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Abstract: Microchannel burners suffer from low combustion efficiency and poor stability in ap-
plications. In order to explore the effect of wall reaction on methane/air premixed combustion
performances in the microchannel, the effects of wall activity, inlet velocity, pressure, and equivalence
ratio on the temperature and radical distribution characteristics were studied by CFD computational
simulations. It is found that as the reaction pressure increases, there are more free-radical collisions,
causing the reaction temperature to rise. The OH radicals participate in the reaction at the active
near wall so that the mass fraction of the OH radical on the active wall is lower than that on the inert
wall. As the equivalence ratio increases from 0.6 to 1.2, the high-temperature regions increase but the
maximum temperature decreases. The mass fraction of OH radical increases with the increase of the
equivalence ratio, and the increase of OH radical near the inert wall is larger than that of the active
wall. As the flow rate increases, the disturbance increases, and the combustion reaction becomes
more intense, resulting in an increase in the temperature and the mass fraction of OH radicals. The
mass fraction of H, O, OH, and CH3 radicals in the inert wall was slightly higher than that in the
active wall, in which the peak mass fraction of CH3 radical appeared at the axial position closest to
the entrance, while the other three radicals reached the peak at about the same axial position. This
study provides a reference for combustion stability in microcombustors.

Keywords: OH radical; surface reaction; microcombustion; temperature distribution

1. Introduction

The Microelectro-Mechanical System (MEMS) was first developed from microsensors
in the 1970s and has gradually become a cutting-edge technology in the 21st century due
to its multiple advantages such as small space occupation, low power consumption, and
lightweight [1]. MEMS has been widely used in optics, biology, automobiles, computers,
aerospace, and the military, among other fields [2–4]. At present, important results have
been achieved, such as chemical and biological microanalytical instruments, micro-optical
scanners, microgas turbines, microrobots, etc., which have become an important research
topic of global concern [5–7]. With the development of MEMS technology, the development
of an efficient, durable, and miniaturized energy supply system has become an important
goal in this field [8,9].

The micro power source provides energy and power to MEMS and is one of the core
components. For the characteristics of small size and continuous use of MEMS, portable
micropower sources must meet the following basic requirements [10]: 1⃝ high energy
density; 2⃝ higher output power and flexible adjustment; 3⃝ simple structure; 4⃝ long
service life and recycling. At present, many micropower sources still use chemical batteries
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such as alkaline batteries. However, the energy density of the most advanced lithium-
ion batteries is lower than that of hydrocarbon fuels such as methane and diesel [11,12].
Therefore, hydrocarbon fuel has a significant advantage in energy density [13].

As a power device, the main function of microcombustors is to convert the chemical
energy of the fuel into thermal energy through combustion. The development and applica-
tion of efficient and stable microcombustors has become a current hot issue [14,15]. In order
to obtain high energy output power and energy conversion efficiency, Zuo et al. designed a
microplanar combustor with cavity microplanes and studied the effects of the combustion
chamber structure, tube outlet structure, and cathode channel structure on combustion
performance [16–19]. It is found that optimizing the structure of the microcombustor to
improve the thermal performance of the microcombustor is an effective method.

Compared with chemical batteries, hydrocarbon fuelshave the characteristics of high
energy density and environmental protection [20,21]. However, there are still some prob-
lems in the application process of hydrocarbon fuel-based microchannel burners [22]: the
residence time of fuel in the microchannel burner is short and the combustion efficiency is
low; the surface area of microchannels is large but the volume is small, the surface heat
dissipation is large, and the combustion stability is poor; the size of the microchannel is
close to the flameout diameter of fuel, which leads to the instability of combustion; the loss
of free radicals in the microchannel is large. When the size of the burner is reduced to a
small scale, the surface-to-volume ratio (S/V) of the burner increases sharply, and the effect
of the wall action on the combustion increases significantly [23,24]. The effect of wall action
on gas combustion is mainly focused on the ignition, flame propagation, and free-radical
distribution in the flat wall or microchannel, and it even causes flameout.

