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The tail gas with relatively high calorific value, generated from the depleted reduction of
copper slag, can be used as fuel for gas turbines. In this study, the flame speed calculation
module in PREMIX of CHEMKIN was used to simulate the combustion characteristics of
the tail gas after sulfide removal, the effects of equivalence ratio, gas preheating
temperature, and the CO, concentration on the flame propagation speed and the
flame combustion temperature were mainly investigated. Results show that the flame
propagation speed and the flame combustion temperature increase continuously with the
increase in preheating temperature, while it decreases continuously with the increase in
CO, concentration. Additionally, the peak flame combustion temperature appears at an
equivalent ratio of 1.1, while the peak flame propagation speed appears at an equivalent
ratio of 2.0, which indicates that the flame combustion temperature is not the main factor
affecting flame propagation speed for tail gas.

Keywords: tail gas, copper slag, CHEMKIN, flame propagation speed, flame combustion temperature

1 INTRODUCTION

Copper slag, a by-product of the copper smelting industry, contains a large amount of sensible heat
and is composed of some metal oxides, which exhibit preferable catalytic performance in improving
coal gasification (Du et al., 2010; Li et al., 2021). A heat recovery system from the heat of copper slag,
which generates reducing tail gas via the endothermic reactions of gasification, was presented. The
specific technology is shown in Figure 1. Copper slag itself is composed of a variety of metal oxides,
so it has a certain catalytic reforming ability for low-molecular alkanes (He et al., 2002; Wang and Yu,
2018; Wang et al., 2021), and as a result, the composition of the tail gas changes greatly compared
with the gas before reduction. The gas is mainly composed of H,, CO, CO,, and C,H,,,, which can be
used as the reducing gas of copper slag for recycling valuable metals. While this reduction tail gas has
a certain calorific value, it can also be used as fuel for gas turbines (Yalikunjiang-Tursun and Yue,
2019). Therefore, tail gas has received a particular interest in recent years.

Laminar flame propagation velocity is a basic parameter of fuel combustion, which can
comprehensively reflect the exothermic capacity, diffusivity, and chemical reaction rate of the
combustible gas mixture system (Hu and Yu, 2018; Shang et al, 2019). Laminar flame
propagation velocity is not only an important basis for studying complex combustion but
also an important parameter for verifying the chemical dynamic mechanism and guiding burner
safety design (Dong et al., 2002; Bao and Liu, 2011). Flame temperature is also a basic parameter
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FIGURE 1 | Process flow for the preparation of reducing tail gas from copper slag.
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of combustion and a key factor of overall efficiency of the
combustion system, which affects all aspects of the material
strength, structure, and design of the burner. Studying the
combustion characteristics of laminar flame can help us better
understand and interpret the actual combustion phenomenon
together with the law of combustion reaction. Furthermore,
understanding the laminar flame propagation mechanism is
also the basis for the study of turbulent flame propagation
mechanism (Kishore et al., 2008; Burluka et al., 2010; Zhang
et al.,, 2010).

In recent years, domestic and foreign scholars have also done
many experiments and model developments for laminar flame
combustion characteristics. Among the study of the basic flame
properties required for gas combustion, basic flame speed is very
important because it provides detailed information on the
thermochemical processes controlling fuel combustion (Bouvet
et al,, 2011; Zeng et al., 2019). A great deal of previous research
into the laminar combustion velocity has focused on the Bunsen
burner method (Lee et al., 2002; Pareja et al., 2009; Bouvet et al.,
2011; Zhang et al, 2016), whose base-wood principle is to
determine the laminar combustion velocity using a premixed
flame cone. Research over the last decade indicates that laminar
flame propagation velocity of gas can be affected by hydrogen
volume fraction, CO, concentration, preheating temperature, and
other factors (Han et al., 2016; Dai et al., 2020). In addition, some
domestic and foreign scholars have used CHEMKIN software to
simulate the flame combustion characteristics, and the simulation
results are consistent with the results obtained by the basic
experiments (Mueller et al., 2000; Natarajan et al., 2007, 2008;
Ouimette and Seers, 2008; Krejci et al., 2013). At present, some
studies have been carried out to simulate the flame propagation
velocity of natural gas by using the raw lamp experiment method
and CHEMKIN simulation software combined with GRI-3.0
reaction mechanism (Li et al., 2004). The results show that the

GRI-3.0 reaction mechanism is more suitable for the simulation
of methane combustion characteristics.

