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Regenerative catalytic oxidizers (RCO) are widely used to remove volatile organic compounds (VOCs)
due to their energy-saving and stability. In this study, a multi-component catalytic reaction model was
constructed to numerically investigate the reaction process of hydrocarbon-containing VOCs in RCO
using computational fluid dynamics (CFD) simulation. To obtain the conversion characteristics of multi-
component hydrocarbons, the effects of intake load, equivalence ratio, and the composition of multi-
component hydrocarbons on the flow, heat transfer, and conversion rate of the reactor were
analyzed. A feasibility study plan targeting the hard-to-convert components was also proposed. The
results indicated that as the load increases, the conversion rates of the various components decrease,
while the reaction rates increase. Moreover, increasing the flow velocity intensifies turbulence and
enhances the collision frequency between the gas and the wall surfaces. This, in turn, amplifies the
resistance effect of the porous medium. As the equivalence ratio of VOCs to oxygen increases, the
oxygen-deficient condition leads to a decrease in the molecular weight of the hydrocarbons involved in
the reaction. The reaction temperature also shows a downward trend. A comparative analysis of the
catalytic combustion characteristics of multi-component VOCs and single-component gases reveals that
adding ethane and propane can facilitate methane oxidation.
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1. Introduction

Given these multifaceted impacts, it is essential to conduct in-
depth research on efficient VOCs treatment technologies.

Coal remains the dominant energy source in China. According to
the National Bureau of Statistics, China's total energy consumption
reached 59.6 billion tons of standard coal in 2024, with coal ac-
counting for 53.2% of this total [1]. Coal conversion processes aim to
maximize the dual benefits of coal as both an energy resource and a
chemical feedstock. However, these processes also lead to signifi-
cant emissions of low-concentration VOCs, posing an urgent envi-
ronmental challenge. VOCs are pollutants that have substantial
impacts on the environment, human health, and the survival of
plants and animals. They participate in atmospheric photochemical
reactions, contributing to the formation of ozone and PMys.
Furthermore, exposure to VOCs can directly harm human health by
causing respiratory, neurological, and other adverse effects [2,3].
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Regenerative catalytic oxidation (RCO) is a highly energy-
efficient and effective technology for the removal of VOCs. It
operates on a principle similar to that of regenerative thermal
oxidation (RTO), but with a lower reaction temperature, which
rarely causes secondary pollution [4—7]. The honeycomb mono-
liths are characterized by a higher specific surface area and lower
pressure drop. They are also easy to recycle and cost-effective [8].
These characteristics have led to the widespread application of
honeycomb monoliths in current RCO systems. In these systems,
they serve dual functions as both heat storage/release media and
catalyst supports [9]. However, the dense porous structures within
RCO make it challenging to directly measure many critical pa-
rameters. CFD can efficiently address the coupled multiphysics
problems within these oxidizers, significantly reducing experi-
mental costs. As a result, CFD has become a primary method for
studying the internal flow and heat transfer processes in RCO.
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Operating conditions are critical factors influencing the treat-
ment efficiency of VOCs. Numerous studies have examined the
impacts of inlet velocity, concentration, and switching time on
combustion efficiency [10—12]. Additionally, several studies based
on single-channel systems have investigated heat exchange and
VOC conversion within heat accumulator channels [13—16].
However, it is important to note that the aforementioned studies
all used single-component hydrocarbons as surrogates for VOCs. In
contrast, waste gases in actual industrial processes are highly
complex in composition. Experimental findings have shown that
during combustion reactions, specific hydrocarbon mixtures
exhibit mutual promotion or inhibition due to competitive
adsorption [17,18]. For example, Xia et al. [19] conducted an in-
depth study on the catalytic activity of toluene/xylene, acetone/
ethyl acetate, acetone/xylene, and ethyl acetate/xylene mixtures.
Their results indicated that competitive adsorption of these typical
VOCs on the catalyst surface inhibits their oxidation. Similarly, He
et al. [20] found that in the catalytic oxidation of multi-component
VOCs, benzene and toluene inhibit the conversion of ethyl acetate.
Conversely, ethyl acetate significantly inhibits the oxidation of
benzene but promotes the conversion of toluene. Therefore, nu-
merical simulations of multi-component catalytic combustion
reactions still require further investigation and exploration. For a
long time, scholars have focused on the combustion temperature
and pressure drop of the regenerator. However, research on the
internal gas flow of the RCO remains relatively limited, with its
turbulent effects often being neglected [21,22]. Given that gas flow
significantly impacts combustion characteristics and equipment
stability, further investigation is necessary.