The main causes of free-radical quenching on the wall of premixed methane combus-
tion flames in microscale combustion are thermodynamic quenching and kinetic quenching
(chemical quenching) [22]; that is, the heat loss of the wall and the occurrence of wall
adsorption of radicals [25,26]. Both thermal quenching and free-radical quenching need to
be avoided, so the research on the two flameout methods has become the top priority in
the field of microscale combustion. In cold-wall conditions (<500 K), the heat dissipation
of the microchannel wall to the outside is stronger, so the thermal quenching effect of
radicals is dominant [27,28]. The study of thermal quenching is essentially a heat-transfer
problem, which can be solved from the heat-transfer properties of the reactor wall materials
or by applying various flame-stabilization measures in conventional burners to microscale
combustion, such as preheating the gas [29,30], constructing the reflux zone, adopting bluff
bodies to stabilize the combustion [31,32], etc. The research on free-radical quenching is
more biased towards chemical kinetics. Free-radical quenching is essentially the result
of the coupling effect between wall-reaction and gas-phase (or liquid-phase) combustion
reactions, so the research focuses on promoting combustion reactions by changing this
coupling effect. Therefore, the study of the wall-reaction mechanism is necessary.

A large number of intermediate components are produced during the combustion
process, and some components are of great significance for the study of the flame formation
and development process [33–35]. It is generally believed that the distribution of OH
radicals and CH radicals can show flame-peak surfaces [36–38]. Therefore, the free radicals
generated during the combustion process and their concentration distribution can reflect
information such as the fine structure of the combustion flame, partial combustion-reaction
mechanism, and combustion speed [39,40].

Kim [41] discovered the reasons for the quenching of the premixed methane/air flame
near the wall through experimental studies, which are heat loss and free-radical inactivation
at the wall. It is found that there are three different mechanisms for flameout. At wall tem-
peratures of 100–350 ◦C, the main cause of flameout is heat loss. When the wall temperature
reaches above 400 ◦C, the chemical reaction of free radicals on the wall is the main reason
for flameout. When the wall temperature exceeds 600 ◦C, the homogeneous chemical
reaction eliminates the influence of free-radical movement, thus becoming less prone to
flameout, and the higher the temperature, the smaller the flameout distance. Fan [42] used
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the planar laser-induced fluorescence technique to investigate active groups OH and CH of
combustion flames in the microburner during repeated ignition and flameout propagation
and made the wall of the microburner form a high-temperature wall with a uniform temper-
ature by infrared heating. In addition, Fan [43,44] also used the OH-PLIF multi-line method
to obtain the temperature distribution in the microburner during repeated ignition and
flameout. Suzuki [45] used the OH-PLIF measurement technique to investigate the effect of
different wall conditions, such as different temperatures and different materials, on the OH
radical distribution near the wall of the premixed methane/air combustion flames between
parallel plates. The results show that the unstable propagation of combustion flame appears
in the narrow gap as the decrease of the wall distance between two parallel plates, and
the unstable propagation phenomenon is different at different wall temperatures [46]. In
addition, it was found that the higher the OH concentration near the wall, the smaller the
quenching distance.

The OH radical concentration near the wall is the main factor determining the quench-
ing distance, and the peak OH radical concentration of the flame represents the strength
of the central flame. A higher concentration of OH radicals can be maintained near the
smooth wall as opposed to the rough-surface wall, so the quenching distance is also smaller.
Prakash [47] raised the wall temperature (700–1100 K) to analyze the concentration of
OH radicals in a low-pressure flame on the wall of different materials such as alumina,
quartz, and platinum at a distance of several millimeters. The results prove the importance
of surface chemical reactions. The use of inert materials such as quartz and alumina as
a burner wall maintains a higher concentration of OH radicals in the combustion flame
as compared to the use of reactive materials such as platinum. The same effect can be
achieved by increasing the wall temperature of the microburner. Daivs [48] measured the
concentration of the OH radical near the wall and found that the concentration of OH
radicals decreased with the increase of catalytic activity of the wall.

In summary, although the chemical quenching caused by radical deactivation has
gradually attracted attention, there is a lack of work on the analysis of the behavior of
radicals near the wall and the mechanism of their influence on flame propagation and
flameout. The existing research focuses on the description of the combustion phenomenon,
while reports on the causes of radical quenching for each operating condition are relatively
scarce, and there is a lack of exploring the causes of radical quenching by combining the
temperature distribution in the microchannel with OH radical distribution. Few studies
have investigated the effects of pressure, equivalence ratio, and inlet velocity on the
temperature distribution and OH radicals in the microchannel, which will affect the thermal
efficiency of the microburner, so it is necessary to study.