In general, there have been plenty of studies on the
combustion of single gas. The laws of laminar flame
combustion characteristics of natural gas have been proved
previously; however, the results cannot be used directly on the
analysis of the tail gas, and the studies on the laminar flame
combustion characteristics of the tail gas are seldom
referred to.

This study aims to use the flame speed calculation module
in PREMIX of CHEMKIN to simulate the combustion
characteristics of the tail gas after sulfide removal, to mainly
discuss the influence law of the equivalence ratio, gas
preheating temperature, and the CO, concentration on the
flame propagation speed and the flame combustion
temperature. In this simulation, the reduced tail gas is
generated from the endothermic gasification reacting in a
heat recovery system. Therefore, this work will lay the
foundation and provide basic data for the promotion and
application of reducing gas combustion technology.

2 CHEMKIN SIMULATION METHOD

2.1 Reaction Model

CHEMKIN is a chemical reaction kinetics package, which
simulates gas-phase reactions and surface reactions by using
detailed primitive reactions. The PREMIX model can be
divided into two modules: burner stabilized flame module
(BSF) and flame speed calculation module (FSC). The BSF
module is suitable for solving the flame temperature
distribution curve and the material concentration curve
when the mass flow of premixed gas is known. The FSC
module is suitable for pressure constant, premixed gas
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FIGURE 2 | One-dimensional laminar flame combustion physical model.

temperature, and known proportion. The flame temperature
distribution and flame propagation velocity curve distribution
can be conveniently obtained. In this study, the FSC module is
used to simulate the combustion characteristics of the tail gas
because the atmospheric pressure is constant and the gas
temperature and ratio are known.

The one-dimensional laminar flame combustion physical
model is shown in Figure 2. The tail gas from the copper slag
depleted reduction enters the preheating zone from the inlet,
and the gas temperature rises continuously, while the chemical
reaction proceeds slowly. After the gas reaches the combustion
temperature, it burns vigorously in the reaction zone, the
chemical reaction proceeds violently, and the reaction
reaches a dynamic equilibrium. The rise of gas temperature
gradually slows down, and the final temperature tends to be
certain in the product zone. Then, the chemical reaction rate
drops rapidly, and the combustion products are finally
discharged from the outlet.

2.2 Reaction Mechanism
All calculations in CHEMKIN software are based on the
mechanism file. This is because the reaction of each
primitive and its related parameters, the data of
thermodynamic properties of each component, and the data
of transport properties are included in the reaction mechanism
file. The CO/H,/NOx mechanism file proposed by the National
University of Ireland in collaboration with Xi’an Jiaotong
University was used for this simulation, which is capable of
simulating various reaction systems including H,/O,/N,, N,O
perlySiS, Hz/NzO, Hz/NOX/Oz, CO/HzO/NOX/Oz, and Hz/
CO/H,0/NOx/O, (Frassoldati et al., 2007; Zhang et al., 2017).
Meanwhile, the mechanism contains a large amount of
experimental data, including 104 excitation tube datasets, 87
JSR datasets, 87 FR datasets, and six laminar flame velocity
datasets with more than 3,000 experimental points. In general,
the mechanism file can simulate the combustion process of the
tail gas well and has good simulation effect, so this
mechanism file is chosen to simulate the combustion
characteristics.

Assuming that the gas inlet is a one-dimensional steady flow,
the governing equation can be simplified as follows:

Continuity:

M= puA (1)

propagating direction

FIGURE 3 | One-dimensional laminar flame grid division.