To accurately investigate the reactions and flow within a RCO,
this study proposes a multi-component catalytic combustion model
coupled with a turbulence model. Numerical simulations of the flow,
heat transfer, and chemical reactions inside the combustion cham-
ber were conducted using this model. The effects of inlet gas load
and equivalence ratio on the conversion rate of VOCs and temper-
ature distribution are analyzed. Additionally, the impact mecha-
nisms of multi-component catalytic combustion are explored.

2. Model Description
2.1. Turbulence model

The Navier-Stokes equations are fundamental for describing
fluid motion. However, solving the Navier-Stokes equations
directly is often impractical in industrial applications due to the
complexity of fluid flows and limitations in computational re-
sources. The Reynolds-averaged Navier-Stokes (RANS) approach
addresses these challenges by decomposing flow variables into
mean and fluctuating components. Combined with various tur-
bulence models, the RANS method can efficiently simulate tur-
bulent phenomena in engineering applications [23].

The RNG model provides an analytical formula that accounts
for the viscous effects in low Reynolds number flows. This enables
the RNG k- model to offer improved simulation results in low
Reynolds number flows. Additionally, by considering turbulent
vortices, the model enhances the accuracy in this aspect. As a
result, it allows for a clearer understanding of the combustion
phenomena and fluid flow within the oxidation furnace [24]. The
equations for turbulent kinetic energy k and its dissipation rate ¢
are as follows:
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where p is the fluid density; u; is the fluid velocity vector; G is the
turbulent kinetic energy generated by the velocity gradient; Gy, is
the turbulent kinetic energy generated by the buoyancy force; Yy
is the turbulent kinetic energy generated by the fluctuating
expansion, the empirical constants Ej,, E»,., and E3, are assigned
values of 1.42, 1.68, and 0.09, respectively.

2.2. Species transport model

The composition of VOCs is complex. The species transport
model calculates the mass fraction of each VOC component by
solving the convective diffusion equation.

a
3¢ (PYi) + V- (pviYy) = —V]; + R; + Sy, (3)

where, v; represents the velocity of the diffusing species, Y; de-
notes the mass fraction of species i, J; is diffusion flux of specie i, R;
is the net formation rate of species i through chemical reactions,
Sy, is the source term associated with the chemical reaction of
species i.

In multicomponent systems, the Maxwell-Stefan equation can
more accurately describe the diffusion behavior of each compo-
nent in the mixture by calculating the diffusion mass flux [25].

N-1 VT
Ji= ; PD;jVY; + Dr i (4)

where Dy is the binary mass diffusion coefficient of species i in
species j, Dr; represents the thermal diffusion coefficient for spe-
cies i. The mass diffusion coefficient and thermal diffusion coef-
ficient were calculated using kinetic theory, with the detailed
calculation process presented in Ref. [26].

2.3. Porous media model

The regenerator and catalyst-packed bed contain many fine
pores with complex geometries, making meshing difficult.
Therefore, a porous medium model is selected to simulate the
flow, heat transfer, and surface reactions within the regenerative
ceramic material. Qi et al. [27] used a porous media model com-
bined with a single-step methane reaction mechanism to simulate
a reactor packed with ceramic monoliths, and the computational
results showed good agreement with experimental data. In the
Fluent porous media model, the influence of porous media on fluid
flow is simulated by adding a momentum source term to the
momentum equation. This source term consists of two parts: the
viscous loss term and the inertial loss term.

3 3
Si=—| DDy +>_ Cplvly; (5)
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where S; is the momentum source term in the i-direction; u is the
dynamic viscosity (Pa-s); v is the gas velocity within the porous
medium (m-s~!); D;j and Cj are specified matrices. The effective
thermal conductivity is expressed as follows:

kefr = vke 4+ (1 —v)ks (6)
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where, kf and kg are the thermal conductivities of the fluid and
solid, respectively. The specific heat, density, and thermal con-
ductivity of the solid and gas phases are shown in Tables 1 and 2,
respectively.