In this paper, the effect of the wall reaction on the free-radical distribution of premixed
methane/air flames was studied by numerical simulation under the effect of eliminating
thermal quenching. The effects of pressure, equivalent ratio, and inlet velocity on the
temperature and OH radical distribution in the microchannel were investigated. Premixed
methane/air combustion is a very complex process at a microscale. The purpose of studying
it is to better provide technical support for the optimization and practical application of
microcombustion technology.

2. Materials and Methods
2.1. Physical Model

The physical model used in this study is composed of two parallel, infinitely thick
plates, as shown in Figure 1, forming a rectangular microchannel with a length (“L”) and
height (“H”) perpendicular to the direction of the straight plane and infinite thickness. It
is assumed that all quantities are equal along the thickness direction, so the model can
be simplified to a two-dimensional structure. This work focuses on the influence of wall
reactions on OH radicals in premixed methane/air flames, so the thickness of two parallel
plates is set to 0 to eliminate the heat-transfer effect of wall. In order to highlight the
influence of chemical reaction, the distance between the two walls is reduced to 1 mm.
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Furthermore, the plate is set to be isothermal with infinite thermal conductivity, so thermal
cycle is not considered in this model. The premixed and preheated methane/air mixture
enters the gap between two parallel plates, which is symmetrical relative to the central
axis; that is, the height direction is the same up and down. Therefore, in order to reduce
the calculation, only half of the region needs to be considered in the calculation process,
and the selected region is analyzed by two-dimensional Cartesian coordinates as shown in
Figure 1. During the calculation process, the premixed methane/air gas flows uniformly
from the left side of the microchannel into the interplate for combustion at a certain speed.
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Figure 1. Physical model.

2.2. Mathematical Model

In this study, it is assumed that methane/air has been fully mixed before it enters the
microchannel, ignoring the dissipative effect caused by gas viscosity, as well as the body
force and radiation effect of gas. The Dufour effect is ignored in the energy equation, and
the Soret effect and pressure diffusion are ignored in the component equation. Based on
the above descriptions and assumptions, the conservation equations of mass, momentum,
and components, and the ideal gas state equation, are as follows.

The continuity equation is shown in Equation (1).

∂ρ

∂t
+∇ · (ρvU) = 0 (1)

where ρ is the fluid density (kg·m−3), t is the time (s), ∇ is the spatial gradient operator, · is
the vector dot product, and U is the absolute velocity (m·s−1).

The momentum equation is shown in Equations (2) and (3).
The momentum conservation equation in x direction is:

ρ
Du
Dt

= −∂P
∂x

+
∂

∂x

[
2µ

∂u
∂x

− 2
3

µ∇ · v
]
+

∂

∂y

[
µ

(
∂u
∂y

+
∂v
∂x

)]
(2)

The momentum conservation equation in y direction is:

ρ
Dv
Dt

= −∂P
∂y

+
∂

∂y

[
2µ

∂u
∂y

− 2
3

µ∇ · v
]
+

∂

∂x

[
µ

(
∂u
∂y

+
∂v
∂x

)]
(3)

where P is the absolute pressure (Pa), µ is the dynamic viscosity (N·s·m−2), x and y are the
axial and transverse positions, and u and v are the axial and transverse velocities (m·s−1),
respectively.

The composition conservation equation is shown in Equation (4).

ρ
∂Yi
∂t

+ ρu
∂Yi
∂x

+ ρv
∂Yi
∂y

=
∂

∂x

(
ρDi,m

∂Yi
∂x

)
+

∂

∂y

(
ρDi,m

∂Yi
∂y

)
− Ri (4)

where Yi, Di,m (m2·s−1), and Ri (kg·m−3·s−1) are the mass fraction, diffusivity, and genera-
tion rate of the i component, respectively.
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The energy-conservation equation is shown in Equation (5).

cP

[
∂(ρT)

∂t
+

∂(ρuT)
∂x

+
∂(ρvT)

∂y

]
=

∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
−

N

∑
i=1

hiRi (5)

where cP is the heat capacity at constant pressure (J·K−1·mol−1), T is the temperature (K),
λ is the thermal conductivity (W·m−1·K−1), hi is the enthalpy of the i component (J·kg−1),
and N is the gas type.

The ideal gas-state equation is shown in Equation (6).

P = ρRT
N

∑
i=1

Yi
Mi

(6)

where R is the universal gas constant (J·mol−1·K−1) and Mi is the molar mass of the i
component (kg·mol−1).