Energy:
MZ—Z - cip % <)LA Z—Z) + C%Zlk; kavkcpkj—Z
+Cip ztzla;k W + %Q;ad =0 2)
Species:
1\’4% + dd—x (PAY Vi) - Ad Wi = 0, (k= 1, K,)  (3)

Equation of state:

(4)
where x represents the one-dimensional coordinates, M
represents the total mass flow rate of gas components, Y
denotes the kth species mass fraction, T represents the
temperature in the x direction, P represents the pressure in
the x direction, p means the density of the mixture, u
represents the velocity of the mixed fluid in the x direction,
Wi represents molecular weight of the kth species, R is the
general constant of gas, W represents the average molecular
weight of the mixture, A is the heat conductivity of the gas, C,,
represents the heat capacity of the mixed gas at constant pressure,
Cpk expresses the kth species’ heat capacity at constant pressure,
wy is the production molar rate through the chemical reaction of
the kth species in every unit volume, V indicates the diffusion
rae of the kth gas, ;. indicates the total enthalpy of the kth gas,
Qraq expresses the radiation heat loss of mixture, and A indicates
the cross-sectional area of the flow tube.

PR

2.3 Grid Model Establishment and

Independence Test

According to the one-dimensional laminar flame physical model,
the exhaust gas passes through the preheating zone, the reaction
zone, and the product zone in turn. The path of the gas that passes
through is established as a one-dimensional model, and the
number of grids is divided. The number of grids is an
important basis to determine the calculation accuracy and
simulation time. If the number of grids is too small, the
simulation accuracy is too poor, while if the number of grids
is too large, the simulation calculation time is too long.
Meanwhile, the temperature gradient and concentration
gradient are smaller in the preheating zone and product zone
but larger in the reaction zone. Therefore, the grid cannot be
divided equally. According to the gradient, the number of grids in
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TABLE 1 | Test of optimal number of grids.

Numerical Simulation of Tail Gas

Computing time (s)

Grid quantity Flame propagation speed (cm/s) Changing range

100 Incalculability - -

150 343.228 0.105 33

200 343.123 0.111 37

250 343.012 0.215 40

300 342.797 0.074 45

500 342.723 - 53

TABLE 2 | Main gas components of tail gas (volume fraction).

Cco H, CO, H20
% % % %
35.95 39.90 4.62 19.53

TABLE 3 | Simulation calculation condition setting.

Equivalence ratio

1.0
0.6-3.0
1.0
1.0

AWM=

the reaction zone is the densest, followed by the product zone, and
the number of grids in the preheating zone is the least. The grid
division of the laminar flame is shown in Figure 3.

Table 1 shows the results of the grid independence test of the tail
gas under simulated conditions of pressure 1atm, preheating
temperature 598 K, and equivalence ratio 1.0 by using TWOPNT
function self-meshing principle.

It can be concluded from the aforementioned table that when
the number of grids changes from 100 to 300; the changing ranges
of flame propagation speed are 0.105, 0.111, and 0.215,
respectively; and the error is large. When the number of grids
increases from 300 to 500, the changing range of flame
propagation speed is 0.074 and the error is small. Therefore,
when the number of grids is 300, the truncation error is small and
the amount of computation is reduced, and the simulation
accuracy and simulation time reach the best balance.

2.4 Materials and Calculation Conditions
The tail gas used in this simulation is generated by the
endothermic reaction of copper slag gasification. The specific
process technology is shown in Figure 1. Table 2 shows the main
gas composition of the tail gas used in this simulation.

In this article, the effects of the equivalence ratio, preheating
temperature, and the CO, concentration on the combustion
characteristics of a one-dimensional laminar premixed flame were
investigated. During the calculation, the pressure was kept at 1 atm,
the premixed gas inlet velocity was set at 40 cm/s, and the ordinary
air at 298 K, and 1 atm was used for calculation air. Other conditions
for the simulation are shown in Table 3.

Preheating temperature (K)

CO, concentration (%)

598 4.62
598 4.62

208-798 4.62
598 4.62, 20, 30
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FIGURE 4 | Temperature distribution curve.