2.4. Catalytic reaction model

For reactions occurring within porous media, the source term
resulting from the reaction is obtained by multiplying the reaction
rate with the porosity.

=1 _
Ri =My; > YRi, (7)
N

where M,, ; is the molecular weight of species i; v is the porosity;

R;, is the molar formation or consumption rate of species i in
reaction r. The reaction rate is expressed using the Arrhenius
equation.

K=ATe E/RT (8)

where A; is the pre-exponential factor; E is the activation energy of
the1 reaction (J-kmol~1); R is the universal gas constant (J-kmol -
K™).

The complexity of the model and the substantial computational
demands associated with multistep reactions often lead to
convergence difficulties during numerical simulations. While the
single-step reaction mechanism neglects intermediate elementary
reactions, the resulting computational errors are generally within
acceptable limits. When the focus is on combustion efficiency and
final products rather than detailed reaction processes and inter-
mediate species, the single-step reaction mechanism is deemed
sufficient.

The catalytic properties of precious metals are the preferred
choice for the decomposition of VOCs. Generally, noble metal
catalysts have higher low-temperature activity than non-noble
metal catalysts in the catalytic oxidation of VOCs [4,28—30].
Palladium, in particular, shows higher activity in its oxide form
[31]. Therefore, palladium oxide was selected as the catalyst in this
study. The chemical reaction mechanism is shown in Table 3.

3. Boundary Condition and Mesh
3.1. Computational objects

The geometric model and mesh of the dual-bed regenerative
catalytic oxidizer is shown in Fig. 1 and is based on the experi-
mental setup described by Huang et al. [33]. The model includes
rectifier sections (A1 and A2), regenerative sections (B1 and B2),
and catalytic sections (C1 and C2). VOCs absorb and release energy
in the regenerative sections (B1 and B2), and the combustible

Table 1
Specific heat of solid and gas phases.

Materials  Specific heat/]- kg -K ™"
CH,4 403.58 + 9.057T—0.0144T%>+1.58 x 10°T°—6.343 x 10~ °T*
CyHs 404.39 + 4.284T + 0.0016T>—3.478 x 10 5T>+1.268 x 10~ °T*
C3Hg 169.11 + 5.032T + 0.001024T?>—4.008 x 10~°T%+1.7428 x 107°T*
0, 834.83 + 0.293T—0.00015T%+3.414 x 10 'T>-2.278 x 10~ '°T*
CO, 429.93 + 1.874T—0.002T%+1.297 x 10~°T>—4 x 10~ '°T*
H,0 1563.077 + 1.604T—0.00293T2+-3.216 x 10 57°~1.157 x 10~ 1°1*
N> 979.043 + 0.418T—0.00118T%+1.6744 x 10 °T°—7.256 x 10~ '°T*
Honeycomb 907.61 + 0.23T

ceramics

Table 2
Density and thermal conductivity of solid and gas phases.

3

Materials Density/kg-m~>  Thermal conductivity/W-m~'-K~!
CHa 0.6679 0.0332
CyHg 1.2630 0.0207
C3Hg 1.9100 0.0177
0, 1.2999 0.0246
CO, 1.7878 0.0145
H-,0 0.5542 0.0261
N, 1.1380 0.0242
Honeycomb ceramics 2500 1.9
Table 3
Reaction mechanisms [32].
Reaction Ar E/J-kmol ™!
CHy4 +20, —CO, + 2H,0 29000 6.23 x 107
CyHg +3.50, —2C0, + 3H,0 23000 576 x 107
C3Hg +50, —3C0; + 4H,0 8000 4.82 x 107
600 mm
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Fig. 1. RCO geometric model and mesh.

150 mm

components undergo catalytic reactions in the catalytic sections
(C1 and C2). The valve switching time is set to 2 min.

3.2. Boundary conditions and numerical methods

Typical air pollutants are light hydrocarbons, which are widely
sourced from the petroleum industry and automobile exhaust
[34]. The composition of the gas mixture is based on the VOCs from
the Xinjiang Xintian coal gas plant, and the concentration of each
component is listed in Table 4. The inlet gas temperature is set at
300 K. To minimize computational time, a linear distribution of the
preheating temperature is implemented using a user-defined
function (UDF).