The equation used for surface-reaction-rate calculation is shown in Equation (7).

Rs,i =
Ks

∑
k=1

vikk f k

Ng+Ns

∏
j=1

[
Xj

]vjk

,
(
i = 1, . . . , Ng + Ns

)
(7)

where vik is the stoichiometric coefficient of the i component at the k step reaction, k f k is the
forward-rate constant of the k reaction (kg·mol−1·s), [Xj] is the mole concentration of the
j component (mol·m−2), and Ng and Ns are the amounts of components in the gas phase
and wall surface, respectively.

k f k,a =

(
S0,i

1 − S0,i/2

)
1

Γτ

√
RT

2πMi
(8)

where S0,i is the adhesion coefficient of the i component and Γ is the surface-site density
of chromium (3.170 × 10−9 mol·cm−2). γ-Al2O3 (1.360 × 10−9 mol·cm−2) is the distance
between the atoms that are estimated to pass through the lattice.

k f k,s = AkTβk exp
(
− Ek

RTs

)
(9)

Here, the superscript τ is the number of positions occupied by the reacting component.
The subscripts a and s represent adsorption and surface reaction, respectively.[

Xj
]
= Γθj, (j = 1, . . . , Ns) (10)

where θ is the surface coverage.

2.3. Reaction Mechanism

The gas-phase reaction mechanism is based on the GRI-mech 3.0 methane combustion
mechanism, which includes 50 components and 309 elementary reactions (Ar, C3H8, and
C3H7 components and related reactions have been eliminated). The surface-reaction
mechanism is shown in Table 1, including four surface components and 10 elementary
reactions. Vlachos [49] performed a sensitivity analysis of ignition and quenching processes
near the active and inert surface. The results show that CH3/H and H/OH/O radicals
are important for ignition and quenching, respectively. Therefore, CH3, H, OH, and O are
used to construct the surface reaction mechanism. Based on the estimation of transition
state theory, the pre-exponential factor of each radical recombination elementary reaction is
about 1013 s−1.
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For the wall-reaction mechanism, CHEMKIN thermodynamic and transport data were
used [50]. There are no thermodynamic data on the surface species for the experimental
materials (chromium, γ-Al2O3, quartz, etc.) except for common catalysts (Pt, Pd, etc.).
However, the use of isothermal boundary conditions for the wall in this work makes it
unnecessary to obtain thermodynamic data for the adsorbed substances on the surface or
to calculate the heat released by the surface reaction. The adhesion coefficient S0 of each
radical depends on the binding energy of the adsorbate to the metal, since higher binding
energy results in easier adsorption on the surface. From the d-band theory, the binding
strength of the adsorbate depends on the position of the metal d-band center relative to
the Fermi level [51]. The closer the metal to the left in the periodic table, the higher the
center of the d-band moves upward relative to the Fermi level. Therefore, it has stronger
adhesiveness, and it is reasonable to set S0 = 1 in samples of noble metals Pt and Pd for
alloys of chromium, which are filled with more antibonding states than chromium. The
adhesion coefficient is related to γ-Al2O3 as an inert surface. For the active wall (S0 = 1), its
reaction with OH radicals is the strongest, while for the inert wall (S0 = 0), its reaction with
OH radicals is the weakest. Thus, OH radicals do not adsorb but rebound when they touch
the wall.

Table 1. Heterogeneous mechanism and kinetic parameters [51].

NO Reactions S0 or A (s−1) β E (kJ·mol−1)

1 CH3 + * ⇒ CH3* 1 — —
2 H + * ⇒ H* 1 — —
3 O + * ⇒ O* 1 — —
4 OH + * ⇒ OH* 1 — —
5 2CH3* ⇒ C2H6 + 2* 1013 0 0
6 CH3* + H* ⇒ CH4 + 2* 1013 0 0
7 2H* ⇒ H2 + 2* 1013 0 0
8 2OH* ⇒ H2O + O* + * 1013 0 0
9 2O* ⇒ O2 + 2* 1013 0 0

10 OH* + H* ⇒ H2O + 2* 1013 0 0

S0 is the adhesion coefficient; A is the pre-exponential factor (s−1); β is the temperature index; E is the activation
energy (kJ·mol−1).