3 RESULTS AND DISCUSSION

3.1 Flame Temperature Distribution

Figure 4 shows the flame temperature distribution curve.
Based on the grid self-division function, the analysis is
carried out with the curve of equivalent ratio = 1.0. The
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FIGURE 5 | Temperature distribution in oxygen-rich combustion.
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FIGURE 6 | Temperature distribution in oxygen-lean combustion.

preheating zone is 0-1.42 cm, and the flame temperature
gradient is close to 0. The reaction zone is 1.42-1.66 cm. In
this zone, intense heat and mass exchange occur, and when X =
1.66 cm, the temperature reaches 88% of the complete reaction
temperature (2305 K). After X = 1.66 cm is the product region,
in which the flame combustion temperature rises slowly, the
heat-mass exchange gradually reaches equilibrium, and the
chemical reaction through a longer product zone to reach
equilibrium. The calculation results show that when X =
3.00 cm, the temperature reaches stability and the maximum
reaction temperature is 2169 K.
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FIGURE 7 | Variation law of reaction equilibrium temperature with
equivalence ratio.

3.2 Simulation of Flame Combustion
Characteristics at Different Equivalence

Ratios

3.2.1 Effect of the Equivalence Ratio on the Flame
Combustion Temperature

Figure 5 shows the temperature distribution under oxygen-
enriched combustion. It can be observed that the ranges of
preheating zone, reaction zone, and exothermic zone are
basically similar for different equivalence ratios, and there is
little change in the distance. The equivalence ratio mainly affects
the flame combustion temperature and flame temperature
gradient. When the equivalence ratio is less than 1.0, the
temperature gradient decreases with the decrease in the
equivalence ratio, the flame temperature slowly increases with
the increase of distance, and finally, the reaction equilibrium
temperature gets lower and lower. This is because with the
decrease in equivalence ratio, the amount of substances in the
air is more than that of fuel, and finally, the air is in a surplus state.
However, the lower the concentration of fuel, the slower the
reaction speed and the slower the heat release. Therefore, in an
adiabatic condition, the accumulated heat is lower, which leads to
the lower and lower equilibrium reaction temperature at the
macro-level.

As can be clearly seen from Figure 6, when the equivalent ratio
is 1.1, the equilibrium reaction temperature is the highest, about
2321 K; when the equivalent ratio is less than 1.1, the reaction
equilibrium temperature gradually decreases and the flame
temperature rises slowly. The lower the air concentration and
the lower the accumulated heat under adiabatic conditions, the
lower the equilibrium reaction temperature at the macro-level.
Calculations show that the temperature gradient is 0 when X =
3.0 cm and the reaction temperature reaches equilibrium. The
relationship between the specific reaction equilibrium
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temperature and the equivalence ratio is shown in Figure 7, from
which it can be clearly seen that when the equivalence ratio is 1.1,
the equilibrium reaction temperature reaches the maximum.

3.2.2 Effect of the Equivalence Ratio on the Flame
Propagation Speed
Figure 8 shows the comparison of the tail gas with a typical
methane flame propagation speed law. It can be seen that the
flame propagation speed increases at first with the increase in the
equivalence ratio and then decreases. When the equivalence ratio
changes from 0.6 to 2.0, the flame propagation speed rises rapidly;
while in the range of 2.0-3.0, the flame propagation speed
decreases slowly. As the equivalence ratio changed to 2.1, the
flame propagation speed achieved a maximum speed of
446.58 cm/s. According to the variation trend of flame
propagation velocity of typical methane component, the
maximum flame propagation velocity is achieved at the
equivalence ratio of 1.4 after the methane component is mixed
in the fuel component. Compared with the fuel tail gas, the flame
propagation velocity rises at the equivalence ratio of 0.6-1.4 while
it falls at the equivalence ratio of 1.4-3.0. In addition, the gradient
of the falling phase is significantly larger than the gradient of the
rising phase, that is, the flame propagation velocity decreases
extremely fast, and the maximum value of flame propagation
velocity is smaller than that of the fuel components in this study.
The reason for the aforementioned differences mainly lies in
the composition of the fuel components, when the fuel contains a
certain amount of CHy, and the equivalence ratio corresponding
to the maximum flame propagation velocity moves from the fuel-
rich region to 1.0. From the point of view of chemical kinetics, the
increase in laminar flame propagation speed has a strong
correlation with the maximum value of free radicals such as
H, O, and OH. When CHy, is added, the reaction rate of the chain
branching reaction (H + O, = O + OH) with the largest
generation rate of OH radicals decreases, while the reaction

