3 shows the mole fractions of CH4, CO and H2 at the maximum 
value, the end point, the equilibrium and the initial state as function of 
equivalence ratio. The species profiles at typical equivalence ratios are 
displayed in Fig. 4. The evolution of the three fuel components presents 
very different characteristics, clearly indicating that selective combus
tion exists. 

As shown in Fig. 4(a), the mole fraction of CH4 decreases monoto
nously, which agrees with the result in Fig. 3(a) that the maximum mole 
fraction of CH4 is equal to the initial values. At equivalence ratio smaller 
than 3.5, the mole fraction of CH4 at the end point and at the equilibrium 
state are both below 10-8, meaning that CH4 in the coal pyrolysis gas is 
totally converted by oxidation or reforming reactions and the equilib
rium state is reached. At equivalence ratio larger than 3.5, the mole 
fraction of CH4 at the end point increases, while the equilibrium mole 
fraction stays below 10-3 until equivalence ratio of 5 and then increases. 
It is indicated that the non-equilibrium feature of the premixed oxy-fuel 
flame of coal pyrolysis gas begins at the equivalence ratio of 3.5, which 
agrees with the results of temperature profiles. On the other hand, at 
equivalence ratio larger than 5, the CH4 could not be converted 
completely even if the equilibrium states were reached. 

Also for CO and H2, non-equilibrium results occur at equivalence 
ratios larger than 3.5. However, the profiles of CO and H2 present 
various non-monotonicity depending on the equivalence ratio. As shown 
in Fig. 3(b), the maximum mole fraction of CO is equal to the end point 
value in the equivalence ratio range of 2.5–3.5, except which the 
maximum values equal neither to the end point values nor to the initial 
values. Whereas for the mole fraction of H2, the maximum values either 
equal to the end point values (ϕ=3–5.5) or the initial values (less than3ϕ 
and  greater than 5ϕ.5), as shown in Fig. 3(c). For H2, it is related to the 
fact that it is first consumed and then produced (see Fig. 4(c)). In the 
equivalence ratio range of 3–5.5, the produced H2 is more than the 
consumed, hence the end point mole fraction is larger than the initial 
values. For CO, the evolution feature is to be produced at the beginning 
and then consumed, and at moderate equivalence ratio (e.g. ϕ = 4, see 
Fig. 4(b)), be produced again in the end. With the equivalence ratio of 
2.5–3.5, the production rate at the end stage is high enough to make the 
mole fraction of CO at the end point exceed the first peek value and 
become the maximum. Furthermore, with equivalence ratio of 1.5–8, 
the mole fraction of CO at the end point is higher than the initial values, 
indicating that the net production of CO is positive. 

Basically, the production of CO at the beginning is due to the partial 
oxidation of CH4, while at the end stage it is due to the reforming re
actions, also leading to the production of H2 at the end stage. Combing 
the results in Fig. 3 and Fig. 4, it is revealed that the production rates of 

CO and H2 increase with the moderate increase in equivalence ratio, 
while decrease with further increase in equivalence ratio. This can be 
explained by the fact that the moderate increase in equivalence ratio 
lead to more unreacted CH4 after the oxidation process and promotes the 
reforming reactions, while with further increase in equivalence ratio, 
the flame temperature decreases and hence the reforming reactions are 
inhibited. The maximum end point mole fraction of CO and H2 are 
observed at the equivalence ratio of 3 and 3.5 respectively (see YCO, end 
and YH2, end in Fig. 3). These are slightly higher than that of the opti
mized conditions applied in the methane partial oxidation reforming 
[37]. 

Compared with the partial oxidation of coke oven gas studied in the 
literature [23], the consumption of CO after the first peak value is more 
intense for this case of low-temperature pyrolysis gas at the same 
equivalence ratio range (shown in Fig. 4(b), ϕ = 2–4). This can be 
ascribed to the higher CO fraction in low-temperature pyrolysis gas than 
that in coke oven gas, leading to higher reaction rates of CO oxidation 
and the water–gas shift reaction. When equivalence ratio increases to 6, 
the production of CO at the reforming stage become negligible while 
that of H2 is still considerable (shown in Fig. 4(b) and (c)), indicating 
that water–gas shift reaction plays an important role. 