The implicit pressure-based solver is employed, coupling
pressure and velocity through the SIMPLE algorithm. The transient
terms are discretized using a second-order implicit scheme, while
the momentum and energy terms are discretized using a second-
order upwind scheme.

3.3. Grid independence verification

Structured grids offer several advantages, including fast and
high-quality mesh generation, as well as the ability to easily fit
complex boundaries. These characteristics make structured grids
particularly suitable for CFD simulations. Therefore, structured
grids are employed in this study.
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Table 4
VOCs composition.

Table 5
Comparison results between simulated and experimental values.

Species Mole fraction/% Tset/K Vin/m-s~! Tin/K Tout/K /% (mass)
CHy4 0.33 Experiment 573 0.37 302.0 319.8 922
CyHg 0.21 Simulation 318.8 914
C3Hg 0.08 Experiment 573 0.74 301.0 322.7 90.2
0, 8.28 Simulation 324.2 89.8
Experiment 673 0.37 304.0 325.0 92.8
Simulation 324.9 93.5
To eliminate the influence of grid numbers on the calculation Experiment 673 0.74 303.0 3315 904
results, a grid independence test is conducted. The grid numbers Simulation 332.2 87.9

considered in this work include 10000, 256120, and 1081680.

The conversion rate of methane gas with a concentration of
0.003 and an equivalence ratio of 1 is used as the evaluation cri-
terion. Fig. 2 shows the conversion rate distribution of methane
along the axis of the oxidation furnace for different mesh resolu-
tions. Considering both accuracy and computational cost, a mesh
with 256120 cells is selected.

3.4. Model verified by the benchmark

The results are compared with the experimental results [35]
under the same operating conditions. In both experiments and
simulations, the inlet gas is toluene with a concentration of 200
cm?®-m~3, and the valve switching time is set to 120 s. The results

indicate that the outlet temperature and conversion rate closely

0.06F Grid number .
0.05 —=— 10000
’ —e— 256120
—a— 1081680
< 0.041
[
==
[
‘é 0.03 -
g
~ 0.02F
0.01
0 -
1 1 1 1 1
0 500 1000 1500 2000
t/ms
Fig. 2. Grid independence validation.
()
3 |
- 2 [
8
1K
0

1.0

X/m

Teer: Setting temperature of oxidizing furnace. Ti,: Inlet gas temperature. Toy:
Outlet gas temperature. w: Reactant conversion rate.

match the experimental data, thereby demonstrating satisfactory
validation. The comparison results are shown in Table 5.

4. Results and Discussion
4.1. Effect of intake load

The inlet load, a core parameter in the design of combustion
furnaces, directly influences the efficiency of pollutant treatment.
In this study, dynamic control of the load is achieved by adjusting
the inlet gas velocity. Under constant inlet VOC composition,
concentration, and temperature, simulations were performed at
varying inlet gas velocities to investigate their impact on VOC
conversion efficiency and distribution characteristics within the
RCO. The inlet conditions were specified as follows: an equivalence
ratio of 0.21, an exhaust gas temperature of 300 K, and an inlet
velocity ranging from 0.1 to 1.7 m-s~ .

Fig. 3 shows the distribution of gas velocity and turbulent ki-
netic energy along the centerline of the RCO bed layer, excluding
the oxidation chamber cavity, at inlet gas velocities ranging from
0.1 to 1.7 m-s~ .. Upon entering the B1 section, the exhaust gas
encounters significant resistance from the porous medium
framework, resulting in a substantial reduction in velocity. With
increasing inlet gas velocity, the obstructive effect becomes more
pronounced. At an inlet gas velocity of 1.7 m-s~, the gas velocity
drops significantly to approximately 0.5 m-s~ In contrast, at an
inlet velocity of 0.1 m-s~, the change in gas velocity is relatively
small. Subsequently, the velocity gradually recovers to a level close
to the inlet velocity due to fluid inertia. According to Darcy's law,
the velocity is directly proportional to the pressure gradient. As the
flow approaches the outlet, the pressure gradient decreases,