2000 g o
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FIGURE 9 | Variation of flame temperature with preheating temperature.

rate of the main oxidation reaction (CO + OH = CO, + H)
decreases, and the sensitivity coefficient also decreases. At the
same time, CH, and CHj consume highly active H and OH,
resulting in the decrease in laminar flame propagation speed. As
the experimental results obtained by Liu Jiaqi et al. using the
Bunsen burner method, the equivalence ratios of the maximum
flame propagation velocities were 1.3, 1.2, and 1.1 for 2, 5, and 8%
of the methane blending mass, respectively. The gas is affected by
the thermodynamic dilution effect of H,O, resulting in the
aforementioned phenomenon (Liu, 2018). After the addition
of CH,, the molar share of H, decreases, which makes the
decrease in flame propagation speed accordingly (Xiao et al,
2020). As can be seen from Figure 7, the peak adiabatic
combustion temperature occurs at an equivalence ratio of 1.1,
while the peak flame propagation velocity occurs at an
equivalence ratio of 2.0. Therefore, for the fuel components in
this article, the adiabatic combustion temperature is not the main
factor affecting the flame propagation velocity.

3.3 Simulation of Flame Combustion
Characteristics at Different Preheating

Temperatures

3.3.1 Effect of the Preheating Temperature on the
Flame Combustion Temperature

Figure 9 shows the variation of flame temperature with
preheating temperature. It can be seen from the figure that the
reaction zone decreases with the increase in preheating
temperature, while the reaction temperature rises with the
increase in preheating temperature, and the specific reaction
zones are shown in Table 4. The reason for the
aforementioned phenomenon is that with the increase in
preheating temperature, the number of activating molecules
increases, the activation energy required for the reaction
decreases, and the basic reaction becomes more intense.
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TABLE 4 | Relationship between preheating temperature and reaction area size.

Preheating temperature (K)

Reaction region (cm)

Numerical Simulation of Tail Gas

Reaction equilibrium temperature(K)

298 1.4668-1.7310 2,169
598 1.4601-1.6690 2,321
798 1.4480-1.5998 2,383
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FIGURE 10 | Variation law of flame propagation speed with preheating FIGURE 11 | Effect of CO, concentration on flame combustion
temperature. temperature.

Finally, at the macro-level, the higher the equilibrium
temperature of the reaction, the larger the temperature
gradient and the smaller the reaction area.

It can be seen from Figure 9 that with the increase in
preheating temperature, the starting position of the reaction
zone is approaching coordinate zero. This is because the
increase in temperature increases the number of activated
molecules in the preheating zone and the probability and
intensity of collisions between molecules, so it is easier to start
the reaction. And the closer the starting position of the reaction
zone is to the coordinate zero. In other words, the preheating zone
decreases, while the product zone increases.

3.3.2 Effect of the Preheating Temperature on the
Flame Propagation Speed

The influence of preheating temperature on laminar flame
velocity can be described by the following formula:

o Ex
S, o< \/l—jexp( - RTrz)’ (5)

where « is the diffusion coefficient of the mixture, p means the
density of the mixture, and T, is the temperature of the chemical
reaction zone. The increase in preheating temperature will
increase the temperature of the chemical reaction zone and

reduce the density of the gas, but the increase in density will
be small. The increase in preheating temperature mainly affects
the laminar flame velocity by affecting the temperature of the
chemical reaction zone in the exponential term. Therefore, it is
theoretically inferred that the laminar flame velocity increases
exponentially with the increase in preheating temperature.