2.4. Calculation Method

ANSYS Fluent 17.0 software is used as the CFD numerical calculation platform. The
software runs on the computing workstation (main frequency 2.6 GHZ, 22 cores, 44 threads),
and 40 threads are called in each calculation. The microburner studied in this simulation
has a microchannel length (L) of 5 mm and a height (H) of 1 mm, as shown in Figure 1.
The calculation area is the entire microburner, where a non-uniform grid is used in the
X direction and a uniform grid is used in the Y direction. The number of grids in the X
and Y directions are 200 and 25, respectively, and the total number of grids is 5000, as
shown in Figure 2. In order to ensure the accuracy of the calculation, a fine grid quality
(Skewness = 0.6; Aspect Ratio = 5:4; Growth Rate = 1.1) is selected. The time step used in
the iterative calculation is 1.0 × 10−5 s, and the relaxation factors are selected as 0.3 for
pressure, 1 for density, 0.6 for momentum, and 0.8 for the rest. In order to investigate the
effect of wall activity on OH radicals in the methane/air combustion reaction, active walls
and inert walls were established in this study.
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Ronny and Kuo [52] found that the Reynolds number of the fluid in microburners is
greater than 500 can be regarded as turbulent flow. The Reynolds number in this work
is Re < 100, and the mean free path of the premixed gas molecules is much smaller than
the feature size of the microchannel, so the premixed gas is treated as an incompressible
laminar flow.

The solution is solved by component transport. In the boundary conditions, the inlet
adopts the velocity inlet, the outlet is set as the pressure outlet, and the wall is set to
constant temperature. The density of the fluid is calculated according to the ideal gas-state
equation, and the weighted average method is used to calculate the other parameters of
the premixed gas.

The specific equation at the entrance is Equation (11):

Yi = Yi(ϕ), ϕ = 1.0, u =
6u0

d2 (d − y)y, v = 0, T = Ts (11)

where Yi, ϕ, u, u0, v, d, T, Ts are the mass fraction of inlet premixed gas, the premixed gas-
equivalence ratio, flow velocity in x direction at the entrance, average flow velocity in the x
direction of the entrance, flow velocity in the y direction at the entrance, the height of the
microchannel H, the set of the inlet premixed gas temperature (1273 K), and the set of wall
temperature (1273 K), respectively.

The specific equation at the outlet is Equation (12):(
∂F
∂x

)
i=1

= 0, F = u, v, Y, T (12)

The specific equation at the wall is Equation (13):

u = v = 0, T = Ts, −ρDj

(
∂Yi
∂y

)
sur f ace

=
Wj Mj

ANA
,
(

∂YN2

∂y

)
sur f ace

= 0 (13)

The specific equation at the central axis is Equation (14):(
∂F
∂x

)
y=d/2

= 0, (F = u, Y, T), ν = 0 (14)

i are variety of components, such as H2, O2, H2O, H, O, OH, HO2, H2O2, etc.

2.5. Method Validation

In order to ensure the reliability of the simulation calculation, the selected meth-
ods are verified, mainly including grid independence verification and numerical method
feasibility verification.

2.5.1. Grid Independence Verification

For simulations, no more grids should be used, as they increase the truncation error,
as well as the computational effort. A grid size that is too large is bound to increase the
calculation error, so in order to take into account both small errors and small calculation
efforts, it is necessary to choose a reasonable number of grids, as well as a reasonable
grid size. However, an excessively large grid size will inevitably increase the calculation
error. Therefore, in order to take into account both small errors and small calculation
amount, it is necessary to select a reasonable number of grids and a reasonable grid size.
The grid number used in this study is 200 × 25. In order to verify the grid independence,
the other three groups of grid numbers, 100 × 20, 160 × 20, and 240 × 35, are selected for
iterative calculations to investigate the effect of different grid sizes on the temperature in
the microchannel axis.

It can be seen from Figure 3 that the temperature is the lowest when the grid number
is 2000 and the curve is not smooth enough to reflect the real temperature. However, as the
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number of grids increases to 5000, the temperature is higher and convergence is achieved,
which can provide the required accuracy. Finally, after increasing the number of grids to
8400, it is found that the temperature and the smoothness of the curve did not change
much compared to the number of 5000 grids. Considering the calculation accuracy and
calculation effort, the number of 5000 grids was finally adopted in this study.
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2.5.2. Feasibility Analysis of Calculation Method

This study is the next step of research based on a large number of current references.
It is very important to choose a reasonable reaction mechanism, correct kinetic model,
and feasible experimental scheme. Therefore, the calculation method used in this work is
compared with the experimental results to identify the rationality and correctness of the
simulation method.