(b) AL Bl C1 C2 B2 A2
0.12 -
—=—0.1ms"'| ——03m-s[' <
——0.5ms”!| ——0.7 m-s["
0.08 L ——09ms! 1.1 m-s[!
o ——13ms| —s—1.5ms["
'n —e—1.7ms!
£
=
0.04 -

»
»
b

1.0 1.5 2.0

x/m

Fig. 3. (a) Gas velocity and (b) turbulent kinetic energy along the centerline of the RCO bed layer (excluding the oxidation chamber) at inlet gas velocities ranging from 0.1 to 1.7

m-s.
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reducing the velocity. At the outlet, the abrupt increase in cross-
sectional area causes the gas velocity to accelerate, similar to
fluid flowing through a nozzle.

The variation in turbulent kinetic energy is mainly concen-
trated in the inlet and outlet regions, as shown in Fig. 3(b). At the
inlets of sections B1 and C2, abrupt changes in the magnitude and
direction of gas velocity lead to a marked increase in turbulent
kinetic energy. As the inlet gas velocity increases, the collision
frequency between gas molecules and wall surfaces rises. The

(2)
100 -
95 -
= —=—CH,
\g; 90 ¢ C2H6
B —A— Gl
s Experiment:

85 —o—cH,
—0o— C,Hg
gof —— Gl

1 1 1 1 1
0 0.4 0.8 12 1.6 2.0
1

V;,/m-s

turbulent kinetic energy at the inlet of B1 increases from 4 x 10~
m?-s~2 to approximately 0.06 m? -s—2, while at the inlet of C2, it
rises from 3.6 x 1074 m? -s~2 to 0.017 m? -s~2. Upon entering the
porous medium, the frictional resistance between the pore walls
and the gas continuously dissipates kinetic energy, causing a
gradual decrease in turbulent kinetic energy.

Fig. 4(a) shows the VOCs conversion rates and experimental
comparisons under different inlet flow velocities, while Fig. 4(b)
presents the maximum reaction rates of individual VOCs

(b)
0.20 -
—=—CH,
0.16 -
T, —eo— C,H,
7 —A— C;H,
g
) 0.12
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Fig. 4. (a) The conversion rates of VOCs components and their experimental comparisons, (b) as well as the maximum reaction rates, under different inlet flow rates are

presented.
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Fig. 5. Temperature distribution under different inlet gas velocities: (a) C1 catalytic section; (b) C2 catalytic section; (c) Entire porous medium region.
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components under different inlet flow rates. As the inlet gas
velocity increases, the mass transfer rate of the gas to the
catalyst surface is enhanced. The number of reactant molecules
per unit volume also increases, leading to higher reaction rates
for all three components. However, the conversion rate of VOCs
decreases, indicating that it is primarily governed by the
residence time. Methane molecules, being relatively small, are
more likely to reach the catalyst surface. Consequently, methane
exhibits the largest increase in reaction rate, rising from 0.08
mol-m~3-s~! to approximately 0.2 mol-m 3.5~ Ethane exhibits
the second-highest reaction rate enhancement, followed by
propane which shows the smallest increase at approximately
0.02 mol-m~>-s~!, When the inlet gas velocity increases from
0.1 m-s 'to 1.7 m-s~, the conversion rate of methane decreases
by 22%, ethane by 8%, and propane by less than 5%. This in-
dicates that the conversion rate of methane is more sensitive to
changes in flow velocity. The C—H bonds in methane are rela-
tively stable and have a higher activation energy, requiring a
longer residence time for complete reaction. In contrast, ethane
and propane have relatively higher reaction activities and are
less affected by flow velocity.

Fig. 5 shows the radial temperature distribution within the
reactor bed. As the inlet gas velocity increases, the high-temperature
zone in the reaction region shifts backward. Specifically, when the
gas velocity increases from 0.1 m-s~! to 0.3 m-s~, a significant
temperature rise is observed in the reaction zone compared to other
velocities, leading to an increased reaction rate. Additionally, higher
inlet gas velocities result in higher outlet temperatures. The increase
in the intake flow rate raises the concentration of reactants,

Mass fraction/% (mass)
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intensifying the catalytic reaction and increasing the heat released.
This results in higher outlet temperatures.