To inspect the global conversion of the fuel components explicitly, 
the mole ratio of the global consumption of the three fuel components 
are presented in Table 1. Here, the global consumption denotes the mole 
number at the initial point minus that at the end point. At equivalence 
ratio of 2–8, CH4 is the most consumed component, while H2 exceeds 
CH4 at equivalence ratio of 10. At equivalence ratio of 2–6, the con
sumption ratios of CO are negative, also for H2 at equivalence ratio of 4, 
meaning that the net production is resulted. At equivalence ratio of 8, 
which is of interest to the application in low-temperature pyrolysis 
furnace, all the three components are net consumed, among which the 
ratio of consumed H2 to CH4 is 0.84 and that of CO is 0.07. These 
findings will help correct the species and heat balance calculation of the 
low-temperature pyrolysis furnace. 

3.3. Reaction kinetics and mechanism analysis 

The production rates of H2, CH4 and CO are plotted in Fig. 5 to 
illustrate the reaction kinetic characteristics at different stages of the 
selective combustion and reforming process. A temperature index αT =

(T − T0)/(Tmax − T0) is defined to represent the reaction progress. For 
the convenience of comparatively analyzing the reaction mechanisms at 
different equivalence ratios, we divide the whole flame range into three 
stages, namely the initial stage, the middle stage and the final stage. The 
middle stage is defined as the zone where the production rate of CO is 
positive while that of CH4 and H2 are negative, which is the same for 

Fig. 3. Mole fraction of species as function of equivalence ratio (subscript max, end, eq, and ini denote the maximum, the end point, the equilibrium and the 
initial state). 
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different equivalence ratios. Discrepancies for different equivalence ra
tios are the range of the middle stage and the characteristics in the initial 
and the final stages. We now firstly discuss the kinetics in the middle 
stage, and then the initial stage and final stage are discussed 
subsequently. 

The αT ranges of the middle stage for different equivalence ratios are 
respectively 0.65–0.9 (ϕ=2), 0.4–0.96 (ϕ=4), 0.62–0.97(ϕ=6) and 

0.77–0.96 (ϕ=8). Note that due to the post-flame endothermic reactions, 
αT presents non-monotonic profiles at equivalence ratio of 4 and 6, while 
the middle stages are always upstream of the maximum temperature 
point (αT=1). The rates of main reactions contributing to each fuel 
component consumption at the point of αT = 0.8, which is chosen as 
representation of the middle stage, are shown in Fig. 6. The main re
actions related to CH4 are similar at different equivalence ratios. Re
actions with the radicals H, OH contribute most to CH4 destruction, 
while the recombination reaction of H and CH3 provides considerable 
production of CH4 at the same time. The most contributing radical at 
equivalence ratio of 2 is H, while that at equivalence ratio of 8 is OH. 
Dubey et al. [17] found that CH4 is mainly consumed by OH attack at 
equivalence ratio of 6, which is not the same case in this study where it is 
found that CH4 is equally consumed by OH and H. This is due to the fact 
that the flame temperature of oxy-fuel combustion studied here is higher 
than that of fuel–air combustion in reference [17]. H being the most 
contributing radical is a feature of high-temperature flames [38]. With 

Fig. 4. Mole fraction of species as function of distance.  

Table 1 
Mole ratio of the global fuel components consumption.  

Equivalence ratio Global consumption ratio (CH4:CO:H2) 

2 1:− 0.52:0.84 
4 1:− 0.36:− 0.41 
6 1:− 0.09:0.08 
8 1:0.07:0.84 
10 1:0.51:1.32  

Fig. 5. Production rate profiles of species and temperature index αT.  
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the increase in equivalence ratio, the most contributing radical changes 
from H to OH, while the oxy-fuel condition postpones this trans
formation. The production of CO at the middle stage is mainly from 
attacks of H2O, H and O2 to HCO (see Fig. 6(b)), which is an interme
diate in the oxidation of CH4 [39]. Unlike the situation of CH4, the 
prominent reaction of H with HCO only happens at equivalence ratio of 
2, as well as the attack of O to CH3. At higher equivalence ratio (ϕ=6 and 
8), the reaction HCO + O2 = CO + HO2 plays an important role, while 
the subsequent consumption reaction CO + HO2 = OH + CO2 also 
prevails. For H2, the most contributing radical is always OH (see Fig. 6 
(c)). It is noticed that the production of H2 through H attack on CH4, 
CH2O and C2H6 occur simultaneously although the net consumption is 
resulted. 