The experimental results of Chen [53] are compared with the simulation results of
this work. The burner used in the experiment is a horizontal rectangular pipe made of
quartz glass with dimensions of 500 mm × 110 mm × 80 mm, which is located on the metal
frame. The mathematical models and reaction mechanisms used in the simulations are
those mentioned above.

As shown in Figure 4, the simulated and experimental growth trends are the same,
and the temperature changes at different inlet velocities are consistent, with only a 3.18%
difference in the maximum temperature. Therefore, it can be determined that the reaction
mechanism and calculation method used in this work are feasible and applicable.
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3. Result and Discussion
3.1. Effect of Different Reaction Pressures

The effect of reaction pressure on the combustion process in a microspace presents
complex nonlinear characteristics. A higher reaction pressure is beneficial to improve
the oxyhydrogen combustion efficiency of the microcombustor and weaken the adverse
effect of surface heat-transfer loss on the combustion stability and adequacy. However, the
dominant role of the chain termination elementary reaction under high pressure leads to
an increase in the ignition lag time [54,55].

The effect of pressure on the temperature distribution in the microchannel is shown in
Figure 5, where the inlet velocity is 1 m/s, and the equivalence ratio is 1.0. It can be seen
that the high temperature region is minimized at a pressure of 1 atm, and as the pressure
increases, the temperature inside the microchannel becomes higher. At lower pressures,
the temperature at the outlet is close to the inlet temperature of 1273 K, while at higher
pressures, the temperature exceeds 1300 K. This is due to the fact that as the pressure rises,
there are more free-radical collisions per unit time, and the reaction is accelerated, resulting
in a higher temperature of the combustion products.
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Consistent with the results of Raimondeau [29], two different zones can be distin-
guished based on the temperature and the free-radical distribution after combustion, where
the combustion zone is approximately the axial distance from 0–0.7 mm, and the rest is
the burnout zone. Comparing the upper and lower figures of Figure 5a–e reveals that the
active and inert wall surfaces have little effect on the overall temperature distribution in
the microchannel at each pressure. The temperature of the microchannel combustion zone
on the inert surface is slightly lower than that on the active surface at a pressure of 2 atm,
whereas at 2.5 atm and 3 atm, the situation is just the opposite, with the temperature under
the inert surface being slightly higher than that of the active surface.

The temperature-gradient distribution on the axis of the inert and active wall surface
at different pressures is very significant, as shown in Figure 6. The average and maximum
temperatures on the axis at a pressure of 1 atm are the lowest, with the highest temperature
occurring near an axial distance of 0.0003 m at about 2100 K. The maximum temperature
under each pressure is near the axial distance of 0.0003 m, and both the average and the



Fire 2024, 7, 71 10 of 18

maximum temperatures on the axis tended to increase with increasing pressure, but the
change is slow. The temperature at the outlet under each pressure is not much different
and also increases with the increase of pressure.
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Comparing the results of the inert and the active wall surface, it is also found that
there is not much difference in the combustion zone, but the difference gradually becomes
obvious in the burnout zone [56]. This is mainly due to the fact that as the reaction
consumption of the reactants in the combustion zone, the concentration of the reactants
left in the burnout zone decreases obviously, and the higher the pressure, the higher the
molecular collision probability, which leads to the increase of the reaction rate and the
higher temperature on the axis. It is also found that in the post-combustion region, the
temperature is higher on the axis of the active wall at a pressure of 1 atm, while this
phenomenon is reversed when the pressure is increased.

In order to explore the effects of inert and active wall surface on the distribution of
OH radicals in microchannels at different pressures, an equivalence ratio of 1.0 and an inlet
velocity of 1.0 m/s were chosen for the study. The combustion zone has significant axial
and transverse mass fraction gradients, as shown in Figure 7. There is no significant mass
fraction gradient in the burnout region due to the severe gas-phase reaction that occurs
and releases heat, resulting in a sharp increase in temperature. The mass fraction of OH
radicals was lowest at a pressure of 1.5 atm. It is also found that at a pressure of 1 atm, the
combustion reaction occurs later than at higher pressures.