Figs. 6 and 7 illustrate the concentration distribution and re-
action zone distribution of the three reactants in the catalytic
section under different inlet flow rates. At low inlet flow rates, the
exhaust gas can be completely reacted in catalytic zone C1. As the
inlet flow rate increases, the residence time decreases, causing the
reaction zone to gradually expand. Unreacted reactants then enter
C2 to continue the reaction. Moreover, as the flow rate increases,
the high-reactivity reaction zone gradually shifts backward.
Methane requires the largest reaction space, followed by ethane.
This trend is closely related to the reaction kinetics of each sub-
stance. When the inlet flow rate is between 0.1 and 1.7 m-s~},
propane can be almost completely reacted, achieving a conversion
rate of over 97%. Although the initial concentration of ethane is
higher than that of methane, its higher conversion rate means that
at an inlet flow rate of 1.7 m-s~, the mass fraction of unreacted
ethane is only half that of methane.

4.2. Influence of equivalence ratios

The fuel-to-oxygen equivalence ratio is a key factor influencing
combustion efficiency and stability. It must be optimized based on
the specific combustion system and application requirements. In
this study, simulations were conducted under the conditions of an
inlet temperature of 300 K and an inlet velocity of 0.1 m-s~, for
equivalence ratios ranging from 0.2 to 2.0. During this process, the
molar fractions of methane, ethane, and propane were kept con-
stant, and the equivalence ratio was adjusted by varying the

Mass fraction/% (mass)

Mass fraction/% (mass)

Fig. 6. Concentration distribution at different inlet flow rates: (a) methane; (b) ethane; (c) propane.
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Fig. 7. Contour map of VOCs surface reaction rate (kmol-m—>-s').

oxygen content. These simulations investigated the impact of the
equivalence ratio on VOC conversion efficiency and distribution
characteristics within the RCO. The equivalence ratio is defined as
follows:

(CxHy : Ail‘)

b= — Jreal 9)
(GeHy = Air) goich

where (CxHy : Air),, is the mass ratio of fuel to air actually sup-
plied, (CxHy : Air);c is the stoichiometric or theoretical fuel-air
ratio. When ¢ = 1, the fuel and air are in perfect stoichiometric
proportion for complete combustion. Values of ¢ > 1 indicate
excess fuel and insufficient air (rich combustion), while ¢ < 1
represents excess air and insufficient fuel (lean combustion).

Fig. 8(a) and (b) show the conversion rate of VOCs and its
variation rate under different equivalence ratios. The results
indicate that increasing the equivalence ratio significantly inhibits
the catalytic conversion of the three gases. At an equivalence ratio

of 2.0, the conversion efficiency of methane decreases to below
40%, while the conversion rates of ethane and propane are
approximately 50% and 70%, respectively. This suggests a positive
correlation between the length of the alkane carbon chain and the
stability of conversion. Further analysis revealed that the conver-
sion rates of the various components exhibit a nonlinear decay
trend with increasing equivalence ratio. The rate of decline is
initially steep and then gradually flattens. The conversion rate of
methane decreases most significantly at an equivalence ratio of
1.0, with a reduction of over 60%. The conversion rate of ethane
drops most rapidly at an equivalence ratio of 1.2, with a decrease of
approximately 40%. The highest rate of decline in the conversion
rate of propane occurs at an equivalence ratio of 1.4. As shown in
Fig. 8(c), the oxygen conversion rate remains above 90% once the
equivalence ratio ¢ exceeds 1.0, indicating that oxygen molecules
are nearly completely consumed under fuel-rich conditions. These
data suggest that low-carbon alkanes are more sensitive to
oxygen-deficient environments.
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Fig. 8. Reaction characteristics of VOCs at different equivalence ratios: (a) conversion rates of three alkanes, (b) variation rates of conversion rates of three alkanes, (c) oxygen

conversion rate.