Basically, the radical reaction pathway depends on the temperature 
and the radical pool composition. Fig. 7 shows the main radicals and 
temperature profiles at different equivalence ratios as function of tem
perature index. At the equivalence ratio of 2, the mole fraction of H 
radical is the largest, while HO2 and CH3 become dominant with the 
increase in equivalence ratio. However, the relative value of the OH 
mole fraction to H mole fraction do not increase with equivalence ratio. 
This indicates that the most attacking radical switching from H to OH is 
more due to the temperature decrease than the radical concentration 
change. HO2 is an important radical for low-temperature oxidation [40] 
and plays an important role in the oxidation of CO at higher equivalence 
ratios. It is also noticed that the peak value positions of HO2 mole 
fraction at different equivalence ratios agree with the spatial position 
where the middle stage start. The prominence of CH3 at higher equiv
alence ratio can be attributed to the abundance of CH4. 

Going back to the production rate profiles of the three fuel compo
nents in Fig. 5 and inspecting the initial stage, the kinetic behaviors at 
equivalence ratio 4, 6 and 8 are observed to be similar. Each fuel 
component is consumed slowly and the production rate of CO changes 
from negative to positive. However, at equivalence ratio 2, there is a CH4 
production peak and a H2 production peak in succession before the 
middle stage. The rates of main reactions contributing to each fuel 
component consumption at different equivalence ratios are presented in 
Fig. 8. Note that due to the ranges of the initial stages at different 
equivalence ratios are not the same, the reaction rate analysis is con
ducted at different positions, that is at αT = 0.26 and 0.6 for the CH4 
production peak and the H2 production peak at equivalence ratio of 2 
and at αT = 0.3, 0.6 and 0.6 for equivalence ratio of 4, 6 and 8 respec
tively. It is observed that the CH4 production peak at equivalence ratio of 
2 is due to the reaction H + CH3(+M) = CH4(+M) (see Fig. 8(a), ϕ = 2). 
The recombination of H and CH3 is dominant at relatively low temper
atures and a crucial source of H and CH3 can be the diffusion from the 
flame front. The absence of CH4 peak at higher equivalence ratios can be 
attributed to the lack of H radical. As shown in Fig. 8(c), the production 
peak of H2 at equivalence ratio of 2 (denoted by ϕ = 2* to be distin
guished from the CH4 peak position) is due to the reaction of H + CH4 =

CH3 + H2, of which the relative reaction rate compared to the main H2 
consumption reaction OH + H2 = H + H2O is more than twice of that at 
the CH4 peak (denoted by ϕ = 2). Noting that the temperature at the CH4 
peak (αT = 0.26) and H2 peak (αT = 0.6) is 924 K and 1769 K respec
tively, the prominence of the H2 production reaction is mainly due to the 
increased temperature. Therefore, the lack of H radical and high tem
perature is the reason that no H2 production peaks are observed at 
higher equivalence ratios. Another feature of the initial stage at higher 
equivalence ratios (4–8) is observed that the upper bound temperature 
index increases with equivalence ratio. The upper bound temperatures 
of the initial stages at equivalence ratios of 4, 6, 8 are 898 K, 1008 K and 
1055 K respectively. This means that the net consumption of CO lasts to 
higher flame temperatures when equivalence ratio increases. This is 
mainly caused by the prominence of HO2 at higher equivalence ratio, 
which increases the contribution of CO oxidation to the fuel consump
tion in the initial stage. This also explains the positive net global con
sumption of CO at equivalence ratio larger than 8 (see Table 1). 