Comparison of the upper and lower pictures shows that the OH radical mass fraction
in the microchannel of the inert surface is slightly larger than that of the active surface. This
is mainly due to the increase in the number of OH radicals colliding with the wall as the
pressure increases [28]. OH radicals are absorbed upon collision with the active wall while
they bounce back into the microchannel upon collision with the inert wall for continued
survival or proceed to the next reaction. Combined with Figure 5, it can be seen that the
temperature distribution is consistent with the OH radical distribution. When the pressure
is increased, the temperature increases along with the OH radical mass fraction. In other
words, the OH radical distribution can also reflect the temperature distribution.
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3.2. Effect of Different Equivalence Ratios

Equivalence ratio is an important factor affecting combustion stability and efficiency [57].
Whether oxygen is sufficient under different equivalence ratios will affect the combustion level
of premixed methane combustion. The combustion state was studied and analyzed at different
methane/air equivalent ratios (0.6, 0.8, 1.0, 1.2) under the microchannel pressure of 1 atm and
inlet velocity of 1.0 m/s. The temperature contours of the microflame in the microchannel
inert and active wall surface under different equivalence ratios are shown in Figure 8. It can
be seen that the region above the inlet temperature increases with an increasing equivalence
ratio, which is due to the fact that the higher the equivalence ratio, the higher the relative
methane content and the more intense the combustion. However, the high temperature region
above 2100 K and the maximum temperature decreases as the equivalence ratio increases.
Comparison of the results for the inert and active surface reveals little difference, and the
temperature distributions are basically the same.
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The effect of equivalence ratios on the mass fraction of OH radicals at the inert and
active wall surfaces in the microchannel was investigated at an inlet velocity of 1 m/s
and a pressure of 1 atm, and the results are shown in Figure 9. As the equivalence ratio
increases, the OH radical mass fraction in the microchannel also increases and is always
greater at the inert than at the active surface. It is also found that the content of OH
radicals near the active wall in the microchannel is less, while the OH radicals on the inert
surface are much less affected by the wall, so its content is higher. This is because OH
radicals are absorbed on the active wall, or they reacted with the active sites on the wall,
resulting in the consumption of OH free radicals, while the inert wall will not consume
OH radicals. Combined with Figure 8, it can be seen that the temperature distribution is
basically consistent with the OH radical distribution. After the increase of the equivalence
ratio, the temperature increases along with the OH radical mass fraction.
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3.3. The Effect of Different Inlet Velocity

In the premixed combustion of the microchannel, the inlet velocity of the fuel de-
termines the residence time of the fluid [58]. In order to unify the working conditions, a
pressure of 1 atm and an equivalence ratio of 1.0 were taken to study the temperature distri-
bution in inert and active wall-surface microchannels at different inlet velocities (0.5 m/s,
1.0 m/s, 1.5 m/s, 2.0 m/s). The temperature distribution contours of the microflame under
different inlet velocities are shown in Figure 10. The temperature in the microchannel
is lowest at an inlet velocity of 0.5 m/s, and the high temperature region above 2000 K
increased with increasing inlet velocity. At a constant equivalence ratio, increasing the
flow velocity results in enhanced flow disturbance and more intense combustion reactions,
leading to higher temperatures in the microchannel. Comparison of the results for the inert
and active surface also revealed that the temperature at the inert wall is consistently higher
than in the active wall, but the temperature difference between them is not significant
due to the fact that the transverse heat-transfer rate within the fluid is comparable to the
heat-transfer rate at the small microchannel.
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Figure 10. The temperature contours of the microflame with inert (upper) or active surfaces (lower)
with distinct inlet velocity, with the parameters P = 1 atm, ϕ = 1.0, u0 = (a) 0.5 m/s, (b) 1.0 m/s,
(c) 1.5 m/s, (d) 2.0 m/s.