4.3. Comparison of combustion characteristics of mixed VOCs and
single component gases

To more clearly illustrate the necessity of using mixed hydro-
carbons in the simulated regenerative catalytic oxidation furnace
for VOCs treatment, the multi-component VOCs were converted
into single-component methane, ethane, and propane based on
the same heat value while maintaining the same equivalence ratio.
A comparative analysis was then conducted. The inlet temperature
for the simulation conditions is 300 K, with an inlet velocity
ranging from 0.1 to 1.7 m-s~ . The gas compositions for the four
operating conditions are shown in Table 6.

The conversion and reaction rates of these compounds were
compared, and the results are shown in Fig. 9. Comparisons of
catalytic combustion characteristics between mixed gases and
single-component gases reveal consistent trends in conversion
and reaction rates across the reactions. As the inlet gas velocity

Table 6

The composition of VOCs under four operating conditions at constant heat value.
Species Operating Operating Operating Operating

condition 1 condition 2 condition 3 condition 4

CHa/% 0.33 0.915
CyHe/% 0.21 0.51
CsHs/% 0.08 0.352
0,/% 8.28 9.15 8.92 8.8

increases, conversion rates decrease while reaction rates increase.
Additionally, the conversion rate of methane in mixed gases is
significantly higher than that in single-component gas, whereas
the conversion rates of ethane and propane in mixed gases are
slightly lower than those in single-component gas. As the inlet
flow rate increases, the difference in methane conversion rates
between the mixed gas and single-component methane grows. At
an inlet flow rate of 1.8 m-s~!, the methane conversion rate in the
mixed VOCs is approximately 40% higher than that of single-
component methane. These findings indicate that mixed gases
promote the reaction of methane but inhibit the reactions of
ethane and propane.

Fig. 10 shows the temperature distribution in the catalytic re-
action zone for mixed exhaust gases and single-component
exhaust gases under different inlet flow rates. Although the
high-temperature zones resulting from combustion heat release
differ under different gas flow rates, the reaction temperatures of
ethane and propane are always higher than that of methane.
Among them, propane combustion releases the most heat,
approximately 80 K higher than that of methane. The combustion
temperature of mixed gases in the reaction zone is significantly
higher than that of methane combustion alone but lower than the
combustion temperatures of ethane and propane as single com-
ponents. This suggests that the addition of ethane and propane to
methane significantly enhances the combustion temperature,
thereby promoting chemical reactions and effectively improving
methane conversion efficiency.
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4.4. Dual optimization of preheating temperature and intake air

temperature

In the above study, it was found that among the mixed VOC
gases of methane, ethane, and propane, methane conversion is
most challenging when the gas velocity and equivalence ratio are
increased. Specifically, the conversion rate of methane decreases
most rapidly under these conditions. To enhance methane
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conversion, the experimental conditions are optimized by main-
taining a constant inlet VOC composition and increasing both the
preheating and inlet temperatures at an inlet flow rate of 0.7

m-s~L

Fig. 11 shows the methane conversion rates achieved by varying
the preheating temperature and inlet temperature. Both preheat-
ing and inlet temperatures exhibit a positive correlation with
methane conversion rates. Within the preheating temperature
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rise, the methane conversion rate increases from approximately
94.5% to around 98%. This indicates that within this temperature
range of 800 K to 840 K, increasing the preheating temperature
enhances the reaction rate and effectively improves methane
oxidation efficiency. As the inlet temperature increases, the
methane conversion rate rises from 94.5% to approximately 97%.
This increase is less pronounced compared to that achieved by
raising the preheating temperature. When the gas enters the
preheated reactor, its higher initial temperature reduces the en-
ergy input required to reach the reaction temperature, allowing the
gas to achieve the desired temperature more quickly. In compari-
son, increasing the preheating temperature can achieve a higher
conversion rate improvement with lower energy consumption.

Fig. 12 shows the radial temperature distribution inside the
oxidation furnace under different preheating temperatures and
inlet gas temperatures. The preheating temperature increase rai-
ses the axial temperature to some extent, with the first peak
indicating the heat released during combustion. This suggests that
higher preheating temperatures lead to greater heat release during
the reaction. Increasing the intake air temperature has little
impact on the overall temperature distribution. However, gases
with higher intake air temperatures react slightly faster, resulting
in a more forward heat release position.