Fig. 6. Contributions of the main reactions to the total production rates of fuel 
components at the middle stage (αT = 0.8; *100, *1E4 and *1E5 mean the re
action rates are multiplied by 100, 104 and 105). 
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Finally, we discuss the kinetics mechanism in the final stages. As 
shown in Fig. 5, the typical kinetic characteristics are the hydrogen 
production peak, the gradually decreased CH4 consumption rate and the 
first consumption and then production of CO. It is observed that the ratio 
of the peak value of H2 production at the final stage to that of H2 con
sumption at the middle stage first increases and then decreases with the 
increase in equivalence ratio. A similar situation occurs for the CO 
variation. The production of CO at the final stage becomes negligible at 
equivalence ratio of 6 and 8. To investigate the H2 and CO production 
mechanism at different equivalence ratios, the reaction rates analysis 
are conducted at αT = 0.93, 1.0, 0.93, 0.98, 0.98 for ϕ = 2, 4, 4*, 6, 8, 
among which ϕ = 4* denotes the CO production peak of ϕ = 4 to be 
distinguished from the H2 production peak at αT = 1.0 and the αT values 
for ϕ = 4* and 6 are the values after the maximum temperatures are 
reached. The rates of main reactions contributing to the net production 
rate of each fuel component are plotted in Fig. 9. As shown in Fig. 9(b), 
the consumption of CO is mainly through the reaction OH + CO = H +
CO2, while the reaction HO2 + CO = OH + CO2 also plays an important 
role at equivalence ratio of 8 due to the relatively higher HO2 concen
tration. For the CO production peak (see ϕ = 4* in Fig. 9(b)), the pro
duction of CO is mainly from the hydrogenation and dissociation of 
CH2CO, and note that the rate of CO + OH = H + CO2 is negligible 
indicating that the equilibrium of this reaction has been reached. At 
equivalence 8 (see ϕ = 8 in Fig. 9(b)), HCO also serves as a main source 
of the CO production which resembles the middle stage. However, due 
to the considerable CO consumption by OH and HO2 attack, net pro
duction of CO is not observed at higher equivalence ratio (ϕ=6 and 8). 
From this point, the reaction equilibrium of the OH and HO2 attack to 
CO is a prerequisite of the occurrence of CO production peak at the final 
stage. Regarding the H2 production, as shown in Fig. 9(c), the backward 
proceed of OH + H2 = H + H2O is the only source of H2 production at 
equivalence ratio of 2, while the H attack to CH4, C2H4 and C2H6 

contribute more at higher equivalence ratios and C2H4 become the 
largest H2 production source at equivalence ratio of 8. However, the 
forward proceed of OH + H2 = H + H2O is still prominent at the con
dition ϕ = 8, which is the main reason of the weakened H2 production. 

4. Conclusions 

In premixed oxy-fuel combustion of coal pyrolysis gas, super- 
adiabatic flame temperatures (SAFT) occur at equivalence ratios larger 
than 3, for which the non-equilibrium state other than the preferential 
diffusion is the main reason. At equivalence ratio of 8, which is of in
terest to the application of the direct-heating flames in low-temperature 
pyrolysis furnace, the temperature at the end point, equal to the 
maximum temperature, is 294 K higher than the equilibrium 
temperature. 

Global net production of CO and H2 by the rich combustion only 
occurs at moderate equivalence ratio ranges, which are 1.5–8 and 3–5.5 
respectively for the two species. At equivalence ratio of 8, the three fuel 
components are all net consumed following the mole ratio of CH4:CO:H2 
= 1:0.07:0.84. 

The selective combustion characteristic varies with equivalence 
ratio. With increase in equivalence ratio, the role of dominant radical 
changes from H to HO2. Due to the lack of H radical and the decreased 
temperature, the CH4 and H2 production peaks at the initial stage, which 
are observed at equivalence ratio of 2, disappear at higher equivalence 
ratios. The HO2 radical plays an important role in the oxidation of CO at 
equivalence ratio of 8, leading to considerable consumption of CO at the 
initial stage. At the final stage, although the production of H2 from H 
attack to C2H4 and C2H6 prevails at equivalence ratio of 8, the long- 
lasting oxidative consumptions of H2 by OH and O weakened the net 
production of H2. The same mechanism also explains the negligible net 
production of CO at the final stage at equivalence ratio of 6 and 8, where 

Fig. 7. Mole fraction of radicals as function of temperature index αT.  

M. Ren et al.                                                                                                                                                                                                                                     



Fuel 311 (2022) 122576

8

Fig. 8. Contributions of the main reactions to the total production rates of fuel 
components at the initial stage (αT = 0.26, 0.6, 0.3, 0.6, 0.6 for ϕ = 2, 2*, 4, 6, 
8; *100, *1E5, *1E6 and *1E7 mean the reaction rates are multiplied by 100, 
105, 106 and 107). 

Fig. 9. Contributions of the main reactions to the total production rates of fuel 
components at the final stage (αT = 0.93, 1.0, 0.93, 0.98, 0.98 for ϕ = 2, 4, 4*, 
6, 8; *100, *1E4, *1E6, *1E7 and *1E8 mean the reaction rates are multiplied 
by 100, 104, 106, 107 and 108). 
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the oxidative consumption by OH and HO2 neutralizes the production 
from CH2CO. 
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