Figure 10 shows the variation law of flame propagation speed
with the preheating temperature. From Figure 10, it can be
concluded that the flame propagation element is directly
proportional to the preheating temperature. The reason is that
the increase in preheating temperature increases the number of
active molecules and reduces the activation energy of the reaction.
Therefore, the reaction can proceed quickly and the heat as well as
the mass exchange is violent, resulting in a faster flame
propagation.

3.4 Simulation of Flame Combustion
Characteristics at Different CO,
Concentrations

3.4.1 Effect of CO, Concentration on the Flame
Combustion Temperature

Figure 11 shows the law of the influence of CO, concentration on
the flame burning rate. As the gas enters the reaction zone, the
flame burning temperature starts to change. In the range of
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1.4468-1.4767 cm, the flame burning rate increases with the
increase in CO, concentration, and when X > 1.4767 cm, the
flame burning temperature decreases with the increase in CO,
concentration. The final equilibrium temperature of the reaction
decreases with the increase in carbon dioxide concentration, as
shown in Figure 12. The reaction equilibrium temperature
decreases linearly with CO,. The reason is that CO, is a non-
combustible component. When combustible components burn
and release heat, CO, will absorb the heat released in the reaction
process but will not spontaneously burn and release heat.
Therefore, the higher the concentration of CO,, the lower the
flame combustion temperature and even the non-combustible
situation will occur.

3.4.2 Effect of the CO, Concentration on the Flame
Propagation Speed

The thermodynamic effect of CO, on the flame velocity is mainly
to reduce the total amount of reactants and the overall heat
release, increase the specific heat capacity of the mixture, reduce
the flame temperature, and change the transport properties of the
mixture. But CO, is not just an inert diluent; on the contrary, it
can participate in chemical reactions.

Figure 13 shows the variation of flame propagation velocity
with CO, concentration. It can be seen from Figure 13 that the
flame propagation velocity decreases with the increase in CO,
concentration. This is because when the CO, component is
involved in the chemical reaction, the suppression of flame
propagation speed by CO, component mainly comes from two
aspects: First, the thermodynamic properties of CO,; when the
CO, is used as a fuel component, it is non-combustible, thus
causing an overall reduction in fuel heat generation, which
increases the specific heat capacity of the resulting mixture as
well as lowers the adiabatic temperature, to suppress the flame
propagation rate. Second, the chemical effect of CO,, unlike the
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FIGURE 13 | Variation of flame propagation speed with CO,
concentration.

typical inert component N,, is directly involved in the process of
radical reaction, for instance, CO + OH = CO, + H, which
inhibits the oxidative combustion reaction of CO but also
competes with the branching radical reaction H + O, = O +
OH for H. In this way, active free radicals such as O, OH, and H
are reduced, thereby reducing the flame propagation speed, which
is consistent with the results of Han and Zhang (Zhang et al,,
2011; Han et al., 2016).

4 CONCLUSION

In this study, the thermal properties of combustion of the reduced
tail gas were simulated by CHEMKIN, and the basic parameters
of flame combustion were studied. The main findings have been
summarized as follows:

(1) The flame propagation speed and the flame combustion
temperature increase continuously with the increase in
preheating temperature, while they decrease continuously
with the increase in CO, concentration.

(2) Compared with the typical methane flame propagation velocity
distribution, the results show that the gradient of the decreasing
phase of flame propagation velocity of the tail gas is significantly
lower than that of methane flame. However, the maximum
value of flame propagation velocity of the tail gas is higher than
that of a typical methane flame, indicating that the flame
propagation velocity decreased due to the addition of CH,
for the tail gas component.

(3) The peak flame combustion temperature appears at an
equivalent ratio of 1.1, while the peak flame propagation
speed appears at an equivalent ratio of 2.0, which indicates
that the flame combustion temperature is not the main
factor affecting flame propagation speed for the tail gas.
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