As revealed in Sections 4.1 and 4.2, methane requires a longer
residence time or a larger reaction zone for conversion compared
to ethane and propane. Therefore, this section investigates the
impact of the catalytic section length L on the methane conversion
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rate by adjusting it. The simulation conditions are an inlet velocity
of 0.7 m-s~, an inlet temperature of 300 K, and an equivalence
ratio of 0.2. Fig. 13 shows the methane conversion rates under
different catalytic section lengths. As the catalytic section length
increases gradually from 250 mm to 350 mm, the methane con-
version rate exhibits a stable upward trend, rising from 94% to 99%.
This change indicates that increasing the length of the catalytic
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Fig. 13. Conversion rate of methane at different catalytic section lengths.
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Fig. 12. Radial temperature distribution of oxidizer (a) at different preheating temperatures and (b) at different inlet temperatures.
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section can significantly enhance the conversion efficiency of
methane. This improvement is primarily attributed to two factors:
First, the extended catalytic section length directly increases the
residence time of the gas within the catalytic reaction zone,
facilitating more complete contact between methane molecules
and the catalyst's active sites. Second, a longer catalytic section
offers a larger distribution of active sites, which enhances the
diffusion and mass transfer processes of the reactants and thereby
promotes the deep oxidation of methane. Moreover, as the cata-
lytic section length increases from 300 mm to 350 mm, the growth
trend of the conversion rate gradually levels off. This suggests that
there may be an optimal range for the catalytic section length.
Beyond this range, further increases in length have limited effects
on enhancing the conversion rate and may instead lead to
increased system pressure drop and energy consumption.

5. Conclusions

This paper presents a multi-component catalytic combustion
model coupled with a turbulence model. This model is used to
investigate the flow, heat transfer, and catalytic reaction charac-
teristics of the catalytic transformation process of
multi-component hydrocarbon-containing VOCs in a regenerative
catalytic oxidizer. The study reveals the influence mechanisms of
inlet flow velocity and equivalence ratio on the conversion rates of
each VOC component and the combustion temperature. It also
explores the interactions between the components during the
catalytic reaction process.

The results indicate that in the mixed VOCs, methane is the
most sensitive to changes in operating conditions, while ethane
and propane are relatively stable. At an inlet gas flow rate of 1.7
m-s~!, the conversion rates of ethane and propane can both be
maintained above 90%, while the conversion rate of methane is
only around 78%. This difference is primarily due to the high sta-
bility of the C—H bonds in methane molecules, which leads to a
higher activation energy and necessitates a longer residence time
for complete reaction. Moreover, the oxygen concentration
significantly impacts the conversion rate of methane. As the
equivalence ratio increases, the conversion rate of methane drops
most rapidly, followed by that of ethane. Further investigation into
the interaction mechanisms among multi-component hydrocar-
bons revealed that adding ethane and propane significantly en-
hances methane conversion by increasing the reaction
temperature, while slightly inhibiting the conversion rates of
ethane and propane themselves. To increase the conversion rate of
the difficult-to-convert component methane, the preheating
temperature, the inlet gas temperature, and the height of the
catalyst bed were adjusted, respectively. Among these adjust-
ments, increasing the preheating temperature and the height of
the catalyst bed had a more significant effect on improving the
conversion rate of methane.
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Nomenclature

Ar pre-exponential factor

D; binary mass diffusion coefficient of species i in species j

Dr; the thermal diffusion coefficient for species i

E activation energy of the reaction, J-kmol !

Gp turbulent kinetic energy generated by the buoyancy
force

Gk turbulent kinetic energy generated by the velocity
gradient

Ii diffusion flux of specie i

k turbulent kinetic energy, m?-s—2

ks thermal conductivity of the fluid

ks thermal conductivity of the solid

My molecular weight of species i

R universal gas constant, ]-kmol~!-K !

R; net formation rate of species i

E; molar formation or consumption rate of species i in
reaction r

Sy, source term associated with the chemical reaction of
species i

T temperature, K

v velocity, m-s~!

Y; mass fraction of species i

Ym turbulent kinetic energy generated by the fluctuating
expansion

v porosity
€ turbulent dissipation rate
w dynamic viscosity, Pa-s

p density, kg-m~—>

) conversion rate

¢ equivalence ratio

Subscripts and Superscripts

in at the inlet

i the i-th species
out at the outlet
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