The effect of gas inlet velocity on the mass fraction of OH radicals on the inert and
active wall surface of the microchannel was studied at an equivalence ratio of 1.0 and a
pressure of 1 atm, as shown in Figure 11. The OH radical mass fraction increased as the
inlet velocity increased simultaneously. At an inlet velocity of 0.5 m/s, a region of high
OH radical mass fractions appeared at the entrance of the microchannel on the inert wall,
which disappeared after continuing to increase the inlet velocity. Comparing the results of
the inert and the active surface, it is also found that the mass fraction of OH radicals in the
inert surface is always higher than that of the active surface, and the high-mass fraction
region is becoming longer. This is mainly due to the fact that OH radicals are absorbed or
involved in the reaction and thus consumed at the active surface, while OH radicals are not
consumed at the inert surface but are bounced back and flow until they participate in the
next reaction.
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Figure 11. The mass fraction contours of OH radicals of the flame with inert (upper) or active surfaces
(lower) with distinct inlet velocity, with the parameters P = 1 atm, ϕ = 1.0, u0 = (a) 0.5 m/s, (b) 1.0 m/s,
(c) 1.5 m/s, (d) 2.0 m/s.
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3.4. Distribution Characteristics of Other Free Radicals

The difference-temperature distribution is mainly affected by the surface reactions
on the distribution of different radicals, so further discussion is necessary [59]. At an
equivalence ratio of 0.8, a pressure of 1 atm, and a flow velocity of 1 m/s, the mass fraction
contours of the simulation results of H, O, OH, and CH3 radicals, which are important
for flame propagation and flame stability, are shown in Figure 12. For inert surfaces, the
mass fractions of all radicals, especially the H, show a slight lateral gradient. Each radical
exhibits a slightly higher mass fraction on the inert surface than on the active surface. This
is because during the combustion reaction, free radicals will participate in the reaction at
the active near-wall surface and be consumed, resulting in a reduction in mass fraction. It
is also found that the distribution of OH radicals is not consistent with other radicals. The
high concentration region of CH3 radicals is more advanced than other radicals; that is, the
mass fraction peak comes earlier, which needs further discussion.
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In order to understand the impact of surface reactions on free radicals, the mass
fraction distribution of different radicals at the position of y = 0.1 mm near the wall and
the central axis was explored under the inlet velocity of 1 m/s, an equivalence ratio of
0.8, and a pressure of 1 atm, as shown in Figure 13. In the combustion zone, the OH
radical mass fraction accounts for the largest of all radicals, followed by O, and the least
is H and CH3. Except for the CH3 radical, the mass fraction of the other radicals reached
the peak at the same axial position. According to the premixed methane–air combustion
mechanism, the dehydrogenation of methane is one of the key rate-determining steps
in the entire chain-reaction process, so the mass fraction of the CH3 radical reaches
the peak earliest in the axial direction. In the axial region near the wall at y = 0.1 mm,
exactly opposite to the situation on the inert wall, the radical mass fraction on the active
wall is significantly reduced (even higher than 60%) by surface reactions (even in the
combustion region). On the contrary, at the central axis, although the mass fraction of
different radicals on the active wall is slightly smaller than that on the inert surface,
there is no significant difference.
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4. Conclusions

Chemical quenching caused by radical deactivation has gradually attracted widespread
attention, but current research on the mechanism of the influence of radical behavior near
the wall on flame propagation and flame quenching is insufficient. In this paper, the influ-
ence of inlet velocity, pressure, and equivalent ratio on the combustion characteristics of
methane/air premixed combustion in microchannels were studied by numerical simulation,
with an emphasis on the OH radical and temperature distribution characteristics of active
and inert wall surfaces. The main conclusions are as follows:

(1) The temperatures of the inlet and outlet increase as the pressure increases. At a
pressure of 2 atm, the temperature of the microchannel under the inert surface is slightly
higher than that of the active surface, while the opposite trend is shown at 2.5 atm and
3 atm. The temperature in the microchannel is the lowest when the inlet velocity is 0.5 m/s.
As the flow rate increases, the flow disturbance increases and the combustion reaction
becomes more intense, causing the temperature to increase.

(2) When the equivalence ratio increases from 0.6 to 1.2, the relative content of methane
increases and the combustion becomes more intense, resulting in an increase in the region
above the inlet temperature. As the equivalence ratio increases, the maximum temperature
and the high-temperature region above 2100 K continue to decrease. The mass fraction
of OH radicals in the microchannel also increases with the equivalence ratio, and the OH
radicals on the inert surface are always larger than that of the active surface.

(3) The mass fraction peak of CH3 radicals compared to H, O, and OH radicals appears
at the axial position closest to the entrance. Dehydrogenation is the starting point of
methane combustion chain reaction process, so the mass fraction of the CH3 radical reaches
the peak in the axial direction first, while the mass fraction of other radicals reaches the
peak at about the same axial position. The temperature distribution is consistent with the
OH radical distribution.
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